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JOSHUA HENDY CORPORATION

HYDROFOIL STUDY

Contract No. N9onr-93201

OBJECTIVE

It is the objective of this study to obtain and analyze -.vallable
data on the subject of hydrofoils, to make necessary cal; ulatione,
obtain necessary experimental data toward the end of cet rmining the
desirability and applicability of hydrofoils to surfucc % essela and,
if and as the studies warrant) to assemble and present iq practical
usable form engineering and scientific data to be used a-. a basis
for the preliminary design of surface vessels. The contr'act target
requirement of obtaining maximum lift-drag ratio is a go~erning ob-
jective of all of the studies.

BAUIC DATA

Because of the classified nature of the contract, all data reviewed
has been obtained through the Office of Naval Research, i.hich has
supplied not only requested information, but such other data as was
considered pertinent, covering a considerable amount of Zoreign in-
formation of a classified nature and some covering recen- United
States experience. Current work on hydrofoils by other Croups bas
been reviewed only if the information was supplied through the Office
of Naval Research°

METHOD OF ATTACK

The study approaches the problem of hydrofoil craft from the point
of view of a possible designer) recognising the interdependence of
structural, hdrodynamic, stability and propulsive requirementa A
considerable waount of detailed study has been given to each of
these subjects and a great many preliminary design charts have been
r-A-"ed -t.- indicate- the effect of the variation of each of the
parameters on the final design. While many of these charts will
have only occasional use, it is hoped that they-will save a future
designer a considerable amount of work and time in retracing theI tedious and lengthy calculations necessary to find out what may be
expected to happen when one of the parameters isvaried, Where

_ _ :
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possible, poavious experimental results have been checked against
these data. It is recognized, however, that additional experimental
data is neeAed to complete the usefulness of the charts.

The studies were conducted as a coordinated effort of various spe-
cialists bu for convenience of reference, this report has been
divided int3 sections by subjects, with the primary responsibility
for each se:-tion assigned to the subject specialist. The staff
responsible for this work is as follows:

Project Director V. C. Ryan
Hydrodynamics W. C. Holmes, Jr.
Structures Edmund G. Wodrich
Stability Warren Amster
Proplsion M. W. Beardsley

GENERAL

Brief Histo-:'ical Background

Hydrofoils rove beenused sporadically on various types of craft for
many years. As early as 1911 Guidoni used them successfully in Italy
to assist landing and take-off of seaplanes and continued their suc-
cessful use for a number of years on aircraft with a range of gross
weights from 1100 to 55,000 pounds. Their successful use was in the
era of relaively lo speeds for aircraft, and as take-off and land-
ing speeds -.ncreased, the use of hydrofoils for this purpose apparently
declined .Cathough other nations were aware of the Italian results,
no others sw fit to use hydrofoils extensively for this purpose.

About 1918 ,)r. Alexander Graham Bell's laboratories developed a
hydrofoil c: ft utilizing multiple fixed foils which apparently
operated successfully at high speeds as high as 60 to 70 knots.
Reports ind:'cate that it attained a lift-drag ratio of about 8.

Recently in England Christopher Hook built and operated small
hydrofoil c:aft utilizing foils whose angle of attack was auto-
matically controlled by the use of a small surface sensing float.
Apparently he achieved lift-drag ratios in the order of 8 with very
small craft. His is the only kncwn attempt to vary angle of attack.

Small fixed-foil craft have been recently constructed and operated
by Swedish engineers., with interesting results reported in popular
magazines, but, no technical data concerning them has been reviewed
by us.

The most extensive development of hydrofoil craft for which records
are available was done by the Germans prior to and during World War
II. They were of two types - those developed by Tietjens and those
developed by the Sachsenberg Brothers. TietJens utilized one large

_ ___ ___ _
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main foil forward carrying the major portion of the load, vith a
small tail foil aft. The Sachsenberg Brothers' craft utilized two
foils of approximately equal area, one forward and one aft. Both
used fixed foils of relatively low aspect ratio and both attained
stability by variation in the submerged area of the foils and by
the use of V-shaped foils piercing the surface. Less data seems to
be available on the TietJens craft and there are indications that
'ess development time was spent ,n this type of craft than on the
other, due to war interruption, and there are also indications
that it was less satisfactory in rough water performance from a
stability point of view than was the Sachsenberg Brothers' craft.

The Sachsenberg Brothers apparently gave extended study to the
subject and built numerous craft of various displacements, up to
80 tons, with power plants as high as 5000 H.P. These craft were
operated with varying degrees of success up to speeds in excess of
50 knots. Progress was made gradually over a number of years of
effort and the records indicate that there were many problem still
requiring extensive research; there were also mixed opinions as to
the effectiveness of hydrofoil craft at the time work was discon-
tinued, due to bombings and enemy action. There is, however, ample
evidence that these craft performed very well, Apparently the Russian
Effort is along these lines.

None of the foreign craft of the past for which records were reviewel
resulted in very high lift-drag ratios and the best results were of
the order of 8. Apparently considerations of strength and stability
and the desire to obtain workable craft in a short time dictated the
course of design and required comprvansevbich res~u~ed in relatively
low values of L/D. We have reviewed no evidence which indicates
that a consistent concerted effort has been made in the past, aimed
at the attainment of maximum L/D at moderate speeds as a prime ob-
j ective,

Hydrofoil Craft - Summary and Conclusions

The particular appeal of hydrofoil craft as compared to onveitioal
surface displacement craft lies in their lower power requirements at
higher speeds and in their greater smoothness of operation and rela-
tive freedom from rolling and pitching due to surface disturbances.
The curve of power required for a dieplacenent or planing hull in-
creases rapidly with increase or speed. The power curve of the
hydrofoil craft, on the other hand., reaches a peak or hump value
prior to the time the weight cC the craft is supported dynamically
on the foils and then drops appreciably !cmer than the cu.re for
an equivalent surface craft and rises again. The difference be-
tween these curves represents an appreciable saving in power at
higher speeds in the order of 50% or greater with high l/D craft.
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The rlassic criterion of efficiency is the so-called Gliding Co-
efficient which in defined as the ratio R/D, where R is the re-
sistance in pounds and D is the displacement of the vessel in
pounds. This ratio for various vessels of various sizes and
speeds is expressed as a function of the Froude number F a
where V is the speed of the vessel in feet per second and L
is the length of the vessel in feet.

Average values of R/1J for planing craft against Froud numbers
have been plotted by Tietjens and for various types of craft by
J. H. Curry and are included in the Hydrodynamics section of this
report. To get sow idea of how the various types of craft f.t
into the picture, consider the following:

1. I0-Ton V Bottom Boat with Length - 33'

Speed in Froude Gliding Corresponding
Knots Nmber Coefficient L/D Reqdo

10 .519 .085 1175
20 1.037 .365 6.06
30 1o557 .222 4-52

2. 100-Ton P.T. Beat with Length - 100'

Speed in Frouds Gliding Coresponding
Knots Number Coefficient 14D eq d.

20 .595 .095 21.0
30 .892 .3oI 7.7
50 1.49 .178 5.6

3. 1898-Ton Destroyer with Length - 33.4'

Speed in Froude Gliding Corresponding
Knots Number Coefficient I/D Req 'd.

3 .483 .o62 16.a
40 .644 .092 10.9

4. 1,7904on Ga -ship- with Length - 427,

Speed in _ftond. Gliding Corresponding-
Knots -Numer Coefficient L/D Reado

14 .202 .00225 4.43o
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The familiar lift-drag ratio or L/D which is the reciprocal of the
Gliding Number is tha measure of the effectiveness of a hydrofoil
craft once its weigh is complete supported on its foils. A
glance at the last column of the above table shows the values of
L/D which must be obtained by hydrofoil craft to be economically
competitive with displacement or planing vessels. Small hydrofoil
vessels are superior at relatively low speeds, but large vessels
are only competitive with surface craft at very high speeds.

Due to strength considerations and their effect on the geometry
of hydrofoils, maximum attainable L/D ratios are extremely high
at low speeds and gradually decrease with increasing speed so
that, for instance, the maximum attainable L/D of a hydrofoil
which has the necessary strength to withstand the forces generated
at 50 knots is somewhat lower than the maximun attainable L/D at
20 knots. This is I-lustrated graphically in the Hydrodynamics
bection of this repo:'t. This section also shows that L/D de-
creases with increases of unit foil loading.

Another limit on the performance of hydrofoils is introduced by
cavitation, which reduces the lift and decreases the attainable
L/D of hydrofoils. The speed aL which incipient cavitation may be
expected to occur for various types and thic?nessee of hydrofoil
sections is shown in the Hydrodynamics Section of this report. In
general, cavitation-free operation requires progressively thinner
sections as speed is increased. Thinner sections, in turn, require
smaller spans between struts for' structural reasons and al so result
in lower L/D ratios.

The results of European experience as exemplified by the Sachsenberg
Brothers in Germany and others utilizing foils piercing the surface
produced L/D ratios in the order of 8. The effort to attain "built-
in" stability in a aimple manner and performance at reasonably high
speeds, coupled with strength requirements, were probably primarily
responsible for these results.

Dr. Vannevar Bush hos suggested the possibility that considerably
higher values of L/i) would probably be obtained if the hydrofoils
were left completely submerged during all operation and stability
obtained by automatic action .f movable control surfaces actuated
by depth sensing mechanisms.

in the Hydrodynsmics section of this report it is theoretically
demonstrated that for reasonable speeds and foil loadings, prior
to the onset of cavitation, appreciably higher values of L/D may
be obtained than those recorded in foreign results. It is recog-

r
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nized that flpos and the means used for their control and actuation
will reduce the attainablc L/D somewhat over that predicted for a
solid foil, but even with conservative allowance for this reduction
it is anticipated that L/D ratios over 20 may be obtained at speeds
in the neighborhood of 35 knots with careful design. This is based
on conservative assumptions and turbulent flow. Under ideal condi-
tions of laminar flow, considerably higher values might be attained.

The problem of longitudinal and lateral stability by the use of
movable control surfaces and depth and motion sensing devices has
been carefully studied and a system has been designed which is be-
lieved to be practicable and workable. Theoretically it should
produce satisfact=7 stability and control under rough water cardi-
tione. The system utilizes readily obtainable components previously
proved out in auto-pilot design. It is believed that a relatively
straightforward simple program of testing can demonstrate the adequacy
of the system and all of its components prior to installati on in an
actual vessel°

A small self-propelled test craft was constructed and tested to de-
termine experimentally, under actual operating conditions, the
validity of the data developed in the Hydrodynamics section of this
report for predicting performance. The results of these tests are
analyzed in detail in the Performance section of the report and in-
dicate excellent agreement between experimental results and theoreti-
cal predictions. Brief 2 , the craft with a light weight of 351
pounds successfully lifted four people for a gross load of 3.161
pounds, The maxiam L/D- developed by the craft as a whole ws ap-
proximately 12 and it obtained a maximum speed of 24 miles per hour
with a ten horsepower outboard engines Analysis of the performance
results indAicates that an L/D of over 22 was obtained from the ain
foil-strut combination alone. The craft operated much more smoothly
and stably in rough water than a displacement craft of the same ise
anid weight.

The theore1os aa experiaental evidence developed in this report
indicates 4hat fu .yeirged foils will probably develop the
highest possible I^. The use of movable control sufaces seems to
offer the possibilty of -saorif oing the least 1Wdrodmn-lic per-
formnce to -atisf -stability requirements but requires the utili-
zationof aschanical means of -sows ocplexity to obtain automatic
control of stability.

It was demnsterated that /- ratios of a higher order than those
recorded in -uinpean reperts based on surface-pieroi foils could
be obtained by utilizing a fully submerged main foil of high aspect
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ratio located aft of the center of gravity of the craft support-
ing most of the weight of the vessel, with auxiliary planing
surfaces forward designed to provide necessary longitudinal and
lateral stability without the use of mechanical methods of control.
Some sacrifice of L/D of the craft was made in the attaiiuent of
stability and it is probaole that less sacrifice of performance
for stability would be made in a craft with movable flaps and all
foils submerged than with auxiliary planing surfaces. However, it
is believed that a careful development of auxiliary surfaces will
ultimately result in very satisfactory values of LID and the con-
figuration with fixed main foil and surfaces is well worth further
investigation.

The problem of propulsion for hydrofoil craft offers a field for a
considerable amount of future investigation. The necessity of pro-viding adequate thrust at relatively low forward speeds to get over

the "hump" in the resistance curve, together with reasonable pro-
peller efficiency at relatively high speeds, poses a difficult
problem for a standard marine power plant and fixed pitch propeller.
The use of controllable pitch propellers would undoubtedly help.
Also, the neoessity of mounting the propeller at some distance below
the hull introduces complications in the intermediate drive, which
is only partly answered by right angle gear transitions and inclined
drive shafts. Other types of propulsion should be investigated. It
is, to b1x expected that some of the gains made in hydrodynaic effi-
ciency vill be offset by losses in propulsive efficiency of marine
propellers as craft speeds become very high. In the prqplsion
section of this report, a theoretical investigation points out the
possibiity of increasing propulsive efficiency at hbgh speeds b
the reduction of cavitation effects through the use of shrouds. It
is believed that the development of mrine propulsion at high speeds
should be carried on simultaneously with the development of hydro-
foil craft.

he proper selecticm of materials for the construction of foils and
struts proved to be a major problem in the German work. High strength
steels were used extensively, but corrosion and erosion proved very
serious. In an attempt to solve this problem, the Germana tried to
protect the surface by numerous methods, including plating, painting
and covering the surface with plastics and vulcanised rubber. At the
time their. work was discontinued, none of these methods had apparently
proven completely satisfactory. It is believed that research along
these lines is very necessary in hydrofoil craft. There seems to-be-
some hope in the use of fibregla. plastic for this purpose because of-
its resistance to both corrosion and marine growths, and it is our
opinion that a steel core wrapped with fibreglas may offer possibi-
litie

Althouah there are n new problems introduced in the design, c str -o
-tion and operatior of practical hydrofoil craft, all seesiapable of

solution by research and experiment and the ultimate posibilitiesof
high econcoy coupled with desirable military characteristics -appear-to

Justify continued and expanded efforts in this field.
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DESIGN CHAMT

Based upon the general methods of configuration studies outlined
in the Hydrodynamics section of this report, preliminary Design
Charts are presented to indicate the order of magnitudo of at-
tainable (L/D) ratios which can reasonably be expected of hydro-
foil craft which have high (L/D), rather than high speed, as their
governing design consideration. The geometries, powr requirements,
performance and operating conditions necessary to the attainment of
high (L/D) are indicated as well as the effects of variations of
the principal design parameters.

Determination of maximum (L/D) and definition of the optimum con-
figurations corresponding to such maximum involves a procedure in
which both hydrodynamic and utructural requirements are simltan-
eously satisfied. It is of course necessary, in the conduct of
si ch studies, to make certain assumptions, predictions, and esti-
Rates of the relationships among the numrous parameters. Those
maie in the present studies are considered to represent a realistic
estimate of attaiment which can be realized with good, but not
unreasonable, manufacturing technique. It is hoped that the re-
sults presented will prove useful in the evaluation of the poten-
tialities of hydrofoil craft and will form a foundation upon which
sore refined studies can be based.

The general assumptions are discussed in some detail in the sec-
tions of this report dealing with Hydrodynamics and Structures.
Sow of the more essential ones are repeated here. It is, of
course, possible that somewhat higher values of (L/D) could be
estimted by the use of more optlistic basic assptions. Where-
uncertainties exist, however, the present studies were based upon
conservative estimates, and are therefore considerad to be quite
realistic.

The primary basic assumptions are:

1. Foil and strut sections are asaumd to be volid0 symmetrical
sections. S0 drag improvements can doubtless be realized,

in certain cases, by the use of cambered foils, and fabricated
sections can doubtless be used to advantage on large craft. De-
tailed consideration of these effects., however is considered beyond
the scope of this preliminary report.

2. Strut slenderness ratio, limited by buckling considerations, is
assumed no greater than 120. The use of tapered or stepped
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struts are conteiplated as means of decreasing strut thicknss or
increasing length. The present studies assume that average strut
requirements are adequately considered by the general assumptions
that foil and starut chords are equal, and that strut length is
one-fifth the foil span.

3. Foil, depth of submergence is assumed to be one-tenth its span
Particular design studies should of course include depth of

submersion as a design variable. The value used in these studies,
however, is considered to represent a fair estimate of the proper
depth compatible with permissible roll angles, freedom from cavi-
tation, and minimum strut drag.

4. The design load is assumed to be carried by a single, entirely
submerged main foil, with control and stabilization provided by

movable surfaces on the foil and, as necessary, completely submerged
auxiliary foils. Such a configuration is considered to permit
higher values of (WD) than does that which utilizes oblique foils
which pierce the water surface.

5. The main foil planform is assumed to be rectangular, of con-
stant thickness. The effect of planform taper is indicated for

the particular case of the single-strut configuration and is dis-
cussed in more detail in the Hydrodynamics section of this report.
It is assumed that taper, particularly of the outer foil panels, in
the case of multi-strut configurations is a design refinement which
will be applied to particular designs as permissible.

6. It is understood that tests of a most promising type of end-
plate are in progress as this report is being prepared, and it

is considered likely that soms improvement of (L/D) will accrue from
the use of endplates of this type. No attempt is made in the present

tudies, however. to include the effects of such devices upon masijmm
L/D).

'7. High-strength (150,0OO psi) steel is assumed as the material of
construction of foils and struts. Design safety factor is as-

sumed to be 2.0, and dynmic load factor is assumed to be no greater
than 2.0. The effects of using lower strength materials are indicate,
for the particular cases of mild steel (50,0O0 psi) and laminated
fibreglas (4O000 psi). Design working stresses, based upon static
loads, are therefore-371,500 for high-strength steel; 12,500 for mild
steel. and 10,000 for fibreglas,

More detailed discussion of the variations of the major design para-
meters is presented in the following pages.
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Chart A - VARIATION OF MAXIMU! (L/D) AND REQUIRED POER WITH
DESIGN SPEED

The effects of design speed upon maximum attainable (L/D) and
corresponding required horsepower are indicated, for varying
numbers of struts. Of particu3ar significance to the general
subject of hydrofoil craft is the decrease of attainable (L/D),
and increase of required power, with increasing design speed.
This is, primarily, affected by permissible foil loading. Low
design speeds correspond to low foil loading, hence high aspect
ratio and low foil and strut thicknesses, which in turn permit
high values of (LID). Conversely, high speeds correspond to
high foil loading, low aspect ratio, greater thicknesses, and
lower attainable values of (LD). This is of course a familiar
picture to aircraft designers.

Of almost equal importance is the indicated effect of the number
of struts upon attainable values of (L/D). As the number of
struts is increased, it can be expected that aspect ratio in-
creases, or foil thickness decreases, permitting drag reductions
which, in turn, result in higher values of (L/D). The trdnd does
not, however, continue indefinitely, since the addition of struts
is accompanied by increased strut parasite drag A point is
reached at which the addition of strut drag outweighs the ad-
vantages gained through reduction of foil drag, and the net (L/D)
is reduced.

Chart B - OPTIMUM GEOETRY FOR MAXIMUM (L/D)

Cobinations of foil loading, design speed, foil thickness, and
strut thickness required for attainment of maxtmum (L/D) are
indicated. Optimization of the geometry is affected as outlined
in the Hydrodynamic Section of this report. It is to be noted
that the indicated variations of the geometrical parameters with
foil loading are dictated primarily by structural considerations,
with design speeds and (L/D) based upon hydrodynamic evaluations
of the performance of structurally acceptable configurations.

I
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Chart C VARIATION OF (D) WH OPRTINO SPUD
Of particular significance to studies of-hydrofoil craft is the
variation of (JWD) with speed, ae'the operating speed differs

! from that corresponding to main (L/D) conditions. Serious

consideration should be accorded this variation in the evaluation
of particular craft. As indicated by the Chart, whereas high
values of (L/D) are attainable with combinations of low speed
and low foil loading, the (L/D) deteriorates rapidly with in-
creasing speed and becomes considerably lower than the value at-
tainable with a higher foil loading configuration which may have
a relatively lower peak value of maximum possible (LD).

It is iunmdiately apparent that maximum (L/D), alone, is not of
itself sufficient basis for the realistic evaluation of the merit
of a hydrofoil craft. The speed range through which operation of
the craft is to be expected becomes equally important, Thus,
considering te three-strut configuration as an example, whereas
a aaximum (L/D) of about 35 is attainable with a foil loadig of
0.1 tons per square toot (224 pounds) at ten knots, the (L/D)
attainable with the sam loading is only about 14 at 25 knots.
More economical operation over this entire speed range could be
obtained with a blj&ur foil loading which, although its -ximm
(LD) would be ltei ', would have a higher average value. A
craft with a foil loading of 0.3 tons per square foot, :or ex-
ale, would show an (L/D)-of 25 at 25 knots, with a peak value
of 29 at 19 knots. The similarity to aircraft performance is
readily apparent. The reasons for this variation of (L/D) with
operating speed are discussed in the Hydrodywic Section of this
report.

Chart D - VARIATIONI O? REW4IRED PCWER WITH OPERATING SPUID

Variations of powr requirements as speed differs from that cor-
respondim to naxiom (L/D) are indicated, as based upon the (LID)
variations of Chart C. Her% again, it is readily apparent that
(L/D) alone does not constitute sufficient basis upon which to
evaluate the merit of a hydrofoil craft. It is also apparent that,
as in the case of aircraft, high speed and _axi1um possible (LD)
are not coaptibla requirements,
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Chart E - REWCTION OF ATTAINABLE (LID) DUE TO 1XVIATIOS OF
MAJOR PARA4ETLRS FROM OPTIWMI VALUES

The effects of variations from ontimus values of speed and the
major geometrical paramters are indicated. The effect of speed,
reflected in Charts C and D, is seen to be of considerable magni-
tude. It is men that, in the interest of economy, a craft de-
signed for the attaiment of maxium possible (L/D) should operate
at speeds near that for such attainment.

The effects of the geometrical parameters appear, at first Slanoe,
to be relatively minor. Thus, a twenty percent error in aspect
ratio is seen to result in only a ten percent loss in attainable
(L/D). It should be noted, hower, that when high (L/D) is the
primary consideration, as is the case in the present studios, the
apparently great margin of error permissible in each of the major
parameters should not be construed as justification for laxity in
maintenance of the proper values. If lower (L/D) values are to be
considered acceptable, economy would dictate simplification of de-
sign, rather than the lowering of design standards. Thus, if a
ten percent reduction of masidmu (L/D) is acceptable with a four-
strut craft, for example, Chart A indicates that it would be more
Judicious to concentrate efforts on a simpler two-strut craft.

A nor detailed treatment of the effects of deviations of the major
design parameters is given in the Hydrodynamic Section of this report.

Chart F - INFLUh3C Of 'MATERIALS OF CONSTRUCTION UPON MAXCIMUJM(/)

As indicated in the genral introduction to this section, +high-
strength steel is assumed as the material of construction in the
analyses upon which Charts A through E are based. It is of in-
terest to determine the reduction of attainable (L/D) which re-
sults from the use of lower stress, or less critical, material.
Mild steel and lainated fibreglas are chosen as materials of
interest. Mild steel is chosen for its obvious advantage with
regard to availa lity, while glass is chosen for its light weight,
resistance to c orrosion relative ease of fabrication, low cost,
and reasonably good strength characteristics. The four-strut con-
figuration is used as the basis for comparison, although the
reductions, in percentage, can be expected to apply to- the other
caes
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HYDRODYNAMICS

A study of the hydrodynamios of hydrofoil craft involves a

oombinationuof the philosophies of both Naval Arohitecture and
Aeronautioal Engineering. Although it is not considered
within the -oope of the present studies to attempt to famil-
iarize either group with all of the terminologies and methods
of approach used by the other, some exple.Lation is considered
necessary to the pturses of this report. It is suggested
that more detailed consideration can be obtained from any of
the standard toxts pertaining to either subject.

The naval arohitect usually regards lift, or supporting force,
as being a function of bouyanoy due to displacement of a volume
of water, dynamio forces due to planing of a body upon the
water surfaoe, or a combination of both. Early efforts to
derive theories of flight atteqt& to apply the same theories
to lift in air. The lighter-than-air craft, such as the
dirigible or balloon, is of course a direct applioation of
the bogyanoy familiar to the naval arohitect.

The most logical theory of lift of heavier-than-air craft,
upon whioh modern aerodynamic theory is based, attributes the
attairmt of lift to the effect of superposition of a oir-
oulatory flow upon the free-stream flaw around a body moving
through a fluid. A resultant foroe is generated whioh may be
resolved into forces parallel and normal to the ganeral dir-
action of movent. The normal force is deoignated "Lift"
and the parallel force "Drag". It is interesting to note that
the "planing foroe" of naval arohitecture is but a special
case of oiroulatory lift, in which the medium is disoontinuous
at the wate surfae.

Th*e lift forues upon a complete hydrofoil craft can thus be
seon to oomprise a oombination of the lifts of both naval
arohitectu and aerodynamics. At rest the craft is supported
entirely by bwuyeany. Az forward motion is inparted to the
craft, the hydrofoils develop hydrodynamic lift, reducing -the
portion of support ihich mst be contributed by the hall, vhlah
Votio!+ 'Q" Va IL2fIIM. 14# epi MWWita~yede ija j sa4:
The, when the speed in great enough to permit the foils to
support the entire weight of the eraft, the ball lift is

oredtwod to xero and the craft is nmnng, or more properly
"flying", on its foils. It is thus seen that the lift of a
hydrofoil craft embraces both the naval arohitect's and the
aerodynamioist'a concepts of supporting force, involving a
smooth transition fron one to the other.
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The naval arohiteot considers drag, usually denoted "resistance".
to be composed of Frictional Resistanoe, Eddy Resistanoe, and
Wave Resistance. Friotional Resistance arises from the friot-
ional forces generated ts a body is moved through the water,
and is dependent upon the Reynolds Number of flow. Eddy
Resistarce arisex from the creation of eddies, vortioesa, or
t:r_t__@no, anid depends upon the shape of the body. WayeResistance &risers from the creation end propag tiox of surface
waves as the body is moved through the water. A great wealth
of both -theoretical and experimental iuformation is available
regarding thoe various types of ship resistance.

Drag in aerodytui theory is, as in naral architecture, the

resistame of a body to motion through a fluid. It oonsistU of
a combination of Parasite Drag amd Drag Duo to Lift. Parasite
Drag includes that portion of the total drag- hich is ib 2epend nt
of the creation at lift, whereas Drag Due to Lift oonsista of
that portion which vanishes ehen the flow is such that there is
no lift.

Parasie Drag is usually, for the sake of convenience: considered
to consist of tvo principal components. That portion which is
chargeable on3y to the lift-produoing wing or foil is denoted
Profile Drag, whereas that associated with non-lifting oomponents
of the craft is denoted Pure Parasite Drag. Both are composad
of friction Drag and Form Drag, which are directlr analagous to
the Friction Reg:itance and ddy Reaistanoe of the naval architect.

Drag Due to Lift also consists of two principal oomponents.
The force parallel to the general direction of flow which arises
from circulation about the body is denoted Induced Drag. It is
merely ")ae drag component of the total force uhioh rnsoults from
circulation. The other component which is urmally associated
with lift, although it is actually a parasite drag mnalagmu
to Edd ResIstac, i that which arises as a body is operated
at an "anle of attack* to the gonral direction of flow. It
vanishes as the angle of attack apoachos two. Sin e lift
aloo v*ries with &nle of attack, it is usually oardvnent to
oharp to lift that portion of prasito drag Yhich 4epsnds upon

Rs1aisftano0,.~rof# Drag, and Pure Parasite Drag are oncerned,
the naval arohitot and aero4ynai is are on cmm ground,
The aerodynimoist usually oombinos his frictional and form
dras into a single funtion, neroly. or convenience, -horas
+h naval architect regards them an separate items. Since in
either case reliance upon experimental data is necessary, it
would appear to vake little difference which method is used0
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The concepts of Wave Resista oe and Induced Drag, hwever, would
appear to be the primary subjects in which there is some diff-
erence of philosophy between the naval architect and aerodynam-
toist. The naval arohiteot, in order to properly consider the
performance of hydrofoil craft, must add Induced Drag to his
usual oonoepts of resistance, and the %erodynazioist must add

"11sa- d iV660Cnot. oTher suectis.am "-

professlon.

The present repor approahe the hydrofoil problem from the
aerodynaoeit's viewpoint, with appropriate a itis to hi
usual theories t aoo o tohe differenes herein d slsed.
Wherever possible, notation is defined as it is introduced.

For honvnine, however, a separate trle of notation . ths,
thi "Hydrodynamics" section of the general report, is inoludedp

althouh it should be noted that the notation is intended toapply only to this seotion and may contain some duplication of

terms used in the other sections.

The nethod of approach employed in the present studies attempts,
first, to deive expiessions for the various drags associatedwith hydrofoil 0ra-tl second, to outline methods of analysia
o fooil raft performnoe a d third, to ndioate the
proessie by which it is possible to approximate the iocsetry
beti"ed for the attai iment of otudieu f emo dag ratio (Qa
without reqairing tedious trtal-nd-rrr studies of a great

n tpaeific configurations c

~BASIC LIFT A1V) DRAG OF RYDRDFOIL SYSTEMS

Of considerale importane to the study of hydrofoils i their
marked similarity to airfoils as usually oonsidered in in-
ospressible flow aerodynamic theory. This smilaity is
first noted in studis of drag due -o skin frlotion, then in
both theoreical and experimental studies of the lift #ad drag
obarecteristios of foils operating 'both in vater and in air.

tr s theoretical standpoint, this eizdlarityr in of course
mat at sal surprising. It Is comforting to note, however,
that the theory consistently reoeive xubstantial experimtal
verification. It is therefore possible to approaah the
problea of hydrofoil deipg with much the sawe philosophy

Throughout the analyses presented here the usual aorodyxmia
assumtions of inoompr-esible flow theory tre nade with regard
to odaTioients, lift sad drag. lift ourre slope, eto. It is
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a gumed, further, that these assumptions remain valid up to
oritioal cavitation speeds. It is shown that here, again.
the similarity to aerodynamic theory is manifested by the
analogy between critical cavitation speed in water and critical
Mach Number in air. No attempt is made to predict the changes
vhich take place at speeds above those for commencement of
cavitation, this portion of the general subject of hydrofoil
design being considered of sufficient importance to warrant
considerable further investigation as a separate study.

Expressions are developed for friction drag, profile drag,
parasite drag, and induced drag of the foils and struts of a.
hydrofoil craft, and for hull drag. It should be noted,
howevev that since the aerodynamioist usually includes
friction drag in his concepts of profile and parasite drags,
the expression for skin friction is not used directly in the
general studies. It is included primarily to illustrate the
similarities b etween the philosophies of naval architects and
aerodynamiists. It is, therefore, tacity assumed in the
studies that variations of Reynolds Numbers are such that the
expressions developed for profile and parasite drags are of
sufficient reliability for the purposes of these gen.iral studies.
Mfore exact studies should of course include detailed consideration
of skin friction as a separate item.

Standard aerodynamic practices are used rith regard to the use
of coefficients, to a greater extent than is usually the case
with naval architects. Lift and drag are expressed in terms
of standard aerodynamic coefficients, as follows:

Lift L:CL5 V2  CLS

Drag DCisVCbS

(L ) is Lift

(D) is Drag
(CL) is Lift Coefficient

(C)) is Drag Coefficient

( 5 ) is Area of the surface under consider-
ation, projected upon the plane
parallel to the direction of flow.

( ) is fluid density

(V) is forward speed

( ) is Dynamic Pressure
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PERFORJNCE OF HYDROFOIL CRAFT

Methods o(% analysis of performance of hydrofoil craft are
indicated, for the conditions after take-off from the water.
The flow is assumed incompressible, and speeds are assumed to
remain below critical cavitation speeds.

Conditions necessary to the attainment of maximum (L/D) are
defined, and expressions are developed for variations of (LD)
with speed.

Power requirements for hydrofoil craft, in the "flying range",
are defined. The speed for minimum power required to maintain
the craft foilborne is defined, as are the speeds for maximum
endurance and maximum range.

CONFIGURATION STUDIES

Recognizing the impracticability of attempting a study of all
phases of the hydrofoil problem with the time available, and
in an effort to derive some practically useful conclusions, the
studies presented herein are confined for the most part to
determination of the applicability of hydrofoils to the design
of load-carrying craft which can demonstrate acceptable lift to
drag ratios at speeds below critical cavitation speeds. The
study is not, therefore, intended to serve as a guide to the
design of high speed, rather than high (L/D), craft. An
understanding of thu philosophy of design for high load-carrying
capacity should, however, indicate the nature of modifications
which may be necessary to the attainment of high speed.

The study is based upon the basic assumption that the main
lifting system of the hydrofoil craft consists of a single foil,
with struts extending vertically upward through the water surface
to the hull. The geometry of the single foil required for the
attainment of vximum (L/D) is defined, for various conditions
of loading, speed, number of struts, etc. Throughout the study,
the foil is arbitrarily assumed to have a depth of submergence
equal to one-tenth its span. This assumption, although admittedly
arbitrary, is considered to be entirely reasonable, based upon
what would appear to be about the min imum angle of roll through
which a craft could be expected to roll without having its foil
tips break water. The effects upon performance of deviations
in foil or strut gei)metry from optimum values are indicated.
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Although the gener~l study is based upon the assumption of a
single foil as the main lifting system of the hydrofoil craft,

a brief analysis of tandem configurations is presented. It
is shown that approximately equal performance should be
attained with either type of configuration, and that consider-
ations other than performance should probably dictate a decision
bcotwaon the use of a single foil or tandem arrangement.

A brief analysis of the performance losses which might be

associated with control and stabilization of hydrofoil craft is

presented. It is deduced that such losses, assuming that

control mechanisms are designed to add minimum drag, should be

of a second order.

CAVITATION CONSIDERATIONS

Although no attempt is made to present a rigorous treatment of

the subject of cavitation, sow remarks concerning this phen-
omenon are included. It is shown that predictions of the

cavitation characteristics of a hydrofoil can be greatly

facilitated by analogy to the critical Mach Number characteristics
familiar to aerodynamic theory.



CONFIDENTIAL .

NOTATION

The following prinoipal notations are uo& throughout the
Hydrodynamios Soction. Where others are used, they are
defined as presonted.

Definition See Page

(A) AspestA Ratio 7

(6) Foil Span 7

(ICV ) Foil and Strut Chords 22

(Cj) Skin Friction Coefficient 4

(CDO) Profile Drag Coefficient 6

(C) Section Zero-Lift Drag Coeff. 6

(ov) Induced Drag Coefficient 7

(C ) Strut Drag Coefficient 9

(C:D) Total Drag Coefficient 14

(Cm ) Total Parasite Drag Coefficient 14

(( L) Total Drag Due To Lift Coeff. 14

(CL ) Lift Coefficient d

(C?) Pressure Coefficient 47

( Dj) Friction Drag 5

(D ) Bull Drag " 11

(bp ) Parasite Drag 14

(DL) Drag Due To Lift 14

Induced Drag 34

()) Total Drag 14

Tangent Modulus of Elasticity 22
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See
S l Definition

( ) Foil and Strut Design Safety Factors 22

( ) Foil Depth of Submersion 8
1.0o ln) "" '; Drag P..armete

(,k) Total Drag Due to Lift Paraneter (YIj+.oo5) 15

L Lirftd

1(ch Number in Air 47

(nO) Infinite Aspect Ratio Li,.t Curve Slope 12

( ) Number of Struts 9

(Kr't) Design Load Factor 22

(j)) Power 17

(,) Local Static Pressure 42

(v) Vapor Pressure 42

( ) Free-Stream Static Pressure 43

( q ) Dynamic Pressure d

( ) Reynolds Number 4

(@) Strut Load Distribution Factor 22

(S,) Foil and Strut Projected Areas d,9

( ) Thickness Ratio (thickness/chord) 6

(V) Forward Speed d

(VT) Takc-Off Speed 11

(V) Speed for Maxi= (I/D) 16

(VW ) Critical Cavitation Speed 47

Gross Weight in Pounds 16
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See
Symbol Definition Pafe

(L ' ) Induction Planform Parameters 7, 13

(+) Interface Reflection Parameter 7

(r) Cavitation Number 42

(S) Location Cavitation Number

( ) Section Cavitation Number

(to) Danwash Velocity 35

(A) Total Displacement in Tons 16

( ) Lift Curve Slope 12

(A) Ultimate Stress 22

(4P) Ratio of (W/D) to Maximum (L/D) 27

Additional arbitrary constants are introduced and defined on

the following pages:

(A) 23

(B) 23

(@) 23

(44) 23

(K) 22
(V) 23

(W,) 23

(Yv) 22
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BASIC LIFT AND DI0 OF IIYDROFO.L ')YAN6

Skin Friction. Drag

it is intere.:ting to note the air.larity betzee C he s.in fric-
tion drag expressions postulated by Friedrici Uob. rs in 1916
(ref. 1) and von 4arnian in 19.tA (ref. 2 and - ). ,hereas Gebers t

equation is based upon experimental eiork in a towing tank,
Karman's expression was derived tlieoreticall-, [or turbulent
flow. Both expressions appoar to closely veiLfby -ihe results
obtained experimentally by ,iLim Froude (l7L), it. E. Froude
(1888), and C. Tideman (1900).

The tyro exprosuions for turb2lent skin friction dz-ag coefficient
are:

(1) Gebers ,

(2) Narman, laol (24~ 04. ~

In both equations the term (1Rp) denotes the Reynolds Nimber,
and is defined by: (for speed in Knots and length in feet, in
500 sea-mater)

(3) VAP 6

It is also interesting to note that no reference has beer. found,
in the literature on skin friction drag in water, to ths expres-
sion for drag in laminar flow as postulated by Blasius in 1911
(ref. 3).

) Blasius C .ll' 8 V%1

The coefficients defined by these three fundamental equations
(1, 2, and- 4) are shoma in Figure (1).

4.
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Typical Reynolds Ntaber valus encounLered in hydrofoil studies
czsn be expected to range from about "UOO00 to about 10,000,000
for the speed ranges of interest to the high (J,/D) studies out-
lined herein. High speed studies can be expected to involve
Reynolds Numbera up to about 50,00O,O)0.

In view of the apparent lack of experimental, evidence in favor
of the assumption of laminar flow conditions in actual operations
of tho type to be expected with hydrofoil craft, it is assumod
tbat in all cases the flow ill be turoulent, w ith friction drag
as e;Tressed by Gebers. Typical values of 'Ie skin friction drag
coefficient to be expected are than shcm by Fi.gu:o . (2). It
should be noted that the skin friction drag, using this coeffi-
cient., is a function of the total wetted area, and is expressed
by:

(5) Cr<Ac

in which

is friction drag in pounds.

is skin friction coefficient.

A. is total wetted area.

CU is dynamic pressure.

Assuming the density of 500 sea-water to be 6h p.c.f., the
dynamic pressure, for speed in knots. is

(6),5 V

This value is used throughout the present studies.
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Basic Profile Dran

From a revim of literature on hydrofoils (ref. h-22), it appisars
that the most desirable section profiles for the attainmunt of
high (L/D) over a reasonable range of speeds are of the type
represented by the NACA High-Speed seories airfoils (ref. .3).
For the purposes of those general studies, therefore, it is
assumed that lift and drag oharacteristics of typical hydrofoil
sections aro as exprossod below, based upon the charaotoristics
of such NACA airfoils. A more detailed analysis of particular
configurations should, of course, include moxre oxact information
regarding seotion chs2acteristics. The assumptions mado,
however, are considered to be entirely adequate for the purposes
of preliminary investigations, and to represent reasonably
good design practice.

Examination of the drag .data of reference 23 indicates that
typical profile drags can be expected to be of the order shown
by Figure (3), for profiles or the "aerodymnic cleanness" to
be expected of hydrofoils which can be free of the doors, ports,,
and other sundry protuberances usually found on airplane wings.
For the purposes of preliminary studies, it appears entirely
reasonable to express these profile drags empirically as

(5) + 0C00 ± oLo

in which (CD,) is net profile drag coefficient, (Cjo) is section
drag coefficient at zero lift, and (CL) is section operating
lift coefficient. Figure (4), summarizing typical coefficients
to be expected, indicates that, approximately,

(6) C 0° o,0048 4- oJAo

in which (t ) is the section thickness ratio (thickness divided
by chord). Combining equations (5) ad (6), the general equation
for profile drag coefficient becomes

M-. o8 + o. ot + o.o CL

It should be noted that this expression represents only an average
value, since it implies no change of profile drag with Reynolds
Number. Since friction drag is included inprofile drag, however,
such is of course not strictly true. - The expression is oonsidered
to represent a good approximation over the range of Reynolds
Numbers to be expected after take-off of the hydrofoil craft, and
is includod for simplification of-the analysis. Specific design
studies should of course consider friction drag in more detail.
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Basic Indu2o a

The basic induoe'k drag of a lifting hydrofoil, as usually expressed
in aerodynamic theory, is (ref. 2h)

in which (CD1) is induced drag coefficient

(C6) is foil lift coefficient

( ) is foil aspect ratio (V'I/S )
' - span, S is area)

(i) is the standard planform induction parameter

Typioal values of the planform indue--;ion parameter (Jj) are showm
by Figure (5), as functions of foil "hickness, aspect ratio, and
t.vo-dimensional (infinite aspect ratio) section characteristics.

Equation (8) expresses the induced drag encountered under "infinite
flow" conditions, in which it is assumed that the surrounding
ox-ends effectively to infinity. The presence of the free water
surface, or interface, above the foil can be expected to modify
circulation about the foil in such a manner as to alter the usual
concepts of induction effects.

The subject of flow around a foil which is located near a boundary
of the surrounding medium is one which has received a great deal
of attention in aerodynamic theory, since it is directly con-
cermed with conditions which exist in a wind tunnel, or when an
airplane is florfn very close to the ground. The pairticular
condition encountered in hydrofoil otudios, in vhich the boundary
is actually a free surface, is included in the rather extensive
treatment of boundaries in reference 25. It is shoMn that a
free surtace above the foil can be expected to increase the
induction effects, hence the induced drag of the foil.

The correction factor to be applied to the induced drag, to
account for the effects of operation near the interface, then
modifies equation (8)- to read

(9) C

in which the "interface reflection parameter" ( ) is, as published
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by Prandtl (19 23), and since establIshod experi.entally,

"Reflection Paramoter" (4'), as function of dc;pth of
submersion (h ) and foil span (b):

(kb) 0 ,1 .2 .3 .4 .5

( + ) 1.000 .780 .655 .561 .485 .0

Intermediate values of (4) are shoin by Figure (6).

A rigorous drag analysis should includo detailed consideration
of both the induction parameter (81 ) and reflection parameter
(+). For use in preliminary studies, however, in which order
of magnitude rather thai precioe values are useful to preliminary
design selection, it appears quite reasonable to combine these
parameters and represent the term (O"(',/ 1  L ) by a series
of empirical curves as shown by Figire (7).

The induced drag coefficient then becomes

(10) AZ -

End Plates

Results of early experiments -with end platos as a means of
reducing the induced drag of rather low aspect ratio wings
shw that some reduction can be expected if the end plates are
properly- designed (ref. 26 and e;7). The studies examined,
however, were all concerned with rather low aspect ratios,
and the economy of application of conventional end platos
to high aspect ratio hydrofoils oppears to be of sufficient
uncertainty to preclude their consideration in studies of the
typo outlined here.

It is understood that tests of end plates based upon what
appears to be a most promising design philosophy aro in
progress as the present studies are being conducted. It
is considered quite likely that this new approach to the end
plato problem may represent a most practical means of reducing
the induced drag of high aspect ratio foils. Present plans
with regard to tests of hydrofoil craft include provisions for
rather extensive tests of the nwm type end plates.
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Interference Dr

It is assumed -that the hydrofoil-s rut combinations unde- con-
sideration consist of foils running under the surface of the
water, with ve:.tical, or nearly vertical, struts projecting
upward from the upper surface of the foils, through the water
surface, to the main load carrying hull or body. As a general
rule, it can bo expected that intersections of struts and foils
will be reasonably well faired, to produce minimum interference°
Under the assuption of turbuxlent flow, it appears entirely
reasonable to assime that such interference is of a second order I
(ref. 28-30)s and produces a net drag increase of about five
percent for eaoh stiut-foil intersection This increase is
arbitrarily assaiiued to be equa.y divided between strut profile
and foil inducted drag (for reduction of lift-curven slope).

Strut Drag

The arag produced by the portions of the supporting, struts
running below the water surface can be considered equivalent to
that defined byv equation (6), in which the strut is assumed to
operate at zerc lift. An additiLn, drag, however, can be ex-
pected as a re -ult of the wave-making action of the strut exten-
sions through the water surface, althougb it is assumed that the
struts are of vuch profile that their wave-making characteristics
are reduced to a practical minimum. it is considered reasonable
to allow appro)imately a fifty-percent increase of the drag pre-
dicted by equation (6), to cover the wave making ch-ag interference
as predicted above, and the probability of the addition of rudders,
flap actuating mechanisms, etc., to the basic strutL configuration.

The strut drag is thon, in terms of foil area, and for (N) struts,

in which

N is the number of struts.

is the strut submerged area.

is the foil area.

is the strut thickness ratio.
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Air Drag

Air Drag is assumed, for the relatively low speed studies pre-
sented here, to be 6f a second order. It should be realized,
however, that as design speeds are increased beyond, say, forty
knots, estimates of air drag should be included in the general
drag analysis, an. every effort should be made to provide designs
of aerodynamic cleanness.

Su mn X of Drag Equations

The drag iquatbions which define performance of a hydrofoil craft
after it is foilbone can be summaized for preliminary design
purposes. It is considered significant that the methods of
analysis outlined here were used in prediction of psrformanoe
of a full-scalo test craft, roportod in a separate section of
these general studies, with gratifying agreement between pre-
dicted and observed performance. They would appear, therefore,
to represent reasonably reliable preliminary estimates.

Total DEa Aftor Take-Off

(12) CD Z C O+ C11+C>

Foil Profile Drag

(13)ooo a o.Lot o,oo C -

Foil Induced Drag

(34) KL -C%

Strut DraLg

(15) :10 f 5 ( 0(0o~ . tots)

TOTAL PARASITE DRAG

C- O4 + c1"t2 + I . -(' (0,048 0,10t

TOTAL DPAG-DUE TO LIFT

o, C 0.{( 025tM)~ +.ov]j
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Hull Drag Prior to Take-Off

The drag of a hydrofoil craft, frow the condition a. rest until
its weight is completely supported by the foils at ake-off,
includes the frictional and wave-making; resistance of the hull,
as well as the drag of the foils and struts. Tha hull resistance
is equal to that o. a conventional displacement or planing hull,
appropriately modified as speed increases and lift .,s transferred
from the hull to the foils, reducing the apparent d.i.splacemsnto

The resistances of typical planing hulls of v-irious types have
been summaeized and plotted by J. H. Curry, as sho;,-n by Figure
(8), end have also been examined and averaged into a single curve
by Teitjens, a shoon by Figure (9). In both cases the Planing
Numnbers, or heistamce divided by Displacemerio, are plotted
against Frouce Nurnoers. The resistance ol: a hull aoi a surface
craft at any .ieed prior to take-off can be estiimatd from such
cirves as The, or from ac rual test data pertaLnin-) to the par-
ticular hull wider consideraticn, if such is available.

It apt)ears reasonable Lo assume, fo: prelimrinjury de.sign purposes,
that the f.ils wii be set at -heir maximum practicable angle of
attacr, prior to tale-o.ff, hence the lift coefficient *:ill b2
essentially constarut. The transfer of lift hill thca be a Zunc-
tion of the square of the speed, ani the modification of hull
resistance to account for the reduction of apparent displacement
can be determined as a function of the ratio of actiual speed to
take-off speead

?or the preliminary design studies repcrted herein, .zt is assumed
that hull re3istance varies as the two-thirds power of displace-
-ment, and that the average curve prasented by Teitjens, Figure (9),
is applicable at Froude Numbers gre-ater than unity, An empirical
3quation for hull -esistance, including the correction for reduc-
tion of apparent. displacement, is derived, as shoan by equation
(16). Yor more detailed studies, or for the special cases in
which Froude Number is less than untiy, the curves of iFigure (8),
or actual test date. for a particular bull, can be used, bearing in
mind that the correction for transfer of lift must be applied to
the Resistance Numbrs indicated.

The general equation for hull resis.ance used in these studies is

(Y3

i

[0008 4-00-
2 ld
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in which

'I v is hull drag in pounds.

is speed in knots.

VrO is take-off speed in knots&

is waterline length in feet*

A is total displacement in tonsa

Typical values of hull drag predicted by equation (16) are shoim
by Figure (10).

It is significant to note that the total resistance prior to take-.
off, including both hull. drag and strut-foil drags, is characterized
by a "hump" which reaches its peak at a speed slightly below that
for take-off, The power required to propel the craft through this
region of increased resistance, and beyond to the tke-off speed,
is an extremely important consideration in the design of a hydrofoil
craft, and should be carefully analyzed. It is possible to maintain
some control over the magnitude of the peak power required in this
region by varying the design take-off speed, or lift coefficient.
I s a general rule, the peak drag will be reduced if the take-off
speed is made as low as possible, or if take-off lift coefficient
is made as great as possible. Sta.lling or cavitating of the foil
may impose practical limits to the maximum value of lift coefficient
which can be utilized.

Typical curves of the total drag of a particular hydrofoil craft,
showing the peak values reached in the region of the "huaps" are
shown by Figure (11), in which the design take-off speed, hence
lift coefficient, are varied between the limits indicated

Lif b Curve Slope

The lift curve slope of a foil, as usually predicted in aerodynamic
theory is (ref. 2h)

(1 nCL

cl rA M
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in which (') is the conventional induction pwrameter, as shown
by Figure (12) and (ma) is the lift curve slope for infinite
aspect ratio.

(18) VAC =2 rr 4. t

As in the case of induced drag, i,1r presence of the water surface
alters the lift curve slope. The reflection parameter (4',) is
therefore applied to equation (17) to obtain the eNqression for
lift curve slope used in the present studies:

(19) d-L Wv o

- o 0
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PEr1FoR::ANCE OF 1UYDOFOIL CRAFT

Preliminary an ,iyses of tho perforrianco of hydrofoil craft are
based upon the general assumptions of steady rectilinear flight
in wnich the elfecta of linear and 2otational accelerations are
neglected. Ditermination of probable acco.orai.ons at take-off,
as lift is finzlly transferred from the hU'L % o th, fols, will
require more specific definition of the variation of power tith
speed than is possible in rhe general studies presented herein.
As in the case of conventional displacemnnt craft, trial runs
will be necessary before such defin.tion of power characteristics
can be considered reliable. Prelim.inary investigution of some of
the more important performance parametors is possible, however,
as indicated in the followirg discu3siono

Conditions for Maximum (L!D)

In view of the contractual requirements that the studies pre-
sonted herein have attainment of raximum (L/D) as their prin-
cipal objective, it is well to define the conditions of operation
necessary for ,uch attaiwment. From the drag aralyses indicated
in the previou, discussion, it is possible to define these condi-
tions.

The total drag after takle-off is equal to parasite drag plus drag
due to lift

(20) D ~ i1

or, in coefficient form,

(21) C + C-

Combining equations (13), (1)Y and (15)

(22) c -. 0048 + 01-t +jt .- '- j~ ( L)(0-004. +0, lot;-)-

4-- %~~~ I-
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FRom oquation (22) it is soon that

(23) Q, o~oo4 - o.,oj 0 - .. 0-(4o8 1. O o,- o1.7

(214) C:l ci o, oo L 4., rt

Whenco

(25) -1-

The condition or maximum (L/D) is found by minimizing the term
( /C 9.), in wtch

(26) -L.

Differentiating with respect to (CL),

(27) dtC C0

whence it is seen that the conditioa for maximum (L/D) is satis-
fied if

From equation (28) it is seen that the lift coefficient (CL 0 )
for maximum (L/D) is defined by

(29)
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And Maximum (L/D) has the value

(30) ( D)o

Equating lift to total weight (W in pounds), the speed at
which maximum (L/D) is attained is found from equation (29)

2.8'SV c

or, for total weight (A ) in tons,

(33 V, 786(A

L!_D Attainable..at AnM Speed

Eqiw.ticn (30) defines the maximum (L/D) attainable with any
particular configuration, at the optimum speed defined by
equation (33)0 It is desirable to ascertain the (L/D) which
is attainable at sroeds other than optimum.

From equation (26)
CL C1.
... C0(34) Cb .A t

Maximum (L/D) is, in this form,

(35) CiCL
SC ,L
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Dividing (311) by (35) and substituting (31) as necessary

(36) Co .,. + C

which, in terms of speed, becomes

% - 9..
(37) - OU

These variations o.f (L/D) with lift coefficient and speed are
shown by Figure (13).

Power Requirements

Analyses of power requirements of hydrofoil craft are based on

the assumptions that:

(1) Thrust is equal to total Drag.

(2) Required Power is equal to Thrust Power divided by
Propulsive Efficiencyo

(3) Propulsive Efficiency is constant over the speed
ranges involved, below critical cavitation speeds
and in the region near cruising speeds.

The Thrust Power after take-off is

(38) 32(0 32.4(%7,8

and the Required Power is

(39) p Z (L PT .e

The speed for minimum power is determined by writing (P-) in
terms of (i)) and differentiating with respect to speed.
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(40) P S3 2 ',B sv t

whence the speed for minimum power is

(h2) V?MIP I

This is related to speed for maximum (L/D) by

(14 ) =k 0,760
V0

whence :o' 0!

of that at which maximum (L/D) is attained.

Endurance and !1!e

The attainable endurance and range of a hydrofoil craft are
determined, under the assumption that fuel consumption (4)
in pounds per horsepower hour remains constant, in the cruis-
ing speed region.

The fuel consumption per hour is

dDV

4 -n
(4)!i
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Maximum endurance is attained if fuel consumption per hour is
minimized. Thus, minimizing equation (45), it is seen that:IWMXIMM ENDUR1ANCE IS ATTAINED AT THE SPEED FOR MINIMUM PO,ER.

Maximum range is obtained when fuel consumption per mile tray--
elled is minimized.

The range rate is

(V

Dividing (h4)by (46), the fuel consumption per mile is

(47) 
--- P-dRV S26Z

Thus, minimizing equation (47), it is seen that:

MUAXIMM RANGE IS ATTAINED AT THE SPEED FOR 4AXIMM (L/D)

From equations (45) and (47), it is also seen that:

Endurance and range both vary directly oith drag, fuel
consumption, and propulsive efficiency. Is is therefore
mandatory that every effort be made to achieve:

Low Drag
Low Fuel Consumption
High Propulsive Lfficiency

Optimum design for endurance and range is achieved by obtaining
the best balance among these three parameters. Effort should not
be concentrated solely on any one of them, at the expense of the
others, without due consideration for the balance which must be
maintainedo

( -+ --
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CONFIGURATION STUDIES

Optimum Geometry of Single Foil Grft

In accordance aith the requirement that the present studies have
attainment of maximum (L/D) as their primar objective, it is
desirable to define, first, the coaditions for attainment of
maximum (L/D) and, second, the optimum confIgurations with which
such madmum can be realized. The conditions for attainment are
defined in the general performance analysis.

As a first step toward definition of the optimum configuration,
it is appropriate to determine the maximum (L/D) which can be
attained with a single foil, including its struts, but not in-
cluding allowances for flaps, rudders, or auxiliary stabilizing
foils or planing surfaces. The (L/D) thus defsined represents
the practical maximum which can conceivaby be a:tained with the
least compromised configuration, and can be used as the refer-
ence with which to evaluate configurations which include such
items necessarily added for purposes of trim, stability, propul-
sion, etc.

M hereas the literature indicates that the great majority of
hydrofoil configurations considered have had stability or high
speed as their primary design parameters, no evidence has been
found to indicate that serious consideration has been given to
maximum attainable (L/D) as the governing criterion. The con-
figurations given most serious consideration have utilized main
foils incorporating either dihedral with the foil piercing the
water surface, or lov; aspect ratio foils coupled to auxiliary
skating foils, Both of these design philosophies appear to have
been dictated by stability considerations, aith high speed as
their secondary objective.

It is considered quite likely, however, that greater attainable
values of (L/D) can be realized with a hydrofoil craft if its
main lifting foil is designed with max.mum (L/D) as its govern-
ing parameter, with stability and trim requirements met by
provision for auxiliary foils. flaps, or modifications designed
to satisfy such requirements with the minimum compromise of the
main foil (L/D).

The basic configuration upon which this design philosophy is

• °4
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based is one using a single rectanglar foil, without dihedral,
with struts extending vertically upward from the foil through
the water surface to the load-carrying hull or body. A study
of the (L/D) values attainable with such a configuration will
provide a convenient reference with which to compa.re particular
configurations, and will indicate the order of magnitude of
limits which may be imposed upon the design of hydrofoil craft.

The optimum geometry for attainment of maximum (L/D) can be
established by combining the hydrodynamic conditions for such
attainment with necessary structural limitations. Thus, whereas
hydrodynamic theory alone implies that manimum (L/D) requires
a combination of "infinite" aspect ratio with "zero" foil and
strut thicknesses, structural consideration.s place definite
physical limits upon these parameters. The definition of
optimum geometry then becomes a problem of simltaneous
optimization of both hydrodynamic and structural parameters.

From equation (30), maximum (LA)) is defined as

-'4.

In which, from equations (23) and (P)

(49) C31p O.OO48 4- 0 o.o t + I . *S( (O0048"+0,Io"

(50) : IOO%~ Y _I) 1+.005~ z o+000.6 ) '+.06T

Now. from structural considerations, the permissible toil
thickness can be written, in terms of aspect ratio (-A),
foil loading -( '/ ) design load factor ( M ), mnnber of
supporting strut ( N). and material proprtie,

(51) 4 4.~ 1251/z(~
,jZi

C tF (r
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in which f is the foil thickness in percent of chord.

F
N is the number of struts.

is the total load in tons (2240 Pounds).

3 is foil area in square feet.

VL" is design load factor.

F is foil design safety factor.

K- is soil ultLmate stress*

Similarly, the required strut thickness is

(52) ts T,-(R )(s

in which f is strut thickness in percent of chord.

rt, is ratio of strut length to chord.

is ratio of strut chord to foil chord.

fj is strut design safety factor.

L%-is strut tangent modulus of elasticity.

is strut load distribution factor.

The general drag equation can than be written:

(53) ot C)+ .Cz
(54) O,oo*~a + log L N4 1- 11RN t

i

(5)z

O(O
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in which

(57)

Whence the,. drag equations can be written, in terms of foil aspect
ratio)

(59)+

in Which

A 0,0048.(1+ 1,s

? o.6,o5"o

-Kj f tu I. i
7 10l
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and equation (48) becomes

/~) L4) = L[A+ )Z- + 14 J

For any specified material of construction, it is then possi-
ble to determine the optimum Aspect Ratio, hence the complete
geometry, for attainment of maximum (L/D) at any specified
number of struts and foil loading.

Differentiating equation (60) with respect to Aspect Ratio,[
(61) J
whence the optimum Aspect Ratio is defined by

(62)+ RIO ' R

Equation (62) has two solutions:

(I) If the term (A/B) is greater than 46ho6,

(1 a = Z8 e t2. a

(I)- If the term (A/B) is less than )464.6..

(6-IY1.-6 0=o ,
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Thus the optimum Aspect Ratio can be determined for assumed
combinations oX strut number, foil loading, load factor, and
material of construction. The corresponding foil and strut
thicknesses can be determined from equations (56) and (57),
and the maximum (L/D) from equation (60). The lift coeffi-
cient, speed, and required power can be determined from
equations (29), (33), and (39).

Typical values of the parameters corresponding to maximum
(L/D) are shoon by Figure (14). Results of more comprehensive
studies are presented in the general Design Charts which con-
stitute a separate division of this report.
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Effects of" Deviations of the Major Parameters from Their
Opti.mum Values

Two principal conditions for variation of the major parameters
from their optimum values are of interest in a study of the ef-
fects of such variations upon maximum attainable (L/D).

First, it is assumed that as each paraneter is varied the remain-
ing items are adjusted to maintain the most efficient structure,
as defined by equations (56) and (57). Thus, if aspect ratio is
roduced, the fcil and strut thicknesses are reduced as allowed by
these equations°

Second, it is assumod that each parameter is varied, alone, with-
out optimization of the remaining items. Thus, if aspect ratio
is reduced, the foil and strut thicknesses are not reduced as
allowed by equations (56) and (57), but are held constant. The
configuration could then be considered "overstrength", since the
equations define the most efficient structure possible under the
assumptions made in their development. These second studies
therefore also show the effects of changcs in the basic struc-
tural assumptions which would result in modifications of the
allowable relationships among the various parameters.

A rigorous study should include the analyses of variations of
all parameters which affect maximum (L/D). Practical considera-
tions, however, justify the elimination of certain of the para-
meters, for reasons which appear logical0

It is considered likely that interest in the effects of variations
of the parameters centers about relatively small changes in the
physical dimensions of a particular hydrofoil. Thus, a configura-
tion near the optimum is selected from the Design Charts, and a
craft defined with certain fixed values of displacement, number
of struts, design load factor and material of construction. It
is then of interest to determine the effects of deviations of as-
pect ratio, span, foil thickness, and strut thickness from their
optimum values.

Such effects can be determined by consideration of the general
equation for maximum (L/D),



0 0 N F I P E N1 T I AL
27.

in which n hA,,q, are as defined in eqoation (59).

( o) the subscrint denotes optimum values.

o is o, ot

is O. t4t

The ratio of attainable (LI) at any geometry to that corres-
ponding to optimum conditions is then

The effects of variations of each parameter from its optimum
value can be determined by use of equation (65), using equations
(56) and (57) to optimize the remaining items. The general equa-
tions which define such effects are as follows: (Note: constant
total weight in all cases)

a. Effect of Aspect Aatio - See Figure (15)

1. Constant Area, other items optimized.

-(65-a-1)[A*B

2. Constant Span, other items optimized.

(65-a-2) 4C-
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3. Constarnt Foil Thickness, other items optimized.

4o Oeometzy Not Optimized,

(65-a-4) -

b. Effect of Foil Span - see Figure (16)

1. Constant Area, other items optimized.

(65-b-1) : A4 t1L;

2. Constant Aspect Ratio, other items optimized.

(65-b-2) 2r ZA+-~

3. Constant Foil Thickness, other items optimized.

(65-b-3) -[A +B ] + 2

4. Oeometry Not Optimized.

(65-b-4) X. 4- 1
Q bo'
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c. Effect of Foil Thickness - See Vigure (17)

1. Constart Area, other items optimized.

2. Constant Spans other items optimized,

(65-c-2) ~r * [+.~iJ[LALH

3- Constant Aspect Ratio, other items optimized,

(,it 46

4. Geometry Not Optimized..

(65-c-4&) A

d. Affect of Strut Thickness

It is assumed that in all cases where possible the strut
tbkikness will be no greater than absolutely necessary*
he addition of flap actuating mechanisms, depth sensing
dvices, or other such equipment may maice it necessary,
hweverp to increase the strut thickness beyond the value
required for adequate strength. It is therefore of interest
to analyze the effects of changes in strut thickness, with-
11 other parameters optimized. (see Figure 18)
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(65-d'-1)

Figures (151 (16), (17), and (18) indicate, respectively, the
effects of variations of aspect ratio, foil span, foil thick-
ness, and strut thickness. It is appropriate to discuss briefly
the effects shown. Constant weight, load factor, and material
of construction are assumed in all cases.

It is necessary, in an analysis of the effects of variations of
each parameter, to stipulate which of the remaining parameters
are to be held constant. Thus, considering the equation for
aspect ratio, (At b/I ), it is seen that variations of aspect
ratio can be affected by variations of span, area, or both,

Ftrom equations (56) and (57), for constant values of (& ),
( K.), ( * ), and (b), it is possible to derive the following
general expressions for the terms (-PA ) and (/t') which
appear in equation (65),

(65-f) e( 64 S^ V '4/

The relationships among the various parameters then become,
holding certain of them constant,

at constant area (S 3)

at constant span 6.-. )

(-11r ($Mb)
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at constant aspect ratio )

(4)1: ti -) S

at constant foil thickness ( tv t)

These relationships are used in development of the equations
(65-a-i, etc.) which define the variations of (LID), and can
be used in an analysis of tbe effects s~hown by Figures (15-18).

a. Effect of Aspect Ratio

Variations of aspect ratio are accompanied by variations
of the remaining parameters, as shown above. At constant area,
a decrease of aspect ratio permits a decrease of both foil and
strut thicknesses. The reduction of aspect ratio increases in-
duced drag, whereas the decreased foil and strut thicknesses
decrease the profile drag. It is seen in Figure (15) that
induced drag has the more powerful effect.

The same reasoning can be applied to the effects shown for con-
stant span, and constant foil thickness* At constant span, as
aspect ratio is decreased, foil and strut thicknesses decrease,
but the area increases, reducing the foil loading. At constant
foil thickness, as aspect ratio is decreased, strut thickness
decreases, and both span and area decrease. In each case, the
increase or decrease of (L/D) is determined by the relative mg-
nitos of the changes in induced and profile drags. The same
is true of the effects shown for the case in which the geometry
is not optimized as the aspect ratio is varied.

b. z.ffoct of Foil Span
co Effect of Foil Thickness
d. Effect of Strut Thickness

The effects of span, foil thickness, and strut thickness,
shown by Figures (16), (17), and (18), respectively, can be
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analyzed in the same manner as indicated above for the effects
of aspect ratio. In thses cases, also, the change in attain-
able (L/D) is determined by the relative magnitudes of the
changes in induced and profile drags.

It is of particular importance to note the significance of the
effects of chanfes of the major design parameters, as shown by
Figures (15-18). As indicated by these figures, appreciable
errors can be made with respect to each of the parameters, with-
out affecting enormous changes in the attainable (L/D).

It should be noted, however, that the apparently great margin
of error permissible in each of the major parameters should not
be construed as justification for laxity in maintenance of the
proper values. It is. after all, the entire purpose of these
studies to demonstrate high values of attainable (L/V), and to
indicate the general design conditions under which such-high
(L/D) may be obtained. If lower values are to be considered ac-
ceptable, economy would dictate simplification of the design,
rather than laxity in control over the major parameters (ego,
if a ten percent reduction in maximm LID is considered accept-
able with a four-strut craft, due to permissible errors in the
major parameters, the Design Charts show that it would be better
to build a two-strut craft).

fj
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i-3

Special Case of Single-btrut Configuration

Of notable significance to the design of hydrofoil craft, parti-
cularly with regard to upplication to small boats, is the special

case of the single-atrut configuratione Structural considera-
tions permit the use of foils tapered in planform, which can be
expected to result in appreciable improvements in attainable (L/D)
over that permissible with the rectangular planform assumed in the
general studies.

As indicated in the general discussion of structural considera-
tions, an increase of Aspect -Hatio can be reaiized, without in-
creasing foil thickness, by tapering the foil p)anform. This is
of course implied by equation (56), in which it is seen that as-
pect ratio must increase if the area is held constant and the
planform tapered, at constant thickness.

The saw increase of aspect ratio, hence (L/D), is of course
possible, regardless of the number of struts. It appears logical
to assume, however, that multi-strut configurations will utilize
foils of constant chord between struts. The advantages of taper
will then be applicable only to the cantileverecd portions of the
foils outboard of the outer struts, and cannot be expected to
produce advantages as marked as is the case with a single strut
in which the entire foil can be tapered. Tapering of the outer
panels of multi-strut configurations are therefore treated as de-

sign improvements which can be applied to particular designs, and
are not included in these general studies.

The increase of attainable (L/D) achieved by tapering of the single-
strut planform is affected by two considerations. First, the aspect
ratio is increased as indicated above; and, second, the induced drag

parameter is decreased as indicated by Figure (7). A typical in-
crease of attainable (L/D) is shown by Figure (19).
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Special Case of Tandem Configuration

It is probable that size limitations may make it undesirable to use a
single foil for the main lifting system of a hydrofoil craft, in which
case it may be neceEssary to distribute the load between two or more
foils arranged in tandem. It is of interest to analyze the effects of
such tandem arrangement upon the attainable (L/D) ratios.

In the case of assumed infinite flow conditions it is poesible to esti-
mate the effects of forward foil downwash upon the rear foil. Such an
assumption, however, appears to impose undue restrictions upon the anal-
ysis of tandem craft, performance, since the creation of the well known
standing wave behinc a hydrofoil running near the water surface indicates
that the dowirash nuat, in fact, become an upwash at some distance behind
the foil. An investigation of tandem configurations must therefore in-
clude predictions of the probable behavior of the downwash pattern behind
the forward foil.

A ccapletely rigorous analysis of the downwash pattern! behind a hydro-
foil becomes an extrvely tedious, and questionably accurate process.
Although some theorotical work has been derived regarding this phenmonm,
little experimental verification of the predicted characteristics has
been mde available, Pending development of more reliable analyses,
therefore, the presont study will attempt only to estimate the order of
magnitude of probable downwash behavior, rather than precise values. The
results should be sufficiently accurate for the purposes of the general
design studies with which this report is concerned.

It may be possible to deduce some useful conclusions regarding downwash
characteristics, without the necessity of detailed theoretical analyses.
Consider, for example, the basic equation for the drag induced by a lift-
ing foil of finite span,

in which L L ) is foil lift, ( a ) is dowmrash velocity at the foil,
and (V ) is free-stream velocity parallel to the direction of motion.

Reduoing equation (66) to coefficient form and comparing it with e -
tioi (9) it is seen that the downash velocity ( W)) is defined by

(67) (. C- -- V CL-

Since the factor ( Kr ) includes the effects of thre-dimensional flow
and depth of submersion, it is seen that equation (67) defines dowmsmh,
as expected, in tor"s of foil planform characteristics, submrsion, lift,
and forward sed.
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It would appear reasonable to expect that, at least near the water sur-
face, the resultant velocity of the water stream has the direction
closely approximated by the slope of the surface wave created. If it
then is assumed that this resultant velocity is composed of a horizon-
tal component ( V ) and a vertical component ( Ca. ), it should then be
possible to determine the strength of the vertical, or downwash, compo-
nent at any distance behind the foil.

If the distance behind the foil is then denoted by ( *Y ) and the de-
flection of the water surface by ( * ), the shape of the water surface
can be represented, to a first approximation, by the sine curve,

(68) V%-SA C)
The strength of the vertical comonent ( w ) is then

(69) C4 '1

Solving for ( ) y combining equations (67) and (69) at (-r 0),
the downwash velocity becmes, at any point behind the foil,

(70) 'OR C44 -- -16

Now the induced drag of a tandem configuration is composed of the self-
induced drags of the individual foils which would exist if they were
acting independently, plus the mutually-induced drag imposed upon the
rear foil by the dannwash from the forward foil. Denoting the forward
foil by the subscript ( I ) and the rear foil by ( .), the induced
drag of the tandem system is then defined by

(71) : L+ tiA2 4- + i~

V

.L% 4, L L%• + Cv
S.C
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It is immediately apparent that the vertical induced velocity behind tho
forward foil varies from full diwnwash irnmediately behind it, through un-
disturbed flow 4t on&-quarter wave length, to full upwash at one-half
wave length. The most favorable location for the rear foil is, thenat
the p'int of full upiash at which tho mutually induced drag assumes a
negr ive value, equivalent to an effective forward thrust. The location
is a function only of speed and can be tabulated independently of the
geometry of the craft. As can be noted, the foil separation required
for full upwash at the rear foil becomes somewhat excessive with appre-
ciable speeds.

Foil Separation for Full Upwash at Rear Foil

Speed (knots) 15 30 45 60

Separation (ft.) 63 250 563 1000

Values of the cosine function in the expression for downwash are pre-
sented in Figure (20), for use in analysis of specific tandem configu-
rations. As indicated by the figure, the realization of full upwa h at
the rear foil can be expected only with very large craft, unless the
operating speeds are rather low.

The complete analysis of tandem configuration becomes a problem of
optimization of hydrodynamic and structural requirements, similar to
that conducted for the single foil. It may be possible, however, to
derive s8 significant conclusions from inspection of typical examples,
without the elaborate studies necessary for a rigorous analysis.

Consider, for example, a case in which a single foil has been seleoted,
at a specified design speed and craft gross weight, for the attainment
of maximum (l/D). It is desired to determine whether an equivalent tan-
dem configuration can be designed to produce the same performance as
that of the single foil. It will be assumed that the two tandem foils
are identical, and each carry one-half the total gross weight; and that
each foil carries the same number of struts as the single foil. Each
tandem foil can then be considered as a scaled-down counterpart of the
single foil.

If the tandem configuration is to have the same performance characteris-
tics as the single foil, its parasite and induced drags must be equal to
those of the single foil. Inspection of equations (58) and (59) reveals
that these requirements can be met if certain geometrical conditions are
satisfied, neglecting for the moment the possible effects of downwash or
upwash.
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For equality of parasite drags, denoting the single foil by the sub-script Co ),

(72) C :I- P

A o + Bok AI + B1 k

For equality of induced drags, neglecting the possibilities of upwash for
the moment,

Combining equations (72) and (73), the conditions of equality of both
parasite and induced drags are satisfied if

(74) >-'- o + " [ o-A i, = 0

The relationships defined by the various symbols in equation (74), de-
fined in equation (59), can be studied to ascertain if equation (75) can
be reasonably satisfied.

Considering first the quantity ( Ao-A 1 ), it is seen that, if the strut
chord is assumed to vary directly with foil chord, this quantity vanishes
if the ratio of foil submergence to span is held constant. This would
appear to be an entirely reasonable allowance, since the same roll angle
would then be possible with either configuration.

If the same ratio of foil submergence to span is maintained, it is seen
that the quantity (6t/j.) is unity. Equation (74) can then be satisfied
if (1=30: ). From the definition of the term (15), it is seen that.
since the single and tandem foils have the same unit loadings, the desired
equality is satisfied if the struts have the same ratios of length to foil
span. It is thus= apparently possible, quite aside from considerations of
upwash, to design a tandem configuration which has performance equal to
that of the equivalent single foil.

Certain practical considerations should be noted, however, before too much
credence is attached to this rather elementary analysis of the potentiali-
ties of tandem craft. First it should be noted that the example studied
permitted equal performance of the tandem and single foil craft if the
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ratios of strut length to foil span were held constant. Since the as-
pect ratios were constant and the area of the tandem foil was one-half
that of the single foil, however, the span of the tandem foil was re-
duced, hence the length of strut above the water surface was reduced.
Such would appear to be not permissible, since, if the hull can safely
be run closer to the water, it would be only reasonable to shorten the
struts of the single foil with which comparison is made, thus making its
(I/D) higher.

It would therefore appear that a more reasonable requirement woxd
specify that the strut length above the water surface should remain
constant, in which case ( A > Do ). The desired condition that (So / ',.)
would be possible only if ( (< (, ). This would, however, require that
the tandem foil ratio of submergence to span be greater than that of the
single foil, which would in turn cause (A) to be greater than (-An ).
The condition for equality of parasite and induced drags of the tandem
and single foils would then not be satisfied.

Applying the same reasoning to other possible variations of geometry,
it is apparent that the use of tandem foils is accompanied by some in-
creases of either parasite drag, induced drag, or both. The magnitudes
of such increases depend, of course, upon the particular geometries
under consideration.

It is of course readily apparent that the effects of doawnash upon the
rear foil would aggravate the situation with regard to increase of tan-
dem drag over that of the equivalent single foil. It is thus immediately
apparent that, if the tandem arrangement is to have performance equal to
that of the single foil, the rear foil must be operated in a region of
upwash. It is entirely probable that the effects of such upwash would
compensate for the inherent inferiority of the tandem arrangement. It
has already been shown, .however, that location of the rear foil in the
upwash ragion may involve rather large craft.

It would appear, therefore, that consideration of tandem arrangements
should be based upon other than maximum (L/D) requirements, unless full
confidence is placed in the existing, rather inadequate theories with
regard to upwash. It should be further noted, however, that the losses
inherenb in tandem arrangements are probably relatively small, and that
entirely acceptable perfomance should be obtained with either tandem or
single foil craft
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Effect of Stabilizing ourfaces upon Attainable (L!D)

Vilhereas i1 general configuration studies outlined in the pre-
vious discussion are oased upon a single-foil corfiguration,
without allowances for the effects of stabilizing foils or
planing surfaces, it is of course necessary to include con-
sideration of the requirements for such means of stabilization
in the design ol any particular hydrofoil craft. Although the
design details of the stabilizing surface, hence its effect
upon performance, will depend upon the characteristics of the
craft for which it is required, certain general estimates can
be made of the order of magnitude of the effects which can be
expected with the type of craft under consideration in these
studies.

On the basis of preliminary static and dynamic stability studies,
outlined in a separate division of this report, it is possible
to write an equation which defines the required tail area in
terms of main foil area. This equation is useful in preliminary
design studies, but it should be emphasized that more detailed
studies should be made before considering the design completely
defined.

The preliminary equation for tail size is

in which
is the tail area.

S is the main foil area.

ft is the main foil lift curve slopeo 4

MlW is the tail lift curve slope- (dC%/ "o .
! is the proportion of the total load

carried by the main foil in the most
critical design condition (usually:
most aft c.g.)

is the main foil downwash parameter(K, )
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Determination of required tail size for any particular configu-
ration becomes a trial and error process in which assumed tail
geometries are checked both against equation (75), and the al-
lowable structural limits of equations (51) and (52). As is the
usual case aVith design of aircraft stabilizing surfaces, such a
trial and error process is repeated until the desired stability
conditions are satisfied at the minimum cost in added tail drag*

Preliminary design studies conducted concurrently with the general
studies which are the subject of this report indicate that reason-
able approximations to tail size and tail drag can be made in a
relatively short time. Again as in aircraft design, it is antici-
pated that actual tests of full scale hydrofoil craft will gr3atly
clarify many of the problems with regard to stabilization, vith
the result that estimation of requirements, and prediction of the
penalties involved, will be greatly facilitated.

Based upon the studies conducted vwith several preliminary- designs
under consideration, it aplyears likely that tail area requircaents
will be of the order of twenty-five percent of the main foil area,
with an accompanying drag increase of approximately twenty-five
percent. Under the assumption that at the cruise condition the
tail will contribute no lift to the craft, its drag increase can
be changed entirely to parasite drag.

It is therefore possible to generally state the order to magnitude
cf the effects of stabilizing tails upon the attainable (L/D) of
ithe craft:

Tail size will probably be of the order of twenty-five percent
of the main foil area.

Net parasite drag will probably be increased a bout twenty-five
percent.

Maximum attainable (L/D) will probably be reduced about ten
to twelve percent.

The speed at which maximum (L/D) is attained will probably be
increased about five to six percent0
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Effect of Control Surfaces, Flaps, etc. upon Attainable (L/D)

It appears that the great majority of design studies, as well as
actual construction programs, with regard to hydrofoil craft, have
utilized the water surface as a primary controlling element in the
stabilization of the craft. This has been achieved by providing
either oblique foils which pierce the water surface, or planing
surfaces which rely upon direct -contact with the water surface for
their successful operation. It is considered obvious that the drag
losses inherent in either system are appreciable.

On the other hand, it is considered highly probable that an effec-
tive means of stabilization can be provided, at an appreciably lower
cost in drag, by utilizing movable control surfaces located directly
on the main foil. The craft can then be virtually divorced from the
water surface, except of course for its struts which can be designed
to produce minimum drag. Elimination of the requirement that the
foils pierce the surface also eliminates the necessity for dihedral,
and the foil can be designed with a horizontalj, maximum (L/D), geometry.

A review of some tests made in Germany upon flap effectiveness indicates
remarkable similarity between flap performance on hydrofoils and flap
performance as usually found in aircraft practice0 It therefore ap-
pears quite reasonable to apply the same control surface design philo-
sophy to hydrofoil craft as is ordinarily applied to aircraft design.

The most serious limitation with regard to the application of movable
surfaces to hydrofoils is physical, rather than theoretical. Some
drag increase is probably to be expected, dae to the restricted dimen-
sions of the basic hydrofoils involved and the probability that the
addition of control surfaces will require that such dimensions be in-
creased if the hinges and actuating mechanisms are to be carried in-
ternally, or that such items be carried outside the basic structure,
where they can be expected to contribute some drag.

Under the conditions of relatively turbulent flow assumed in the
studies outlined herein, however, it is considered quite likely that
the drag contribution of control surfaces will be appreciably lower
than that of the oblique foils or planing surfaces which they replace.

Based primarily upon experience with similar applications in aircraft
design, it is assumed that a reasonable estimate of the order of mag-
nitude of the drag increases chargeable to control surfaces will be
approximately ten percent. with a consequent reduction of attainable
(L/D) of about five percent.
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CAVITATION CONSIDERATIONS

Incipient Cavitation

An extremely important, if not the most important, consideration
in the design of hydrofoil craft is the phenomenon of cavitation.
Although there appears to be some mystery as to just what happens
when cavitation is present, it is possible to predict with some
degree of accuracy both where and when it commences.

It is generally agreed that cavitation begins when the local
pressure at any point on a submerged surface is at or below the
local vapor pressure of the surrounding water. A vapor bubble
forms, due to the vaporization of the water. This bubble may
remain relatively stationary, or may be carried dwmnstream if
the pressure distribution along the surface is near enough to
vapor pressure to permit it to do so.

Two phenomena are of interest in the study of cavitation. First,
if cavitation takes place on a lifting surface such as a hydro-
foil, formation of the cavitation bubble is usually accompanied
by a simultaneous loss of lift and increase of drag. Second, and
most dramatic, is the eossive, sometimes catastrophically so,
effect of cavitation upon the surface of the body involved. One
explanation of this errosion attributes it to the enormous water-
hammer forces exerted upon the surface when The cavitation bubble
collapses. It is with the lift and drag changes, however, that
principal interest is centered in the present studies.

It is convenient to express the excess of pressure over that of
vaporization in coefficient form, the "Cavitation Number" usually
referred to in hydrodynamic work,

(76) 4:O V.

in which
is the local 5tatic pressure.

is the local vapor pressure.

is free-stream dynamic pressure.
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The pressure ooeffioient at ar ohordwiue location on a lifting
hydrofoil is

(77) Cp -

in whio (4 ) is free-strems total pressure.

From Bernoulli's Equation,

(78) +o o

in which (p.) is free-stroem static pressure.

Combining equations (77) and (78),

Then, combining equations (76) and (79), the oavitation namnber,
referred to the hydrofoil section pressure ooettioient, is

Typical values of (b)-in s-water are:

water Temp. (OF) 5e 6 0o 700 8o

Vapor Press. (pet) 17.28 25.92 36.00 53.30 72.00

The cavitation umber expressed by equation (80) is thus sen to
consist of two independent term. The first, (Q-_mV)/S. , Is
entirely a function of depth of suemersion, water temperaturo,
aM free-strem oonditions. The seond,(C?- 1), is a fanction
of the pressure distribution oharacteristios of the particular
foil Netion under consideration, and is independent of its
location. It in therefore- possible to ascertain, easily., the
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cavitation limits of a foil by comparing its minimum pressure
coefficient with the first term of equation (80), which can be
designated the "Location Cavitation Number."

(81) "Location Cavitation Number"

SL

For depth of submersion (1.k) in feet, velocity (V ) in knots,
and assuming standard sea-water at 500Fo, equation (81) becomes,

(82 ) S L 2. .. .
Vz

Typical values of this "Location Cavitation Number," against which
the characteristics of particular iydrofoils can be compared, are
shown by Figure (21).

The second term of equation (80), being entirely dependent upon
the pressure characteristics of each hydrofoil under consideration,
can be designated the "Section Cavitation Number," and has the value

(83) "Section Cavitation Number"

it is now readily apparent that incipient cavitation conditions
are defined by the condition that

(8t1) 4 L % c's

Selection of a hydrofoil profile must take into account several
requirements. Unfortunately, it is seldom possible to find a foil
section which satisfied all of the desires of the desi.gner of the
craft upon which it is to be used. bections with inherently high
(L/D) characteristics, for example, are usually limited to rela-
tively low speeds by their cavitation characteristics. On the
other hand, sections- with high incipient cavitation speeds are
usually poor sections wit4 which to attempt to attain high (L/D)
values.
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As a general rule, cavitation speeds can be increased by slightly
rounding the foil leading edge, providing some camber, and making
the foil as thin as possible. The effects of camber upon Section
Cavitation Number are shown by figure (22). The effects of thick-
ness are shotin by Figure (23).

It is immediately apparent that, whereas minimum thickness is
desirable from the standpoint of cavitation, structural considera-
tions place definite limits upon thickness. These limits become
rather severe when, as in the present studies, high (L/D) is
the primary objective of the desigrr. As indicated by equation
(51), minimum thickness and maximum aspect ratio are not compati-
ble requirements. It therefore appears quite logical to conclude
that the attainment of high values of (LD) must be at the expense
of cavitation speeds, and., conversely, high cavitation speeds must
preclude the kttainment of the highest (/D).

The similarity of this conclusion to that which is considered al-
most axiomatic in aircr'aft design is readily apparent. High (L/D),
or high speed, hydrotoil craft are seen to present problems analo-
gous to those of high (L/D) transport, or high speed fighter type,
aircraft.

I,

i-
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Critical Cavitation Speed

Selection of a hydrofoil section for operation at a desired speed
is, as indicated in the previous discussion, a matter of deter-
mination of the Section Cavitation Number from the section pres-
sure distribution, then comparison of that number with the
Location Cavitation Number corresponding to the speed and depth
of submersion desired. For profiles for which the data at hand
include pressure distributions, this is a relatively simple task.
The distribution shown by Figures (22) and (23), for example, can
be directly compared with the Location Cavitation Numbers of
Figure (21) to obtain the limits of cavitation-free operation
of the particular sections shown.

Such a process, however, can become extremely tedious when it is
necessary to analyse foil sections for which pressure distribu-
tions are not available. It is therefore desirable to find
another method of estimation of the speed corresponding to inci-
pient cavitation conditions, or the "Critical Cavitation Speed."

Much of the published data regardWn, characteristics of high

speed airfoils include predictions of the critical Mach numbers
of the profiles. This critical Mach number is defined as the
speed, expressed as a percentage of the velocity of sound, at
which the local flow velocity at some point on the section reaches
sonic velocity. Thus, a section with a critical Mach number of
0.9 (speed is nine-tenths sonic velocity) has, somewhere on its
surface, a local velocity equal to the speed of sound (Mach num-
ber of unity).

Critical Mach number derives its significance from the fact that,
at the free-stream speed necessary to produce sonic velocity
somewhere on the foil surface, the lift commences to drop off
and the drag to rise. This is of course recognized as the same
process which takes place after the speed for incipient cavitation
is reached. If the equivalence of critical cavitation speed in
water and critical Mach number in air can be established, a great
deal of published data regarding high speed airfoils can be ade
available to the study of hydrofoils.

Since the critical Mach number represents a free-stream flight
speed, it can be expressed as a pressure coefficient, for any
foil section under consideration. It can then be compared di-
rectly with the Location Cavitation Number which is, as indicated
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by equation (81), merely a pressure J.-lent corresponding to
critical cavitation conditions.

Typical values of the critical prese'. i I ficient corresponding
to critical Mach number are: (Ref. j )

( MCK) .9 8 76.54

(C,) .0779 .2380 .496o . . 6,2o 2.i00

13ritical pressu-e coefficient is p... ic-U *. function of critical
Mach number in -*!igure (24),

Equating the critical pressure coeit.ei,1L w the Location Cavi-
tation Number of equation (82), and l-vI;rq lor speed, the critical
cavitation speed is then defined by

(85) - -li

This can be ploted as in Figure (25), to obtain a convenient-con-
version from critical Mach number in air to critical cavitation
3peed in water.

Typical section data, giving critical Mach numbers as functions of
operating lift coefficient, are as shown by Figure (26). These
can be converted to cavitation speeds by use of Figure (25). to
obtain the relationships between critical cavitation number and
lift coefficien',, as shown by Figure (27).

Examination of a representative number of airfoil sections, and
conversion of their critical Mach numbers in air to critical cavi-
tation speeds in water, indicates that practical hydrofoil sections
can be expected to demonstrate critical cavitation speeds as shown
by Figure (28). Some improvement can doubtless be realized by
design refinement, but the curve shown is considered to represent
a reasonable prediction of the limits attainable with average de-
sign techniques,

Kr
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Significance of "Critical Cavitation Speed"

Although it appears quite possible to predict the critical
cavitation speed of a hydrofoil, either by comparison of its
pressure coefficient with the Location Cavitation Nunber or by
conversion of its critical Macn number to critical cavitation
speed) it is not at all clear just how serious this limitation
is upon hydrofoil operation. As in the aerodynamic case, at-
tainment of critical speed does not appear to bring immediately
disastrous results.

Although the lift and drag changes which appear after the criti-
cal speed is passed deserve, at least according to airfoil theory,
serious consideration, they do not appear to manifest themselves
until the critical speed has been exceeded by about ten percent.
Numerous tests of airfoils, and a feir hydrofoil tests, seem to
substantiate this conclusion. It therefore appears quite reason-
able to assume that the critical cavitation speed pan be exceeded
by about ten percent without seriously affecting the performance
of the hydrofoil craft.

There is very little data available, however, regarding the lift
and drag characteristics of hydrofoils operating at speeds in ex-
cess of the critical speed, particularly in the speed range be-
tween incipient and complete cavitation. It is considered quite
likely that the drag rise which starts soon after the critical
speed is reached probably approaches a maximum value after the
foil is completely cavitated. No reliable estimates of such char-
acteristics have been found, however, to either confirm or deny
this assumption, although some German work (Aefo 32) indicates
that the problem was given consideration in the design of the high
speed hydrofoil boats built in that country

The determination of performance characteristics of hydrofoils
at speeds in excess of the critical cavitation speed is therefore
considered to be a subject warranting a high priority in any
studies in which high speed is of primary interest.
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Possible Advantages of Sweepbacx and Boundary ayer Control

The analogy between critical cavitation number in water and
critical Mach Number in air suggests the possibility of delay-
ing cavitation by application of the sane philosophy to hydro-
foils as that applied to airfoils for delay of critical Mach
Number. The use of high speed section profiles ha% Aready been
established as desirable. It appears likely that sweepback and
boundary layer control can also prove advantageous

The application of sweepback to hydrofoil planfo-in cam be ex-
peetedj as in the case of airplane wings, to reduc( the section
pressure coefficient by a factor proportional to the square of
the cosine of the angle of sweep This reduction is primarily
a function of the velocity component normal to the foil leading
edge, the component parallel to the leading edge hzving no in-
fluence upon the section pressure coefficient. Although the pre-
cise correction is affected by aspect ratio as well zs sweepback
raele. the orde:' of magrLitude is app oximated by tfe cosine re-
lationship statud.

It is of course necessary, in the use of sweepback tc increase
critical cavita-,.on speeds, to properly assess the structural
modifications necessary to achieve such sweepbacK, Torsion and
bending can no :.onfrer be considered as independent pnenomena, as
is usually the case with straight foils, and some penalty cin
be expected in he form of increased thickness, reduced aspuct
ratio, etco It is considered highly probable, however, that the
net gains can be highly attractive, as evidenced by the almost
universal use of sweepback on high speed aircraft.

The use of boundary layer control as a means of improving hydro-
foil performance appears to offer soire advantages, although noattempt is made here to assess the costs of such control in ten

of porrer requirements. It would of course be theoretically de-
sirable to completely remove the boundary layer and possibly
reduce the flow to laminar conditions. Practical considerations,
however, based upon studies of the subject with aircraft, indi-
cate that the power requirements for such complete removal would
probably negate the advantages to be gained, and a reasonable com-
promise involvet, control, rather than complete removal, of thebouandary layer°

The use of boundary layer control is therefore suggested as a
possible means of improving hycrofoil performance, although no
attempt is made to predict the improvements which might be ex-
pected. It is considered highly probable ihat, quite aside from
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performanco considerations, control of the cavitation bubble
may reduce orrosion difficulties which constitute a serious
aspect %f the cavitation problem. Further investigation of
the general subject of hydrofoils should probably include some
consideration of the possibilities of boundary layer control,
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INTRODUCTION

The main objective of this contract, as stated 4n a preceding
section, is to procure general preliminary design data for
hydrofoil configurations that may be used in tme design of
hydrofoil craft, said designs to produce the greatest possible
lift-drag ratio. For that reason and because experience is
limited, the initial structural investigation on this hydro-
foil project differs to some extent from the preliminary de-
sign investigation of a new type aircraft or surface vessel.

The structural investigation to obtain such preliminary design
data is not primarily interested in the vessel's complete con-
figuration, but the structural study is concerned vith the
particular configurations of the column-foil arrangements for
any single unit. In other words, it isn't of any immediate
structural interest whether the vessel's configuration obtains
two, equal, tandem, column-foil arrangements; an axuiliary
foil forward; or an auxiliary foil aft. The load distribution
among the foils is also not of primary structural interest in
the initial studies.

To obtain high lift-drag ratios, the aspect ratio and hydrofoil
thickness ratio are of utmost importance. Likewise, these two
items are of primary importance from the structural point of
view. A highaspect ratio is of greater importance to hydro-
foils which are to operate at large lift coefficients than for
the hydrofoils which are to operate at low lift coefficients
(see Hydrodynamics section). Thus, the aspect ratio and thick-
ness ratio which are physically possible become functions of
the type of loading which is assumed on the column-hydrofoil
configuration. Also, they are a function of the mechanical
properties of the materials from which they are to be fabricated&
To a lesser extent, the aspect ratio and thickness ratio are
functions of any auxiliary control device which is to be in-
stalled on the columns, struts or foils.

To obtain the highest possible lift-drag ratios, it also becomez
requisite to submerge tie foil to as great a depth below the
water surface as is structurally permissible without increasing
its thickness or chord (see Hydrodyanmics section for discussion
of this),. The distance from the water surface to the keel is a
function of the wave conditions in which the ship is intended to
operate. These two items have important bearings upon the stru.s
and bents, as will be seen later.

At the outset, certain physical sizes are needed to permit the
initial preliminary hydrodynamic estimates to be made. It was
-necessary, therefore, to determine quickly the likely ranges of
sizes for struts and hydrofoils, using economically the various
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structural materials. To this end the first series of
charts and tables were prepared. As the project progressed,
certain of the initial assumptions were found to need modi-
fication and some of the configurations were found unusable.

The approach to the problem is in a step-by-step fashion,
commencing with the most elementary configuration. I.any of
the initial charts, figures, and tables remain useful in
reaching the final design configuration. For that reason,
the selections of the parameters which are used in the charts
are based upon the order in which data are obtained in com-
mencing any preliminary design.

The structural considerations are directed mainly to the fiydro-
foils and struts. Then considerations ar-e given to available
materials and methods of fabrication and to strength for con-
trol surfaces.

Scope:

Host hydrofoil-strut arrangements may be classed as single-foil
and multi-foil, or as 6ingle-strut and multi-strut arrangements.
The single-foil arrangements have been selected for the scope
of this structural investigation. This consideration is based
in part upon the short period of time available to investigate
all possible configurations. It is also based upon the fact
that the single-foil arrangement will eliminate great changes
in load factor when passing through waves, will reduce inter-
ference effects, eliminate biplane effects and appears to
possess less structural difficulties.

Other Configurations:

German experience (Refol) indicates that hydrofoils with dihedral
were more satisfactory than hydrofoils with a circular spanwise
shape #However, the circular spanwise shape was not tried
with multi-struts, which would give a scalloped effect.

The use of this shape, with concomitant haunching, may permit a
hydrofoil of less thickness than encountered with a flat hydro-
foil. The total wetted area of strut and hydrofoil for any
given depth of submersion would be less. It would work in -re-
verse to that of the c tenary configuration which has been pro-
posed by Dr. V. Bush(l). But, like the catenary, the disadvan-
tage of contouring a section with a curvature in span exists° A
means of reducing deflection and racking moments in the bents
would be to use gabled bents with invard sloping struts. These
configurations are worthy of further considerationp but at the
beginning> it is felt necessavy to concentrate entirely on one
configuration .until that one has been thoroughly explored*

(1) Memo dated 15 Oct . 19.9 from Paul Scheror to W. C. Ryan.
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DEFINITIONS & SYMOIS

The symbols and terms used in this Structures section are de-
fined below. No rigid set of axes is adhered to in this
report. The X and Y axes are used for the principal axes of
both the struts and hydrofoils. However, where the complete
set of axes are used, the right hand system is used: (see
Fig. 12). The X-axis being positive aft, the Y-axis being
positive up, and the Z-axis being positive from the center-
line toward the left hand side°

A * Ok constant in slope deflection equation.

AAB aspect ratio of member "AB".
Bb

AF - hydrofoil aspect ratio (b & S are in same units).

AFM = aspect ratio of tapered planform mono-strut hydrofoil
configuration with hydrofoil taper ratio of Oo5.

AFr = aspect ratio of rectangular planforn mono-strut
hydrofoil configuration.

Am = mean inclosed area of a hollow section of regular
shape, square inches-

Ao  = cross section area of section under consideration.

A5  = + Wo -cc. cross section area of biconvex parabolic
arc section, square inches.

B 4 ,1, constant in slope deflection equation.

C 4 -ec = constant in slope deflection equation.

Normal Force a foil normal force coefficient.

E = modulus of elasticity, Rai.

Er = reduced modulus, ksi.

Et  m tangent modulus, ksi.

F = factor of safety.

Fb o allowable bending stress of the material, ksi
(modulus of rupture in bending).

Fs a modulus of rupture in torsion, ksi.st
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FM . fixed end moment, kip-inches.

G modulus of rigidity in shear, kai.

H = horizontal force at base of bent, kilopounds.

" section moment f inertia, inchesh.

4. 1IX - 0DT 4 C.' a moment of inertia of a solid hydrofoil
or strut of biconvex parabolic arc contour about itp
axis of synmtry, (least moment of inertia), inches4.

Il, 12 = section moment of inertia of member no. 1, member no.2,
et cetera.

K " 
X

U torsional constant, inchesh.

K1  T = beam stiffness factor for mener no. 1.

_ i beam stiffness factor for member no. 2.

M Z beam bending moment, kip-inches.

Ut  beam bending moment of tapered beam under trapezoidal
load distri ... io.....

N = number of struts.

P - axial load, kilopounds.

PCR = critical buckling load, kilopounds.

R V6 . deflection constant in slope deflection

equation.

RA  strut reaction at panel point "A" in kips.

RB  = strut reaction at panel point "B" in kips.

= strut constant, see Table I.

RSA , strut constant for strut "A", et cetera.

S z hydrofoil projected area, feet2 .

T = torque, kilopound-inches.

U m +, radians.

Um  . length of median boundary of hollow section of regular
S shape, inches.
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VK  = velocity in knots

W = weight in kilopounds at log "g"

b m hydrofoil span normal to direction of motion

bm = span of mono-strut hydrofoil configuration of
taper ratio = 0.5.

br = span of mono-strut hydrofoil configuration of
rectangular planform

c chord, inches

cF  hydrofoil chord, inches

CFr hydrofoil root chord, inches
r

C_ section lift coefficient

cn  =section normal force coefficient

- root chord. inches

cs  strut chord, inches

Ct - tip chord, inches

cy Y distance from centroid of a section to extreme
fiber, inches

e : eccentricity2 inches

g acceleration of gravity, ft./sec.
2

j (lengti)

k - chord ratio
C'

- length of strut, column, or bay; inches

OF- z length of fixed-ended beam, inches

length of cantilever beam, inches

s length of strut, inches

i lencth of member no. 1
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2 length of member no. 2

m = - strut length ratio

n = limit load factor in terms of acceleration of
gravity

q 2.853 VK2 -dynamic pressure, psf

t = thickness of foil, skin, et cetera, inches

ts  =- skin thickness, inches

w = load or weight per unit length, kips/inch

Wr = tuit loading at root, kips/ inch

wt = unit loading at tip, kips/inch

x = chordwise (longitudinal) direction, inches

- Cr , inches
2

xt c, inches

y vertical distance along y-axis, or deflection in
"y" direction, inches

YZ a deflection at point "z" parallel to y-axis, inches

Ytip = deflection at beam tip in "y" direction, inches

Yrect = deflection of rectangular planform hydrofoil with
constant moment of inertia and uniform load, inches

Ytaper = deflection of unifoxrly tapered planform hydrofoil
with uniformly varying moment of inertia and
trapezoidal spanwise load distribution, inches

z - lateral direction, inches

b0o = T 'ice
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Subscripts:

A, B, C, D, E, et cetera m panel points
F = foil
FE fixed ended span
b = bending
c =.cantilever
f fixed ends
h hollow
n normal force
o initial or solid
r root, rectangular
s strut, skin
t = taper, tip, torsion

B - = section moment of inertia constants

p -dihedral of hydrofoil, degrees.

Adeflection of joint of bent, inches

= slope, radians

kb, =slope of member AB at Panel Point "A", et cetera

cS deflection, inches

= ratio of inside chord to outside chord of hollow
section

ct  taper ratio of hydrofoil

- 3.14159

I : radius of gyration, inches

= normal stress, ksi

T, = allowable stress, ksi

( - bending stress, ksi

YC~ -: compressive stress, ksi

%U = ultimate bending stress, ksi

TM = critical stress, ksi

z tensile stress of material, ksi
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thickness ratio of hydrofoil with taper ratio of 0.$.

t. -thickness ratio of hydrofoil

'h thickness ratio of equivalent hollow section

T. thickness ratio of initial solid section

Zr = thickness ratio of hydrofoil of rectangular

planform with mono-strut

C -thickness ratio of strut

*r = torsional shear stress, ksi

thickness ratio of member no. 1

-total angle of twist, radians

d 2 - M

Definition of Terms:

A column is a long compression member which stands vertically.
A oiM-s that member supplying the vertical lifting force.
A s--t is a long compression member which is diagonally placedo

Units; In general, lengths are in inches, areas are in square
inches, loads are in kilopounds, and moments are in
kilopound-inches, unless otherwise noted,

Factor of Safet is the ratio of the load that would cause
"i!ture or structural member, to the load that is imposed
upon. it in service (normal operation)°

Limit Load is the maximum load which is expected to be en-
-countered in normal operation and is equal to the particular
weight condition multiplied by the Limit Load Factor

limit Load Factor is the madicmm load factor (related to a
speeific axis which is expected to be encountered in normal
operation.

Load Factor is the ratio of the total force upon the vessel
to the weight of the vessel. In terms of the acceleration- of
gravity, it then becomes the ratio of the acceleration of the
body divided by the acceleration of gravity.

Ultimate Load is the Limit Load increased by the Factor of

5 e
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SECTION PROPERTIS: STRUTS & HYDROFOILS

A biconvex, parabolic arc, solid section is used in deter-
mining all of the preliminary structural design data for the
struts and hydrofoils. These data are used in the prelimi-
nary hydrodynamic calculations. It was found that the
properties of these sections reasonably repreoented those of
the NACA 64, 65 or 66-series symmetrical airfoil sections
which might later be employed. The cross-sectional area and
the moment of inertia about the chord line, I., are used; and
the moment of inertia, I , nor al thereto has not been used.
(Those two properties which are used have been checked numeri-
cally on several chord sections).

For the solid, biconvex, parabolic arc section (see Fig. 1),

represented by: B = . , where -- = is

the maximum thickness from chord line to extreme fiber, and
; the moment of inertia is determined to be:

41 3 4,

The cross-sectional area is determined to be: %= - - c

Thus, the section modulus becomes: _ B 2 3

[- C, -

( Biconvex Parabolic Arc Section
Fig. 1
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Figures 2 and 3 are presented herein as examples tc shaav the
effects of varying certain physical parameters. The end re-
sult., the least moment of inertia of the section about its
longitudinal axis is not non-dimensional. It appears best
not to construct charts similar to these until after the
size range for the ship under consideration is approximately
knoim. Figure 2 presents moment of inertia as a variation
in thickness ratios for constant chords. Figure 3 shows the
variation of moment of inertia for hollw sections with the
chord for various thickness ratios*

The effect on the struts and hydrofoils, when hollow sections
are employed, are showvn in Appendix I in non-dimensional form.
The curves of Figures 49 and 50 (Appendix I) may be used in
conjunction with the design charts (which are based on solid
section) to obtain hollow struts and foilb.

It must be remembered thqt as sizes become larger, the sections
will become hollow and (percentage-wise) the skins will become
thinner. Other considerations are delineated below which may
influence the selection of strut and foil shapes atnd sizes in
the ships of greater weights.
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LOADING CRITERIA

After perusing all of the data which have been available on
hydrofoils and previous hydrofoil craft, it was ascertained
that usable information concerning structural loads and ap-
plicable criteria is very limited. Before a large hydrofoil
craft can be successfully designed, the vertical, longitudinal,
and lateral load factors l ) and accelerations which are en-
countered at sea wirth the type of configuration under considera-
tion must be previously determined. Also, the angular accelera-
tions in pitch, roll and yaw must be determined. The accelera-
tions of the ship while supported by the hydrofoils and struts
may be dependent largely upon the type of the dynamic stability
and control systems employed. These load factors and accelera-
tions, as in aircraft design, must be determined in order to
permit serviceable structural designs within the limits imposed
by weight and sizes of members.

Load Distribution: (Hydrofoils & struxs)

In this analysis no attempt is made to determine or use precise
loadings on the struts or hydrofoils. The presence of struts
which attach to the upper surface of the hydrofoil affects the
chordwise and spanvise load distributionzi. The presence of
stingers and/or nacelles at the strut-foil junctions likewise
has an effect. NACA data will give the effect of nacelle shape
and location upon the spanwise airload distribution for any par-
ticular planform. Since the struts are likely to cause a greater
modification, and the magnitude is not precisely known, the use
of precise basic distributions, for the hydrofoil alone, are not
justified. Ho, ever, an attempt has been made to select loading
conditions and load distributions which would not be unduly con-
sexvative.

For instance, the spanwise water load distribution is considered
to vary uniformly from root to tip in proportion to the chord,
i.e., b

.b

For a taper ratio of 0.50 the resulting spanwise water load
distribution closely approaches the theoretical load distribu-
tion. It gives a bending moment distribution which is not far
different from the bending moment distribution for an ellip-
tical load distribution. In the case of rectangular planforms
with multi-struts, the presence of the struts induces a shift
of the load away from the struts. But the distribution between
the struts approaches that of a rectangular distribution. Then

(1) The term, "Load Factor," is defined under
Definitions and Symbols.
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the only deviation is that involved for cantilever overhang.
If the overhang is tapered, the resulting moents wiln approach
thuse for an elliptical load distribution.

For the preliminary design data on the hydrofoils, the chord-
wise center of pressure of the load is assumed to occur at the
quarter-ohord point of the unflapped hydrofoil. Where flaps
are used, it is intended that the additional load due to flap
deflection will be added in separately at its proper chordiae
center of pressure, since the principal axes of the section
also shift writh flaps. Because the use of flaps on the main
lifting surfaces for the vessel configurations which were under
consideration hydrodynamicaly and dynamically was not contem-
plated-until late in this contract phase, no general structural
preliminary design charts are presented for them.

Loading Conditions:

In this analysis the external forces applied to the ship ts
structure are specified in terms of Limit Load Factorxl). The
limit vertical load factors have been taken as plus 2g and
zero g, and are assumed. to amply account for the gust effects.
This means that when flaps are employedj the flap deflections
are limited to such a value that the resulting load will not
exceed limit load factors of zero and 2. (Data from Reference
2 show that limit incremental vertical accelerations from 0.7
to 0.9 were not uncommon; i.e., total limit vertical load fac-
tors of 1.7 to 1.9. Those data indicate that the size of waves
compared to vessel displacement, hull clearance, and forward
velocity had considerable effect.)

Side loads on the struts are a result of the yaw angle of the
craft. With a given forward velocity of the vessel, and with
waves of a specific height in a beam sea, the orbital motion of
the waves creates a certain yaw angle on the struts. Where a
rudder becomes an integral part of a strut, side loads and tor-
sion are imposed by deflection of the rudder. The limiting side
load factor is assumed to be not more than 1.0 g and to act in
combination with the vertical limit load factors of 2.0 g and zero.

Factor of Safety:
FactorIs 0,sapeoy(2)-aelr,

aoy ae large-y to account for ignorance in
loads or allowables. In structural engineering, a factor of
safety of 3.0 is often used to keep the maximum working stress
safely below the proportional limit of the material. But in
aircraft design, columns and struts are worked close to the
yield stress. It seems likely that as loadings and allowables
of the various configurations become better kiown the factor of
safety may be lowered. This vwll be desirable not only from

- structural weight saving (which may become important), but also
from hydrodynamic limit on physical sixes to obtain satisfactory
performance.

(1) The term, "Limit Load Factor," is defined under Definitions and Symbol.s.
(2) The term, A"Factor of Safety," is defined underDefinitions and Symbols.
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COIFIGURATIONS

The two main structural items comprising any configuration are
struts and hydrofoils. Innumerable ways exist for assembling
these essential parts; some appear better than others. Ever,
in the single-foil arrangement, to which this report is con-
fined (see Scope, Pg.2), many types of configurations exist.

Considerations:

For a hydrofoil craft to possess the hydrodynamic character-
istics which are deemed essential (so that it may compete
practically with the long established forms of water trans-
portation), the physical dimensions of the struts and foils
and their methods of attachments are of prime importance. The
thinnest possible struts and the thinnest possible foils are
needed to accomplish this mission. The resulting structure
still must be practical from the standpoint of fabrication
cost, reliability, and serviceability. The overall structural
weight and the resulting center of gravity of the ship become
very important: to possess a reasonable ratio of useful load
to design gross weight, weight control is essentiall

Therefore, the structural designs and the structural analyses
of these components must be accomplished with precision. This
is true not only in the determination of the stresses and
strains within the structure under given loading assumptions,
but also in the determination of the nature and magnitude of
the external loads which are acting upon the structural com-
ponents.

The approach to the problem of selecting a hydrofoil-strut
configuration for a hydrofoil ship started with the most ele-
mentary configuration: one strut and one foil without dihedra4
resembling a "T". It is one of the single foil class and is
referred to as a mono-strut arrangement in this report. Having
selected certain structural materials, their factors of safety,
and modes of fabrication; having dete.mined reasonable spanwise
and- chordwise water load distribut'ios; and having a i-cn
planform, a specified loading in pounds per square foot, and a
single symmetrical c-enter strut; only one aspect ratio is per-
missible for a given thickness.

It was found from this initial investigation that the single-
strut gives only a moderate lift-drag ratio. Means were in-
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vestigated to raise the value of this lift-drag ratio. This
resulted in the investigation of symmetrical bents with one,
two and three bays. These,-by their very geometry, imposed
bending as well as compression loads on the str-uts. To
eliminate primary bending in the struts and columns in the
sym retrical loading conditions, the series of configurations
with the hydrofoils extending outboard from the struts are
considered. In the single hydrofoil system, the various
hydrofoil-strut combinations or configurations may be divided
into combinations of certain basic structural forms. These
combinations'are: mono-strut; two struts, pin-ended; three-
struts, the two end struts pin-ended; four struts, all pin-
ended; single rigid bent; and multi-bay bents, fix-ended with
overhang.

Initially it was thought that these configurations would be
with and without dihedral, but hydrofoils with appreciable
dihedral which intersect the mter surface have been covered
by German data and work conducted by Carl & Sons. Joshua
Hendy data (see the Hydrodynamics section) reveal that in
order to obtain the best lift-drag ratio, the hydrofoil
should not intersect the water obliquely. Hence, these
strucutral studies are confined entirely to hydrofoils which
are submerged completely below the water surface. The hydro-
foil thickness varies inversely with the cosine of the
dihedral angle (see Equation 6, Pg. 20). Thus, the smaller
the dihedral, the greater the aspect ratio will become for
a given thickness ratio. Since roll stabilization is being
obtained by movable surfaces, all of the structural analyses
which have been completed on the multi-struts are with zero
dihedral.

The majority of the studies which have been made are devoted
to the analyses of single, two or three strut systems with
hydrofoil overhang. For the symmetrical loading assumptions
which are made, the slopes of the hydrofoil at the hydrofoil-
strut janctions are zero. These geometries are selected to
obtain zero initial moments in the struts so that the maximum
hydrofoil bending moments vlll occur at the hydrofoil-strut
junctions.

The first family of multi-struts considered are of rectangu-
lar planform. Tapering the cantilever portion of the plan-
form gives another family of configurations. The advantage
for so doing may be seen in a test vehicle. An aspect ratio
of approximately 16 results from two struts with a rectangu-
lar planform. By tapering the twvo outer panels, the aspect

[
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ratio is increased to approximately 21 without any change
in percent thickness.

The use of any of the hydrofoil strut configurations with
concomitant haunching of the hydrofoil thickness will provide
a gain in aspect ratio for a given maximum thick), .q ratio if
methods of fabrication permit. The hydrofoils a-a iiunched
by increasing the percent thickness of the hydrofoils toward
the strut intersections. Some of the German hydrofoil vessels
had haunched foils which were obtained by varying the chord
length (see References No. 3 & 4). The final selection of a
given multi-strut configuration is based on hydrodynamic
rather than structural considerations. From the economy of
weight and fabrication, the fewer the struts, the lighter the
struts and foils will become and the easier the construction.
In order to meet the demand for high aspect ratio and minimum
thickness, the multi-strut configurations are dictated.

For a specific load to be carried axially be columns, there
exists a maximum number of members for maximum efficiency.
Any increase beyond that number of struts lowers the effici-
ency of the structure. This is readily evident when the strut
lengths for the configuration remain the same regardless of
the number of struts. The column buckling allowable is a

function of I . Thus, the buckling allowable varies

directly as the square of the strut thickness ratio and the
square of the strut chord. Then for a configuration to carry
a given load, the point is reached at which the number of
submerged struts in the configuration add more drag than the
increase in hydrofoil aspect ratio and decrease in hydrofoil
thickness reduce the drag (see Hydrodynamics section). This
point may occur at three struts for many loading conditions.
The multiple struts have two other disadvantages as compared
with a mono-strut or two-strut configuration: (1) for a given
yaw angle the magnitude of the side force in question increases
since the strut side area increases; and (2) the slender struts
of the multi-strut configuration impose greater bending stresses
on the hydrofoil under asymmetrical loading conditions.

Itydofoils:

For preliminary design purposes it is desirable to be able to
ascertain the hydrofoil geometry with a minimum- expenditure of
time and effort. The important items of geometry which must
be considered prior to-performance calculations- are the maxi-
mum span between struts, maximum overhang, total span, aspect

- -- --
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ratio, chord, and percent thickness. It is also desirable to
have comparisons of spans, aspect ratios, and thickness ratios
for the various strut-foil configurations.

Governing Stresses

The requrired hydrofoil section may be determined from thie

bending stress, the shearing stress, the torsional stress, or
from a combination of all or any two of these. If flutter is
serious or if a predetermined maximum deflection has been stipu-
lated, the hydrofoil section may be determined from that size
requi-wd to obtain the maximum specified deflection.

In solid hydrofoils of medium thickness, shear will not be serious,
either alone or in combination with bending or torsion, due to the
cross-sectional area.

Torsion is a function of th'i location of the principal axes of the
section, the chordwise center of pressure of the load, the span-
wise distribution of load, and the section pitching moment. If a
symmetrical hydrofoil section is used, the pitching moment of the
section will remain approximately constant and equal to zero through
moderate angle of attack changes. (This is the range to be con-
sidered for hydrofoil vessels.) Thus, the only torsion acting upon
the section is due to the distance between the chord load center of
pressure of the section and the principal axes of the section. The
principal Y-axis of the biconvex parabolic arc section passes
through the 50 percent ordinate of the chord while the Y-axis loca-
tion for the NACA 65- and 66-series airfoil sections, which are
currently being ,.,..idor, 'aries from approximately 40 to 47
percent. In the sizes likely to be encountered, the torque due to
the chordwise center of pressure of the load not being along the
neutral axis of the section is quite small, and the repreasion of
the bending stress due to shear stress effect is neglible. For
solid sections, if no other factors are present, the effect of
torsion may be neglected. Therefore, the preliminary design sizes
may be picked from bending and deflection considerations. (For
hollow sections, see Appendices I & II.)

Should flaps be present on the foils, bending alone cannot be
used for determining the hydrofoil geometry, but bending will
be the primary consideration. The presence of a flap greatly
reduces the moment of inertia of the section about the I-4axis,
the cross-sectional area, and the torsional rigidity. Flaps
shift the principal Y-axis forward on the hydrofoil, introduce
appreciable pitching moments in the hydrofoils with flap de-
flections, and alter the chordwise load distribution. These
moments cannot be properly evaluated until the chord of the flap in
percent of hydrofoil chord, type of flap balance, the maximum flap
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deflection, the rate of change in pitching moment with
flap deflection and angle of attack, and the flap hinge
moments are known,

Therefore, the best approach seems to be to determine
the required sections, based upon bending, and to pro-
vide for a reduction in allowable bending stress due to
the combined effect of bending and torsion. This may
be aone approximately by:

+ \.O (See Ref. 5)

The amount of this reduction in allowable, converted into
terms of greater hydrofoil thickness ratio or reduced
aspect ratio, would need to be determined for the speci-
fic flap geometry being considered.

Bending Stress

The bending moment for a trapezoidal spanwise load
distribution is given as:

h + Equ. I (see Pgo 32 )

which, at the roo.t of a mono-strut configuration,
becomes:

Mj- 0 6 X Equ. 2

Where dihedral is present in a hydrofoil,

.. 5 if b is the

span along the hydrofoil in inches

Thus, Equ. 2 becomes:

% kipipinohea
L %A00 r 34e56 S

oi. - a 'c.otr [& r b ( + Equ

014
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Then, dropping subscript N and using b as projected
span, as defined undor Definitions & Symbols,

aM
ab

rb IM CO S 3. I r

Iflere b..~

then: rbw 4.6A 4  -"1 ](i)4L A) &u. 5
Since

(rb,;: by transposing,,

WI Equ. 6

rz

which is the general equation for a ivono-strut (root thiokneos).

For a taper, A : 0.5, it beest

For a taper, 1.0, it become

Ir =010. N.0.o
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In the multi-strut rectangular configuration, to prevent
bending in the bents other than the hydrofoil proper
(i.e., in struts), the slope of the head of each strut
must be zero. (See also discussion of configurations.)

' 14

To obtain Oh%-r e- -O

a nd) ;(Table III, Ref. 6)

and bmi(I +~2~ (inches)

If the number of struts becomes N, and the number of

intermediate bays becomes (p-),

then b- 1 E(1-m) + 0.a, ]

in kip i31Cbas

01 0 61 Vi' Equ. 9

f- om +
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Figure 5 resents hydrofoil thickness ratio (percent
thickness) -s a function of hydrofoil loading, aspect
ratio, dihedral, taper ratlo and factor of safety as-
suming a maximum bending stress of 150 ksi. This chart
applies to the basic mono-strut configuration; but, in
conjunction with Tables I and II, it may be applied to
most configurations which have been considered.

Once the approximate configuration has been selected,
however, the data should be presented in a form which
would permit reading to greater accuracy. Fig. 6 pre-
sents the variation of hydrofoil loading with aspect
ratio for various allowable bending stresses for sero
dihedral, a thickness of 12 percent, and a taper ratio
of one-half. Knowing the aspect ratio of the equivalent
mono-strut, and the bending allowable of the material,

it is readily possible to determine the permissible
loading.

If the material is selected, by varying the thickness
and holding ob. constant, another useful family
of curves for preliminary design purposes may be cce-
strutted. Examples of such a method of presentin data
are shown on Figures 7, 8 and 9, where percent thickness
variation with aspect ratio for different loadings
presented for taper ration of 1.0, D.7, and 0.. These
three figures show the effect of taper ratio, where a
single strut is involved und show the effect of increasing
the hydrofoil loading. They were constructed for an al-
lovable yield stress of 50 koi.

Fig. 10 hows the variation of bendine stress in t
hydrofoil with aspect ratio for three different foil
thicknesses in a single bent configuration with certain
assmed geometry and with a strut thickress or 15S percent,
Fis. 11 preente variation in hydrofoil loading with
abPoe"t - atio Zor the" fQi1 thicknesses- and tarn gearnstryr
of nig. 10#
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Recent hydrodynamic calculations indicate configurations
of this geometry would not be usable becauae the strut
learth requiied is greater than the strut length which
is used. Hoever, they do show the general effect of
such .configurationst For instance, Fig. 7 indicates at[1.0 kf that if o.09, ,,. 6.o,
while Fig. 10 shows that for 1A0, and r,. a 0.09
that A, a7.5 A 50 i, or again inaspect
ratio of 25 porcent, provided the struts will carry the
momenta.

Bending Deflection

The deflection of the tp of a uniformly tapered,
cantilever hydrofoil under a uniformly tapered load is
first developed in terms of the length of ts beau, the
unit loading of its root, and the section moment of
inertia at the root. Then the tip deflection and do-
flection at-any point of a constant section cantilever
hydrofoil under a mioruly tapered load are presented.

The deflection at any point of a miformly t,red hydro-
foil under a trapesoidal load my be obtained'by modifying
Equation 12, p. 31, to reads

-- (.-.~u~i'-('-~ 4(~ i~)Ad~ qu. 10

where 2, as ohm in Fig. 12, in the section at
which the deflection is desired.

However, since the reaaltlr equation become somwhat
cu*srsom ("e Xquatim 21, p. 34, for constant moment
of irortia), and since the proomt interest Is in the
magnitude of the tip deflection, solution of this equa-
tion has ben oitted, Likewise, Iquation 12 was
siplified to Squation 23 by putting
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31..

since current interest is in that particular taper ratio.
Solution of "y" -without evaluation of "" is not of suf-
ficient advantage to warrant the additional labor at
this time.

Deflection of the end of a cantilever beam of uniformly
varying moment of inertia (representatively of a tapered
strut under a constant side force) has also been developed
for various amounts of taper.

These equations are then rewritten in terms of the hydro-
foil loading, the hydrofoil aspect ratio, and the hydrofoil
taper ratio and are plotted as the non-dimensional ratio,(4~) ,for use in preliminary design.
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The deflection of a uniformly tapered cantilever hydrofoil.
under a trapezoidal load distribution, using the geometry
of Fig. 12, is derived as follows:

Since x , %h'+ -- M -

T h e n -- C r 
-4-'o " 

A-

- ot

a +. (t A qu. (1

he - )( )

wr r

th .rot

,1.1 r 1 +u (,)

4 -B.rm+ + ..... 13
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-70

4 + -P Equ. 13A

for deflection at any point. NN %t w

W r Y-+e F~-- (1. 2.2). Equ. 14

Where ' - 0\o , and to moment of inertia of root section.

0. - -- • Equ. .5

By substituting the aspect ratio, thickness ratio, span,
and hydrofoil loading into Equation 15 gives:

o.oo 0 (2 5 A, [iA L Jtqu. 16

For a rectangular planform hydrofoil with a constant section
moment of Asrtia and a uniform spanwise waterload distribu-
tion, ./ By substituting the aspect ratio, thickness

ratio, skn, and loading into that equation, the deflection
becomes:

S=O.OOz84b5 (+) I~~ (-r) 17bisS~ q
171 S Y1 Cvl C b i inWkis)'u

Where both planformw develop the same bending stresses and
both have the same thickneso ratios.

fr= 2pu. 5, A. - Equ. 18

Th-v, from Equ. 16, 17 and 18,

S -Equ. 19

- m ~.
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Where T., kr, )) b are equal

9 O.A . L9 . Equ. 20

Y

L ' II

For a rectangular planform hydrofoil with a constanlt
section moment of inertia and a trapezolil spanwise
waterload distribution, as shown in Fig. 13j. the de-
flection, ys of any section) x., may be expressed as:
(by the area-moment method)

'.3T +--., (- ,, Eq,,. 2131"1t

Eq. I., for A = 0.5. IntC~tt g a.nd to!Uo~ttZterm Equation 21 brcoma
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2 +.

Whon A- hq
00r Equo 23

Substituting for wr, , 4 \., gives:

"0 -oo Z405 E- u. 24

This may be derived also by double integration from the
equation r. . - when M has the same value as in

Equation 1:

cz, L 0 P -

tI
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For a constant force, P, at the end of a cantilever
strut of variable moment of inertia (see Fig. 14)

This, upon integrating, becomes:

] Equ. 25

or zpal
Equ. 26

where A 0.5.
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The hydrofoil deflection formulae which are presented

in Figs. 16 through 22 are:

Mono-Strut:

o.oo2.845 * qu. 1?
b

Twin-Strut:

Overhang: AT\r~ XA~_
0.002,9 Equ0 27

=022 b

C0.000,079 nEqu. 28
=O.5E, b

Three-Strut:

Overhang:/S 1r2x [w1Ar\
=o.ooooo4 I- -TT Equ. 29

0 = 0.t4- b
Center: (. W J]Arj I(o.ooo,o2. 1-'n]7) " Equ. 30

Q =o. ss b

Other deflection formulae for the mono-strut, which were
developed on the preceding pages, are summarized below.
For varying moment of inertia, trapezoidal spanwise
waterload distribution, and taper of one-half:

rs • r.' Equ. 16
b
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S = O.-AA

(for equal span) Equ. 20

\.97 .,Equ. 19

For constant moment of inertia and a 2-to-i trapezoidal
spanwise naterload distribution:

rw- Equ. 24

S., v . oEqu. 22

_ _ _ _ _ . .. .. . .
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Fig. 15 gives the variation of with
aspect ratio for various hydrofoil thickness ratios
on a mono-strut configuration having a taper ratio of
one-half., The spanwise load distribution varies with
the chord and is for a 1.0 ksf hydrofoil loading.
Figures 16 and 17 are for the same configuration
with a rectangular planform. Figure 17 is included
to show the effect of very thin hydrofoil sections.

For a rectangular two-strut configuration, Fig. 18
presents similar data for the overhanging portion of
the hydrofoil while Fig. 19 is for the center portion
of the hydrofoil, Similar three-strut data are presented
in Figures 20 and 21, respectively. These are all for a
hydrofoil loading of 1.0 ksf. Fig. 22 is for the center
section of a three-strut configuration (like Fig°21), but
includes the effect of variation of the hydrofoil loading.

The slight variation in the values for E which are used
occurs because the original charts are constructed for
chromium-nickel steels while the other charts are con-
structed for mild steel. (Data for configurations in-
volving more than three struts do not seem of sufficient
importance to justify their inclusion at the present time.)
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Struts and Columns:

The critical value for the compressive stress in slender,
straight columns with concentrically applied compressive
forces can be calculated with sufficient accuracy provided
the compression-test diagram for the column material is
knom. Within the elastic range, Eulerts formula must
be used for such calculations: For use beyond Uhe propor-
tional limit, as in short columns, BExler's formula must be

modified with the reduced moduluw Er, or the tangent modu-
lus, Et, being used instead of EMA- From such calcula-
tions, diagrams representing 7Z. as a function of the
slenderness ratio can be obtained*

In the application of this formula to column and strut de-
sign, the selection of a proper factor of safety is the
principal difficulty encountered: this factor of safety
should compensate for the various column imperfections.
It seems logical to assume certain inaccuracies in a column
from the very beginning and to devise formulae which contain
not only the column dimensions and the material, but also
the values of the assumed inaccuracies. By incorporating
these inaccuracies in the design formulae, the selection of
a proper factor of safety can be put on a more reliable
basis. (This assumes that the material and mode of fabri-
cation have been selected). The simplest method of choosing
the factor of safety is to assume that the effect of various
imperfections on the deformation of columns and on the maxi-
mum fiber stress which is produced is independent of slender-
ness ratio, i.eo, constant. But imperfections such as an
initial curvature of the column are apt to increase with
slenderness ratio.

The principal imperfections(2) which make the behavior of
actual columns so different from those which are assumed
in Euler's theory are: an unavoidable eccentricity in the
application of the compressive load, initial curvature of
the column, and non-homogeneity of the material, including

(1) See Ref- 7.

(2) Column inaccuracies are discussed
in detail in Ref. 8.
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variation in the cross-sectional area. All of these
imperfections may be replaced by an equivalent initial
column deflection.

The struts are initially considered to have uniform
sections throughout their length. Struts which can
carry the concentric loads, and no moments, have slen-
derness ratios between 160 and 180. To keep the
slenderness ratio less than 120, as in structural
engineering practice, tapered or stepped struts are
necessary. By tapering or stepping the struts between
the operating waterline and the hull, the change in
thickness of the section will not affect the normal
operating efficiency of the boat.

It is found that struts with slenderness ratios of less
than 120 obtained with a step of one-third the strut
length, and the thicker section having a section moment
of inertia of four 'mes the section moment of inertia
of the thinner section, will automatically allow for the
effects of normal loads on the struts caused by yaw at
the instant of take-off. The thicker section, if but
one-third of the strut length, will normally be above
the water surface. (On a six-foot long strut with a
depth of submergence of three feet, one-third of the
strut length, or two feet, will permit a clearance of
one foot between the cruise water line and the change
in section.) This will also provide for a given amount
of eccentricity in the application of the hydrofoil load.

Reference 9 indicates the considerable concern of the
British about end fixity for the struts and foils. The
amount of fixity which is actually realized in any con-
dition will greatly affect distribution of the loads
Mong struts and foils. If, in api~'configuration, the
struts under load obtain a slope due to joint flexibility
or flexibility in the hull of the vessel, the bending
moment in th hyd'ofoil will be materially changed. In
this atudy, parfect Lixity is assuiz-d at "'h- ul or h,"s-
and in some cases pin-ended conditions are assumed at the
column-foil and strut-foil junctions. Where necessary,
overlapping assumptions are used. But it should be re-
membered that for any particular configuration, material,
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and mode of fabrication, actual structural tests will
be required in order to obtain the best structural-
hydrodynamic compromise for the design.

The effect of side loadson the struts in combination
with the axial compressive loads must be considered in
determining the strut size. The most critical condition
occurs either at take-off, when the maximum yaw angle
exists and the strut is fully submerged, or at the maxi-
mum velocity of the vessel, when the minimum strut length
is submerged and the greatest "q" occurs. Wich of these
will be the most critical depends upon the specific geo-
metry and the maximum side load which can be developed
within the Ig limitation.

Likewise, consideration must be given to the effect of
eccentricity, the load on the strut either not being
concentric or else having an induced moment due to the
lack of balance over the supports. Pin-ending the
strut-foil connections would eliminate this moment0

As stated on p. 9, biconvex, parabolic arc, solid
sections are used in the calculations of the struts and
columns. It appears likely that such sections will be
found to be near the optimum from hydrodynamic considera-
tions, as well as possesing definite structural advan-
tages. A British document, RefAlO, discusses strut
sections.

Concentric Loading

For a fixed-ended cantilever strut of uniform cross-
sectionp the critical buckling stress may be expressed as:

4 r Equ,~ 32

P c-K-g kWhore

( %3 least moment of inertia of strut,
& A cross section area of struto)
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I1.

3n - 384 L J 'T

x k~rr~ II Ek A
, - Equ. 33
jI taW-

By~ transposing, .. V vv

Using Et st 28,300 ksi for - H, transverse, stress re-

lieved, high tensile steel;

S 0 o Co -Zr n .qu. 35

See Ref. 11 for typical curves of the tangent modulus
of elasticity.

Equation 35 is plotted in Fig. 23 without regard to strut
slenderness ratio. This nomograph is for use in the ini-
tial phase of a configuration selection, but the sizes
obtained must be modified to allow for eccentricity, side
load, and reasonable slenderness ratios. However, the
form of Figure 23 is not such that the eff,ct of certain
variables may be readily assessed. The effect of these
are shown in Figures 24, 25, 26, and 27 for a mono-
strut configuration.

-Figures 24p 25y and 26 present the variation of thickness
ratio with aspect ratio for a rectangular hydrofoil plan-

form. Figure 24 shows-the effect of varying the hydrofoil
loading; Figure 25 shows the effect of varying the chord

ratio; Figure 26 shows the effect of varying the strut
length; Figure 27 shows the variation of thickness ratio
with hydrofoil loading on a tapered hydrofoil for the ef-
fect of aspect ratio.

t,
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For a tapered strut subjected to a concentric load,
the deflection is obtained an a function of the criti-
cal loading and strut geometry. Figure 28 depicts the
type of column which could be utilized and imparo the
overall performance of the hydrofoil craft but little.
The expression for the relation between critical load
and geometry for this type of column has been developed
by Timoshenko in Ref. 12. (For reference purposes, it
will be repeated herein.) To obtain the critical load,
1 , for the column of Fig. 28 Y-ith one end fixed and
one end free, and consisting of two portions having mo-
ments of inertia of I, and 1., it is necessary to write
the differential equations of the two portions of the
deflection curve. Where S is the deflection of the
top of the column during buckling, these equations are:

s~I I

I-J

It

V 2
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Using, 2. ;the

equations yield:
2 f + ocos + x

At Y, 'an the deflections of the two portions are
equal, ana at Y= , the deflection is 3o Thus,

S + c CO, 7 + V) \k gO (cos k,,
from which

Since both portions of the deflection curve possess
the same tangent of x= A.L 0 the equation obtains

%,\ -smk2 1 , , 5Wk ' +ID\,csk i

Upon substituting the above values of C and D, the
following transcendental equation is obtained for cal-
culating the critical compressive load.

Since

.4 4 #

then 1. /.
-Cs- *qu. 37

4-7
NX~
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~o.Th

Where C . 4 ,I4 =. ratio

of chords, and

if t, 2. 1 , then Equation 36 becomes:

O.L- 1. Equ. 38

By trial and error it is found that for

and for -r[vo.2A '., r = r-5"l

the conditions of Equation 38 are met.

* Then, V713

or

Equation 39 is plotted on Fig. 29 for a modulus of
elasticity of h,oOO ksi (corresponding to laminated
glass fiber based plastics) and in Fig. 30 for a
modulus of elasticity of 28,000 ksi (corresponding
to mild steel).

Since some use of Libreglas is contemplated in a test
craft, and since the modulus of elasticity for such
material depends upon techmique in lay-up as well as
mterial, thw effect of moderate variations in modulus
of elasticity upon the strut chord and thickness ratio
is needed. By modifying Equation 33, p. 51, the data
of Fig. 31 are obtained. For properties of laminated
glass fabric based plastic materials, see Refs. 13 and14o
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In hydrofoil craft of greater design gross weights, the
required strut loads, of course, are greater. Therefore,
it may be desirable to vary Lhe ratios of the lengths
and moments of inertia of tbe strut components. In such
designs it may be advantageous to construct curves simi-
lar to Figure 30, which will include the variables
peculiar to the specific design.
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Figures 32, 33, and 34 show the variation of the
strut chord with the strut thickness ratio for slen-
derness ratios of 140 and 120 on a uniform strut,
and a slenderness ratio ol 120 on a tapered strut,
respectively. The slenderness rati, (P) , in each
case, was determined from the following:

_'_ Equ. 4o
A comparison of the critical buckling loads for struts
of mild steel and of fibreglas may be made from Figures
35 and 36. Figure 35 gives the column curves for mild
steel in the Euler range for a chord of 12 inches and
various thicknesses. The corresponding slenderness
ratios and stresses are also shown. Figure 36 is for
the same chord and thickness range for a column of fibre-
glas. This is a method of presenting data for ready
comparison after one or more parameters have become knowno

Eccentric Loading

The effect of an end moment, in addition to the
axial comprassion, on a column may be accounted for
by a given eccentricity of the axial load. From P. 38
of Ref. 12 or P. 245 of Ref. 6, the following relation
for a free-ended column is obtained:

O'(I n-- V7 =k ) . Equ. 41

This may be converted to the following:

ahr k---S" d , 1Eua i )lequ. 42

where IP nVNNI- and y~,in--Equation 41. equals ~
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This equation is used to plot Figures 37 through 40,
which present the variation of allowable eccentricity
with column chord for different axial loads and thick-
nesses. These charts may be used in determining safe
limits of eccentricity due to fabrication and oint
unbalance. For a specific configuration, Equ. I and
Fig. 37 and 38 also indicate that certain dimensions of
a strut configuration must be known unless large families
of curves are to be constructed.

Side Loading

A cantilever strut under the effects of combined
axial load and side load may be analyzed by application
of the following equation:

W~- j [j (k - 5. U) +t 1r U] . Equ. 43

Strut under Combined Loading

Fig.

(See Table VI, P. 130, Ref. 6)

This equation is used to determine ths allowable
strut stress as a function of strut chord and strut
thickness ratio. Such data are plotted on pigures
42 and f3, for comapason purpom.
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Hydrofoil-Strut Combinations:

From the general equations concerning hydrofoils and
struts which were developed in the preceding portion of
this report, it is now possible to set up relationships
between the spans, aspect ratios, and srut thickness
ratios of the various multi-strut configarations. The
relationships which are presented herein are based
solely upon bending stress considerations. Thus, the
Hydrodynamics asotion, whit.-h uses these structural data,
is based upon bending stress considarations. Similar
relationships can be developed, based upon bending
deflection considerations. However; a review of bend-
ing deflection data in a preceding section of this
report seems to indicate that until either large craft
are considered or craft with high hydrofoil loadings
and hollow sections are considered, the deflection re-
lationship is of little interest from a preliminary
design viewpoint. Likewise, relationships based upon
torsional shear stress and torsional deflection are of
questionable value initially in the preliminary design
phase. (One reason for this is that the torsion is
greatly effected by minor variations in the assumed
loadings and changes in cross-section; until more is
known about those loadings, the bending basis will be
more reliable.)

These strength determined configuration relationships
are presented in Tables I and II. In order to use the
factors contained in th, tables, it is necessary to ob-
tain the geometry of either the tapered mono-strut or
th. rectangular mono-strut configuration, depending upon
which factors are used; that is, obtain the hydrofoil
thickness ratio, aspect ratio, and span for the tapered
mono-strut with a given hydrofoil loading. For az other
desired configuration with the same hydr foil loading and
thickness ratio, the aspect ratio is obtained by multiply-
ing the aspect ratio constant by the mono-strizt aspect
ratio. In similar manner the hydrofoil span and th strut
thickness ratio are obtaired.
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Sam ple Calculations :

In the case of the mono-strut configuration, the
maximum bending moment and, correspondingly, the maxi-
mum percent thickness are obtained at the root of the
cantilever: i.e., at the strut junction. If the
thickness ratio is to be kept constant) the root
thickness ratio is then the required hydrofoil thickness
ratio. (bee Equ. 6, Pg. 20) However, if it is eco-
nomical from fabrication aspects, the percent thickness
may be tapered from root to tip. Should that be con-
sidered, though, careful study must be given to bending
and torsional deflections,

In the multi-strut configurationa with cantilever over-
hang, the geometry relationships are obtained by equating
bending stresses at the critical points in the span to
those for the critical mono-strut bending stresses. As
an example, calculations for the three-strut, rectangular
overhang configuration of Table I are shown below. The
geometry is shown in Fig. 4

b

G ~A

'Pro.

Three-Strut Conficuration

with Urtfom Load"
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For a cantilever beau, - z For a fixed-

ended beam, M'.A :- To obtain e 0 jA ,

must equal A, o Since the unit loadings# , are

whereb inspan i ~s

The maximum moment occurs at the top of the columns for
a fixed-ended beam. Thus,

= (see Euo 8)

5 ql V71 11i 8%(O,
rwl __ _ __ _ b_ _

This reduces to: -r -

For a mono-strut configuration with rectangular planform:

L J'],- -

By equating the bending stresses for the two colfigurationsp
and putting -r= T. , give.:

A, '(C.o,)2  A,,, - .A-, ,,L.

Applying the factor of Table I for the ratio between the
rectangular and tapered mono-strut configurations makest

~~AVI
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To determine the strut sizes, it is necessary to obtain
first the strut loads (using beam notation and the th-ee-
moment equatioi).

KA A. +oNA b)
T& 2.. I

*ith . b 1 for

the cantilevers, yields,

-A 0. - -

Also, b) summing the moments k l,

By equating identities and solving for the strut reaction,

gives: R , . -- L ' (09 7-5. v

Since 9-.Wc, Fb 0 - -b 5 4 '~ \oe. i- ~ o,4.

Now since ' '.Jn W ,

and -- " -- -.

(see b.qu. ,-P51

This yields 5 p, 0:23 -5-- -: m 1 i

(qA. 34, ?- 5is modified)

ithk K

• %/ . .\\- o,
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Frames

A two-strut configuration with good joint efficiencies
becomes a single bay bent. For symmetrical configura-
tions, where the slope of the hydrofoil at the strut
point is not zero; and for configurations both with
and without overhang, which are subjected to assymetri-
cal loadings; the strut and hydrofoil bending moments
must be determined by rigid frame analysis. References
15, 26 and 17 are used in the study of the bent configu-
ratious.

h b -

'k I I I I I I ' t "i l t I

Single Bent, Symmetrical Loading

~Fig, 45

Fig. 45 shows a single bent subjected to a uniform
spanwise loading over the hydrofoils. Since the load-
ing is symmetrical, N% A - and R 0. Thus,

Squ.4

KA K Equ. 45

For a uniform load on a rectangular hydrofoil

w .-I where C c C. & bis in inchee
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and M*

From these equations$ the maxiinu bending stress in the
hydrofoil, , becomes:

(3t~ -. L~~i~J \. Equ. 48

and the maximum bending stress in the strut becomes:

-. Equ. 49

For kl k 2  it would be necessary for - a

o mc But the required increases
with -4 , and is initially greater than \w , while k.

is greater than rw Therefore k1 can never be equal
to k-2

Single Bent, Forces and Moments
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The effect of axial load in the hydrofoil of the single
bent was neglected in the foregoing. From Equations45 and 46 the axial load at A becomes:
From the stress due to bending, and the stress due to
axial load, the effect of the axial load may be feand.

S1-- 'J/ Equ. 48
+ u -b be t ker s(modified)

rwi ______I ___.

_M Lm f-k~ k )~

Thus the axial component in the hydrofoil is negligible,

A double-bay bent under symmetrical loading is depicted
in Fig. 4174

AK Double-Ba. __ Bent, sZ tricaL Ldin

Fig. 47



CO NF ID E N TI AL
86.

The joint moments become: M -- -A

SI Equ. 50

and %where '=m 0

Then by geometric relations, VF ,,a r ..'

C,. from which the

joint moments may be obtained. (b o span in inches)

In a single bay bent subjected to side load, as shown in

Fig. 48j the equations for the joint moments may be ex-

pressed as follows:

-t A. + + IF"~) ~ A

+ +~ FM Equ. 51

Or, using the notation of Ref. 15, A N , "

Single By Bent. Side Loadipj
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From Eq.'ation 51, 5 N (t M + -qu. 52

(The equations for the joint moments may also be
obtained from Ref. 16, Table 47, by combining
loadings.)

From the foregoing, it may be seen that the magnitude
of the banding moment2 M.A. , in the hydrofoil, due

to side load, is an appreciable proportion of the
bending moment in the hydrofoil, due to a symmtrical
loading between points A and B. It should be noted
that if the hydrofoil has a symmetrical lift load im-
posed upon it, and it is so distributed that the
slopes &t joints A and B are zero, then the resulting
joint moment, Mp^, is appreciably greater than tLat
resulting from Equation 44. Since the zero slope
method of determining hydrofoil size is used in pre-
liminary design charts, the effect of side load, if
combined with a reduced normal load factor, is of
little importance.

Ex! pl: If Y, I K% (typical for a 10-ton craft
which is under investigation), then

NA from Equ. 44 while M

for zero slope, as used in the design charts
(see P. 21). At thesame time, due to side
load, mA - ' from Equation 52. Upon

substituting the corresponding loadings and
lengths,

4 46 kip-inches.

MAxt 345 kip-inches.

and :$ , 20 kip-inches.
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STRUCTURAL CONSTRUCTION CONSIERATIONS

The inmediate concern with regard to structural aterials and
fabrication centers on cost for construction of a small test
vehicle with a design gross weight somewhere between 10 and 25
tons. Solid hydrofoils and struts, to be fashioned from steel)
become very costly due to the necessary machining operations to
obtain the required oros-sections. Mild steel must be treated
to prevent corrosion. German literature indicates that they had
not obtained any satisfactory solutions. Erosion, as the Germans
found, apparently is a serious factor with mild steel. Ackert' s
work on cavitation (Ref. 18) in 1930 and data on brasses by Dr.
Uhlig (Ref. 19, p. 76) indicates that erosion on various brasses
at high velocities will be serious. However, Hef. 19 states that
the copper-tin alloys (high-tin bronzes) show good resistances to
such attack. The use of high tensile corrosion resistant steels
increases the cost of the basic material and multiplies the manu-
facturing costs. (In time of conflict, such material would be in
short supply and some substitute would need to be found).

The use of a laminated glass fiber base plastic material for the
construction of the exterior surface of hydrofoils and struts may
have several advantages over the use of steel. The material is
light in weight and will give a smooth, easily fabricated surface
which may be free from corrosion and fouling worries.

To obtain struts, which by their very shape are critical items,
fabricated entirely from fibreglas would require struts of greater
thickness than the comparable steel struts e*xcept wbere propeller
shafts and controls dictate the strut sizes. The modulus of elas-
ticity for fibreglas is approximately one-sevent- that of steel
and the allowable working stress is somewhat lover than that for
mild steel. The problems of making joints between the struts and
foils and between the struts and hull are much more difficult in
the laminated glass fiber reinforced plastic than in the steel
structure. The problem of proper quality control is also of ex-
trune importance in fibreglas, especially in thick sections. The
work of the Structures Branch, Aircraft Laboratory, Hq., Air
Materiel Command, during World War II in applications of laminated
glass fiber based plastics to aircraft fuselages bears this out.
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From Ref. 3 it appears that the Germans came to the
conclusion that only high strength alloy steels are
suitable for large craft. Although it is noted from
some of the literature that aluminum alloys had been
used for construction of foils on one of the vessels,
the advisability of its use in large ships may be
seriously questioned. The Germans also concluded
that steel castings and forgings could not be used.
Without the substantiating evidence, the logic behind
such conculsions cannot be ascertained.

Consideration has been given to the use of aluminum
alloy extrusions for the fabrication of foils (and
possibly struts) in a 10-ton hydrofoil test craft
where the corrosion prevention would be supplied by
a layer of fibreglas laminate, Plywell, metal spray
coat, or Resmeld. This appears promising from the
standpoint of quality control of strength, from cost,
from strength and from weight.
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APPENDIX I

EFFECT OF CHANGE FROM SOLID TO HOLLOW SECTIONS

The structural data which are used in the Hydrodynamics section
to determine preliminary performance charts are for solid struts
and foils. As the gross weight of the hydrofoil craft increases,
the struts and foils will change from solid to hollow sections
to provide feasible methods of fabrication and to provide for
reasonable structural weight. It is desirable, therefore, to
know what effect this structural modification has upon: 1. the
estimated hydrodynamic performance, and 2. the structural fac-
tor of safety if the exterior dimensions are held.

The skin thickness and chord affect the percent thickness re-
quired in order to have a section with the same sectional moment
of inertia as the solid section. Basing consideration only upon
beam bending, to determine the increase in thickness of the hollow
section over the solid section, the section modulus of the hollow
section must equal that of the solid section. This gives:

" Equo 53

where T a thickness ratio of the equivalent hollow sectionv

4, = thickness ratio of the initial solid section2
and w ratio of inside chord to outside chord,

Equation 53 is plotted in Figure (49) with the thickness ratio
of the hollow section as ordinate and the thickness ratio of the
solid section as abscissa and various chord ratios.

The akin thickness, too, then becomes:

-T 14 qu.. 540

The ratio of the hollow section moment of inertia to that of
the solid section moment +t inertia, where the outsi&d chord
and thickness ratio for the two are identical, gives the de-
crease in bending moment. In other words, it given the doe-
arease in the margiii of safety or the factor of eafety to
maintain sero margin of' safety This watio in equal toIu
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Example: An indication of the effects of this structural
modification is shown with a 500-ton vessel. A

four-strut configuration with a limit hydrofoil loading of
2.2 ksf is selected. The structural material selected is
mild steel with r I I

From Equation 9, p. 26, the thickness ratio of the hydrofoil
becomes 13o55 percent for an aspect ratio of 20. Thus, the
hydrofoil area is 1020 square feet, the chord length becomes
7.15 feet, the span becomes 13 feet, and the maximum thick-
ness becomes 11.62 inches.

If the skin thickness of the hydrofoil is selected as 2.0
inches, then from Equation 54, ) z 0.701 (approx.) if -i * 15.6
percent. For that value of Jl ,Equation 53 yields ': z 15.58
percent. Hence, the thickness increases approximately 14.8
percent. However, had the thickness been held constant, from
Equation 54 (replacing '4 by Tv ) oj z 0.655, and
(0-j) 1-0o184 . 0.816. The factor of safety would then be
reduced from 2.0 to 196320

For a hollow strut to support the same axial column load,
the hollow strut must possess the sams least moment moment
of inertia as the solid strut because:

A t t

4, j 2L

thu",

= Squ. 55

Such variation is presented in Figure 50.

I-
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APPENDIX II

EFFECT OF TORSION ON1 HOLLON HYDROFOIIS

The effect of the shear stress due to torsion in hollow hydro-
foils must be combined with the normal bending stresses and the
normal shear stresses in determining margins of safety and skin
thicknesses for hollow hydrofoils. The torsional shear stress
for a hollow section is normally expresses as:

_r - ItAV Equ. 56

Since A u j . c. , the mean enclosed area becomes:

- h 1+ 2 k I
Am i2 o

- A Equ. 57

Substituting the value of Am from kquation 57 and the value
of t s from Equation 54 into Equation 56 gives:

T t h tC.5 Q (I A ) Equ. 58

The torsional deflection for a hollow hydrofoil of constant
section may be expressed as:

* 1Squ. 59

Hanp is the angle of twist in radians, 9 is the length
,zd*.r cotiideration in inches, 'T is the torque at length
in kp-inphM and K is the torsional oonstant of the sectionin inches4.

lhere -(Hef. 6) Xqu., 60

-and %1 is length of the median boundary.
For thin skins, UaPproximately equals !!b. + ( C h
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Thus, by substituting the above value for U, and the value of
Am from Equation. 57 into Equation 60,

K 'X Equ 61:
And Equation 59 becomes:

[7 ( ) 1

G Eu.6
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SYMBOLS

Symb Description Unit

Forward foil aspect ratio. -

At Aft foil aspect ratio.

6 Foil span used as lateral reference length. ft.

6m Forward foil span. ft.

b Aft foil span. ft

CD Total drag coefficient, based on S. -

CD, Forward foil drag coefficient based on S.--

Sco,, Forward foil parasite drag coefficient based
on Sm*

CC /ICL' Forward foil induced drag coefficient index
based on Smo

CD Aft foil drag coefficient based on St .

CDO Aft foil parasite drag coefficient based on St .-

2 /Aft foil induced drag coefficient index based
L on St,

Hinge moment coefficient. -

C4 Lift coefficient based on S. -

Forward foil lifu coeffMcient based on Sm.

C1. Forward foil lift curve slope based on Sm. I/rad.

C Aft foil lift coefficient based on St.

Aft foil lift curve slope based on St. -
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S!MOS (cont.)

SDescription Unit

Ct Rolling moment coefficient. -

eec. Typical lateral stability derivative.

CM Pitching moment coefficient.

£CC. Typical longitudinal stability derivative. -

C" Yawing moment coefficient. -

C x Longitudinal force coefficient. -

i Side force coefficient. -

Vertical force coefficient.

Forward foil center of area chord, Cax J .

O ft.
Aft foil center of area chord, r

D Differential operator, I/sec.

.Height o." wave surface above mean water level
at height measuring device. ft.

elm Distance of center of drag of forward foil
below center of gravity, ft*

4P Normal distance between thrust line and center
of gravity. ft.

Distanoe of center of side force on aft strut
below center of gravity. fto

4 Distance of center of drag of aft foil belcw
center of gravity.

P Roll angle xeasured by lateral sensing system. rado

£C()$,? 9 g~ Typical servo component transfer function.
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smMOLS (cont.)

Symbol Description Unit

Acceleration of gravity. fto/sec.2

hVertical disturbance of craft center of
gravity from equilibrium. ft.

H Laplace transform of h. ftaseco

Ix# Lateral product of inertia, slugs ft02

K Weight coefficient. -

a tt€C. Typical servo compon3nt gain ratio. -

Forward foil inertia coefficient.

Aft foil inertia coefficient. -

Roll radius of gyration. fto

Pitch radius of gyration. ft.

4 Yaw radius of gyration. ft.

Rolling moment- lb.fto

Longitudinal reference length. ft*

Forward foil arm. ft*

Aft foll arm. ft.

etc. Typical lateraL stability coefficient. -

Pitching moment. Ib.ft°

-Craft mass. slugs

ffle 44,4t Typjcal longitudinal stability coefficient. -

-lawing moment. lb. ft.

-Dynamic pressure, lb./ft. 2

_Terminal turning radius. fto
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S; lD escription Unit

Rate of tuni. rado/seco

Terminal rata of turn in steady turn. rad°/seco
S Reference areSa usually chosen as area of

largest foil. ft. 2

%m Area of forward foil. ft.2

IS$ Wetted side area of forward struts. fto2

S Wetted side area of aft foil struts. ft. 2

S Aft foil area. ft.2

6 Laplace transform variable, !/sec.

UJ Equilibrium forward speed. ft./see.

Forward speed pertibation from equilibrium, ft./Sec.

x Longitudinal force. lb.

Y Side force. lb.

Vertical Force. lb,

C(. Angle of attack. rado

Sideslip angle, positive for slipping to right, radG

Angle between thrust line and j< axis.
positive for thrust line inclined upward at bow. rad.

, 4 Flap deflection, either eymetric or as ymetric,
poeitive for left fljp tmiling edge down.

Rudder deflection, positive for trailing edge-to right. 
rad°

Aft foil deflection, positive for trailing edge-
down. rad,
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SYMBOLS (cont.)

Smol Description Unit

Laplace transform of rad.sec0

dklc.t Downwash angle gradient at rear foil due to
lift of forward foil.

Pitch angle, positive for bow up. rad.

Laplace transform of 0 rad.seco

Longitudinal density ratio.,/ -C -- WA

Lateral density ratio, ____ --

Water density. slugs/ft2

Time factorp l e

Roll angle, positive for right side down. rad.

Roll angle in steady turn. rado

_2 Denominator of longitudinal approximate trans-
fer function. Sec.
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I. INTRODUCTION

In this report the stability analysis is divided into two
distinct parts. Sec. II considers the general problem of
stability of a variety of types of hydrofoil configurations.
Sec. III presents the results of a basic stability analysis
for a test vehicle preliminary design which incorporates the
results of performance and structural studies.

A hydrofoil craft design based on rational consideration of
performance, strength and stability requirements must repre-
sent a series of design decisions and compromises. Performance
and strength characteristics can be studied rather generally
by the use of design charts representing envelops of limiting
configurations which conforn to certain reasonable fixed
criteria. Unfortunately, the stability of families of configu-
rations cannot be studied usefully in this manner because of
the complexity of the requirements and the lack of definite
numerical criteria. In general, it is only possible to present
the results of detailed studies of specific configurations ane
an outline of the relative advantages or disadvantages of each
configuration studied.

Sec. II includes a group of necessary conditions which must be
satisfied in order to demonstrate minimum satisfactory stability
characteristics. Equations for the investigation of these con-
ditions are derived and presented in terms of dimensionless
coefficients.

Various types of hydrofoil configurations are discussed from a
purely functional point of view. No attempt is made to evaluate
the merits of complete craft employing the foil types mentioned.

The investigation of stabilization of completely submerged foil
configurations by movable controls was first suggested to the
personnel of this project by Dr. Vannevar Bush. This method of
stabilization has since pcoved to offer the most promise for
th ty, ofI crf - -Wsh U. =PC. repo U mos iti.
concerned. During the course of the investigation, Dr, Bush
has made many valuable suggestions concerning the methods and
the control systems used in achieving stability by this means.

Sec. III presents the results of an investigation of necessary
stability conditions for the proposed test vehicle. This
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vehicle is designed to demonstrate the performance of a type
of hydrofoil arrngement which can achieve lift to drag ratios
in a useful range for transportation vehicles. The stability
system used in this craft makes use of movable controls on
ccmpletely submerged foils and the analysis of the system
follows servomechanism methods.

The heavy reliance on theory in the stability considerations
of this report is in marked contrast to the experimental
methods used almost exclusively by previous investigators in
the field of hydrofoil craft. This report is intended as a
theoretical background for the study of load carrying hydro-
foil craft and the manhods, assumptions and equipment presented
here must be proven m-erimentally before the theory can be
accepted as properly representative of the behavior of this
type of vehicle.

Symbol notation is similar to the notation used in aircraft
stability analyses. Whenever possible, the notation is ar-
ranged to avoid confusion with the symbols used in the struc-
tures and performance divisions of this report. However, all
the symbols do not conform with the notation of the other
divisions and the list of symbols is intended to apply to
this division only,
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II. ANALXSIS OF STABILITY AND CONTROL

In this section, methods for the investigation of stability and
control of hydrofoil craft are developed. The analysis presented
is intended to be applicable to a hydrofoil craft when operating
completely supported on its foils. The very important trim con-
siderations during take-off can be treated by methods similar to
those used in hull design and a useful treatment of this subject
is beyond the scope of this report.

Part of the purpose of this section is to present a summary of
literature available on the subject of hydrofoil craft stability.
Many of the references given in this report contain information
on stability of specific configurations. However, the total of
the information available is fragmentary and often simply qualI-
tative so that a comprehensive study and comparison of the con-
figurations which have been tested is not possible. The summary
of configurations includes the broad aspects of the stability
characteristics of most of the important hydrofoil craft which
are discussed in the available literature.

The methods and nomenclature associated directly with the theo-
retical stability calculations of this report are most closely
related to those employed in the study of aircraft stability.
Some of the investigation employs the methods and nomenclature
of electrical engineering and servomechanism analysis. The ref-
erences which are cited as detailed background for the equations
presented here are recommended for clarification of nomenclature
for those not familiar with these fields.

Although the theoretical treatments of various types of hydrofoil
craft follow parallel lines, the practical achievement of dif-
ferent types of designs may require very different approaches°
Hydrofoil craft aith foils which pierce the surface or plane on
the surface usually have characteristics which are best investi-
gated experimentally. This has been the approach of most design
efforts to date. The theoretical analysis which is presented in
this report is of limited usefulness in the development of such
a craft. On the other hand, a configuration employing foils

h4ch arc completely submerged at all tims can be investigated
quite thoroughly by the methods of theoretical hydrodynamics and
free body dynamics. These differences in design procedure are
discussed in greater detail in the portion of this section which
deals with hydrofoil configurations.
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A. STABILITY REUIEYENTS

A hydrofoil craft has stability requirements which are a combina-
tion of those found in aircraft and ships. The proximity of the
foils to the water surface imposes requirements similar to those
found associated with displacement or planing surface vessels.
The craft must stay at a proper attitude with respect to the
surface and it must be capable of operation in waves oravells.
On the other hand, its lift and control members operate by pres-
sure induced by their shapes, attitudes and speed through the
water. A satisfactory specification for stability requirements
must recognize the similarities and differences of the principles
of operation of hydrofoil vessels and other types of fluid-borne
vehicles.

Various types of hydrofoils are potentially capable of operating
usefully over a wide range of conditions. In the actual design
of a vessel, emphasis should be placed on best performance for
one particular type of operation and this will almost always
penalize the performance for other purposes. In the same way,
the emphasis in designing for stability will be determined by
stability requirements which depend to a certain extent on the
region of operation. Thus, a specific requirement which may be
loosely specified and easily achieved for one type of craft may
be very critical and difficult to accomplish for another. How-
ever, in spite of where the emphasis is placed, all the baic
requirements of stability must be present in some form for every
craft and for all operating conditions.

1. PERFORMANCE CONSIDERATIONS.

In another section of this report, the performance potentiali-
ties of hydrofoils as load carrying devices are analyzed. There
are several types of water-borne vehicles with design emphasis
on different features for which hydrofoil designs potentially
offer distinct advantages over displacement vessels.

a. High Speed.

The design emphasis for most existing hydrofoil craft
has been on speed, Howevcr, there are no available reports which
show comprehensive studies of the problem of obtaining high speed.
There are some reports, such as in Ref. ( 1 ), on the develop-
ment of foil sections to inhibit incipient cavitation without a
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clear demonstration of the effect of cavitation on high speed.

The stability problems peculiar to craft designed specifically
for high speed appear to be divided roughly into two types,
First, the trim and stabilization must be achieved with the
smallest possible drag penalty. This does not necessarily
mean that the lifting surfaces should also be used for stabili-
zation. It may turn out to be of considerable advantage to
develop the beat high speed configuration and then stabilize
it with surfaces which are for that purpose alone. The second
consideration is that the craft must be able to respond to
waves sufficiently to keep the hull out of the water without
riding excessively hard. The problem of providing proper wave
response at very high speeds may be the most important single
factor in the selection of a final configuration.

b. Lift-to-Drag Ratio.

A performance parameter which is of greater importance
than high speed for hydrofoil craft intended as transportation
vehicles is the ratio of lift to drag. In another section of
this report the means of obtaining good lift-to-drag ratios
with foil systems designed to reasonable structural strength
criteria are explored. A basic lifting 2U1 with relatively
high aspect ratio that operates copletely below the surface
appears to be capable of achieving lift-to-drag ratios of a
high enough order to be acceptable for many transportation
purposes at reasonably high speeds.

Two arrangements employing high aspect ratio foile offer the
most promise. One configuration consists of a single, large
foil supporting most of the weight of the craft and small auxi-
liary submerged foils for balance purposes. Another configura-
tion is a tandem arrangement of two foils, each of wich carries
a part of the craft weight. Neither of these foil systems has
height-seeking stability so that some type of stabiliamtion
must be provided.

The stability analysis of this report is particularly applicable
to exploring means of stabilizing completely submerged foils.
Lt must be kept in mind that in order to achieve the best over-
all vehicle design, the drag due to stabilization should be as
small as possible.

2. WAVE RUSPONSE

The requirements for wave response characteristics of hydro-
foil craft can only be specified in general terms without actual
operating experience. The riding qualities of any craft must lie
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somewhere between two conflicting ideal requirements. From
the point of view of crew comfort; the craft should position
to the mean location of the water surface and not respond at
all to surface irregularities. From the point of view of
keeping the hull out of the water, the craft should follow
the surface very closely. In general, neither of these char-
acteristics would be satisfactory and sometning in between is
desirable, depending on wave height and speed. The actual
characteristics of a craft will be a further compromise be-
tween the response characteristics which are finally chosen
and the extent to which they can be achieved within the selec-
tion of configurations available for the design.

Without attempting to write rigid specifications, it is possi-
ble to outline some qualitative response requirements. The
craft should ride perfectly smooth on water with a chop light
enough so that there is no danger of water hitting the hull,
As the wave size increases, the craft should tend to follow
the waves more closely. For large waves, it should follow
almost exactly. The actual size of waves for which these
regions of response characteristics apply is determined by the
clearance which the hull is intended to maintain above the
water surface. Tight following action ihould begin at wave
height about the same as the clearance dimension.

In order to find the expected frequencies of encountering
waves for various speeds, wave heights and directions of travel,
it was necessary to consult a study of wave characteristics.
From the information presented in Ref. ( 2 ), the following
general properties of deep water waves appear to be reasonable
assumptions for frequency response purposes:

Length to height ratio averages 17 for waves less
than 100 feet long. Height is measured from crest
to trough and length from crest to crest.

have velocity can be computed from deep water wave
theory:

C of L (

C - velocity of advance (ft./see.)
g - acceleration of gravity (ft./sec.2 )
L - length of wave (ft.)
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Deep water wave theory indicates that water parti-
cles have a circular motion and the diameter of
the circle at the surface is the wave height.

The diameter of the circle of wave motion decreases
with depth according to the formula:

d T"

d * diameter of circle at depth y. (ft.)
do w diameter at surface. (ft.)
y c depth of center of circle. (ft.)
L n wave height. (ft.)

The period of the motion does not change with depth
so that velocities decay ,ith depth in the same
manner as the particle circle.

Fig. (1 ) shows the frequencies of encountering waves as func-
tions of wave height and craft speed for a following sea and a
head sea based on the assumptions above. These curves serve as
a guide to the disturbance frequencies and amplitudes that can
be expected for hydrofoil craft. Fig. (2 ) shows the orbital
motion velocities that can be expected at and below the surface,
based on these assumptions. These orbital motions may be im-
portant because of the load factors they can cause on foils
operating completely below the surface.

The conclusion which cani be drawn from this brief consideration
of wave frequencies is that every craft has a maximum rough
water speed, depending on three factors. These factors are
hull clearance above water, wave height and direction of travel
relative to the wave propagation direction, There is also some
wave size below which it is possible to operate the craft at
any speed without discomfort and regardless of direction of
wave propagation

3. NECESSARY STABILITY CONDITIONS.

In order to demonstrate that a hydrofoil vessel will main-
tain a desired attitude in calm water for an extended period of
time, a series of necessary conditions must be satisfied. No
single one of these conditions is sufficient to guarantee satis-
factory operation and the lack of any one of them will cause the



CONFIDENTIAL

craft to be unsatisfactory. They represent the minimum stability
requirements. Each of the quantitative measures of stability can
be modified by configuration or mechanism changes to achieve char-
acteristics which are more desirable for various ranges of operation.

a. Longitudinal and Lateral Trim.

The first requirement for stability is that there be some
attitude of equilibrium in steady undisturbed operation at each
speed.

For longitudinal trim where all forces and moments remain in the
plane of symmetry, the following relationships must be satisfied.
Lift equals weight. Thrust equals drag. The pitching moment
about the center of gravity must be zero.

Lateral trim places requirements on forces and moments notin the
plane of symmetry. The rolling moment about an axis through the
center of gravity and pointing in the direction of motion must
be zero, The yawing moment about a vertical axis through the cen-
ter of gravity must be zero. The side force in a direction normal
to the plane of symmetry must be zero in straight operation and
must be in balance with centrifugal acceleration and forces d-q to
the roll angle in a steady turn.

It should be remembered that these requirements are simply equili-
brium conditions and no mention has yet been made of the behavior
of the craft if it is disturbed from equilibrium.

b. Static Longitudinal Stability, Directional and Roll
Stability _

The next requirement ts that a craft which has an angular
disturbance from equilibrium must tend to return toward the equili-
brium position.

The longitudinal requirement is called "longitudinal static stabi-
lity" and specified that a disturbance pitch angle which raises
the bow must cause a bow down pitching moment on the craft.

There are two lateral static stability requirementse Directione_!
stability requires that a disturbance yaw angle with the bow to
the right from equilibrium must result in a yawing moment which
tends to turn the bow to the left. Roll stability requires that
a roll angle from equilibrium must result in a righting rolling
moment.

Note that the satisfaction of these requirements does not neces-
sarily imply that the craft will actually return and remain in the
equilibrium position following a disturbance.
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cO 'tability to Height above Surface.

In order for a hydrofoil craft to remain at the desired
height above the water surface, it must lose lIft if it rises
above that height and gain lift if it sinks deeper. This re-
quirement may be satisfied by having a bow down pitching moment
result from rising too high and the decreased angle of attack,
caused by the pitching moment; can then cause t!e decreased
lift. Regardless of how it is accomplished, a hydrofoil vessel
must demonstrate a tendency to return to an equilibrium height
above the water when it rises or sinks from that position.

d~. Dynamic Stability

In order for a dynamically supported vehicle to continue
to operate for an extended time, it must return to equilibrium
following a disturbance. This may be accomplished by a damped
oscillation or by an exponental decay of the disturbance, or
both. The failure to return to equilibrium may be evidenced by
a divergent oscillation or by an exponental divergence. The
occurence of a neutrally damped mode is usually considered un-
satisfactory dynamic behavior.

It might appear at first that dynamic stability is a sufficient
condition for satisfactory hydrofoil craft operation. However,
a configuration with fixed foils submerged completely below the
water can have angle and velocity disturbances damp to zero and
still lack height stability and have insufficient roll stability.

I
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B. CONFIGUR\TIONS ZVITIl ALL FOILS FIXED

There is a considerable body of technical literature reporting on
design, construction and testing of various hydrofoil craft. These
efforts vary from simple attempts to improve the high speed water-
borne characteristics of seaplanes to extensive testing of good
sized vessels and proposals for very large craft. Unfortunately
most of the literature is lacking in consistent test data and the-
oretical analyses so that it is not of great use as a guide for
new design attempts. *ith a few exceptions, the craft about which
reports are available have employed foils fixed rigidly to a hull
and operating at the surface of the water.

A fixed foil system at the surface of the water is intended to
accomplish four purposes. First, it must iupport the weight of
the craft. Second, it must tend to maintain the craft at some
specific average height above the water surface. Third, it must
provide roll stability by tending to right the craft if it should
start to roll over.- Fourth, the system must be dynamically stable
both laterally and longitudinally so that disturbance amplitudes
subside instead of increasing.

In most fixed hydrofoil craft to date, the underwater configura-
tion has consisted of two foil systems in tandemwith the craft
center of gravity located somewhere between themo In almost all
cases both systems have been designed to contribute directly to
the first three objectives mentioned above. Thus, the lifting
surfaces are required to provide height and roll stability so
that the foil designs become comromises in order to satisfy
several requirements. Little thought has evidently been given
to the design of foils to best accomplish each separate objec-
tive. The possibility of designing a foil to give the best lift
and drag characteristics for a specific application and then sta-
bilizing it with foils specially designed for that purpose appears
not to have been explored in the literature. Such a design
philosophy should yield better craft for both performance and
stability than designs where foils are required to perform several
functionso

Hydrofoils which contribute to height or roll stability by opera-
ting at the water surface can be divided roughly into three
classes, according to principle of operation,



CONFIDENTIAL Ii

1. SLANTINj FOILS

One type of hydrofoil which has been used extensively has
its lifting members at a slant Hith respect to the water surface.
They are usually shaped like a " V " or " U" in front elevation
and planforms are sometimes constant chord and sometimes tapered
to a smaller chord at the center. Ahen a craft using this type
of foil settles Into the water below the equilibrium position,
added foil area is submerged and the lift increases, causing the
vessel to rise. A righting rolling moment is also developed
when the craft rolls if the center of gravity is not too high.

There is a large amount of descriptive literature about craft
incorporating this type of hydrofoil, but very little consistent
data on the foils themselves. Ref. ( 3 ) describes several craft
using 'V" and "U" foils of various types. Ref. ( 4 ) contains
some data on their characteristics.

There are several types of slanting foils which have not appeared
in the literature but which might prove to have desirable charac-
teristics. The "inverted V", the "W, and "inverted W" foils
might give better roll stability than the "V" or "U" foils.
Another type of foil system which has structural advantages looks,
in front elevation, somewhat as follows, "</ o

The initial design of hydrofoil craft using slanting foils for
lift or stabilization, or both, is severely hampered by lack of
data on their operating characteristics. Scale effects have not
been properly evaluated and unsteady lift characteristics have
not been investigated in any quantitative manner. Until such
investigations have yielded basic data on the characteristics
of slanting foils, the design of hydrofoil craft employing them
must remain largely a matter of testing models of progressively
larger sizes in order to develop a satisfactory configuration

2. PLANING FOILS

Several successful hydrofoil craft designs have employed
planing surfaces to position the craft with respect to the water
surface. Such surfaces have no better performance characteris-
tics than conventional planing hulls so they are not used for the
main lifting system. However, as stabilizing surfaces, they are
quite satisfactory because they provide a very positive tendency
to locate the craft correctly with respect to the water surface.
Their principal disadvantage is their tendency to skip and their
generally light damping of 4isturbance motions,
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From a design standpoint the planing foil has the advantage that
the characteristics of planing surfaces have been studied exten-
sively by hull designers. This information can be used directly
for the design of planing foils for hydrofoil craft. Ref. ( 5 )
contains descriptive material on the use of planing foils for
hydrofoil craft.

3. LADDER FOILS.

A vertical cascade of horizontal foils mounted like the rungs
of a ladder will provide height stability. Such a system is par-
ticularly attractive for performance because area which is not
needed for lifting is raised out of the water and its drag is
eliminated. By placing "ladders" on each side of a craft, ex-
cellent roll stability is attainable. Several designs have been
tested with some portion of their foil system employing this
principle. Ref. ( 6 ) describes craft using "ladder" foils.

Unfortunately the rough water characteristics of this type of
system are undesirable. If the craft is running at high speed
on the lower rurs of the ladder, with the others raised out of
the water, and it encounters a wave which submerges the other
foils, the lift and drag of the "ladder" can be increased three
or four times. Such load factors are very hard on the structure
and the craft's occupants. At least one instance of the destruc-
tion of a craft from this cause is noted in the literature.

The steady characteristics of a lifting foil cascade operating
near the surface can be treated theoretically by incompressible
cascade theory so as to yield answers sufficiently accurate for
preliminary desiga purposes. However, the problem of the unsteady
characteristics of such a system, especially as foils enter or
leave the water, can be treated best experimentally. No consis-
tent test data on foil cascades appear to be available.

4. DERWATER WINGS.

The well-developed theory of lifting surfaces operating in an
incompressible fluid can be used to predi.ct the lift and drag-due..
to-lift of a completely submerged hydrofoil. The effect of the
surface can be predicted hy assuming that it is a flat, free sur-
faco and using the prLnciplu of reflection. The effect of specified

surface irregularities can be treated, although the mathmmatics
would be involved. There are even some closed solutions, in Ref.
( 7 ), for two dimensional wings which include the disturbance
of the surface due to the presence of a lifting hydrofoil and the
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resulting effect on the hydrofoil. This extensive theoretical
background and the vast amount of test data on wings operating
in air are available for the design of hydrofoils which operate
completely under water at all times, Such methods make it possi-
ble to design underwater wings which best perform some specified
type of operation. The limits imposed by cavitation and by "air
cavitation" can be estimated theoretically, but only determined
accurately by experiment. To date, no hydrofoil craft described
in the available literature has been desigmed to taxe advantage
of this theoretical and experimental background.

The great disadvantage of the fixed underwater hydrofoil is that
it is not stable to height or roll, and neither are combinations
of foils of this type alone. Dihedral in a foil witli the tips
submerged does not give satisfactory roll stability because of
the high center of gravity inherent in hydrofoil craft. The high
center of gravity also means that dihedral does not produce the
same effects as it does with aircraft which employ it to improve
lateral dynamic stability. Special means of stabilization for
both height and roll ara required in order to take advantage of
the desirable and predictable performance characteristics of the
fixed underwater hydrofoil.

5, COMBINATIONS OF FIXED FOIL TYPES

Many of the successful hydrofoil craft reported in the li.tera-
ture have employed two or more types of hydrofoils for the overall
configuration. These combinations are intended to take advantage
of certain characteristics of som of the foils mentioned above
in order to achieve designs with some desirable stability, per-
formance or rough water behavior. Ref. (8) describes several
craft of this type.

There are some general principles which are usually followed in
these designs. Planing foils are almost always located forward
because they have strong depth stability and poor lift curve slopes.
Slant ng foils are used most widely and usually serve for main lift-
ing surfaces as well as stabilizing members. "Ladder" foils are
usually located symmetrically on opposite sides of a craft to help
give roll stability.

A configuration which ca combine the low drag-due-to-lift of the
completely submerged foil and the positive stabilization of the
planing foil offers excellent possibilities for a satisfactory
overall craft. A self-propelled test craft using planing foils
forward and a high aspect ratio underwater wing just aft of the
center of gravity has been tested extensively as part of the pre-
-sent investigation. This craft is very stable and well damped
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laterally and longitudinally. It has excellent take-off, landing
and rough water handling characteristics. The turning properties
are, in general, excellent although it is possible to raise the
forward planing foil on the inside of a turn out of the water by
suddenly applying rudder to tighten the turn. No special skill
is necessary to operate the craft.

The purpose of the test vehicle was to obtain experimental data
on the performance of the type of foil-strut configuration which
is recommended in the division of this report dealing with per-
formance. The forward planing foils were used because it was
felt that they would give satisfactory stability with a minimum
of detailed development. Measurement of the drag of the entire
craft shows that the forward foils impare the craft performance
quite severely and that the best performance is obtained when the
forward foils are most lightly loaded, which corresponds to the
most aft permissible center of gravity location°

No detailed stability analysis for this test vehicle is presented
here because of the lack of data on the properties of planing
foils and the uncertainty in methods for computing stability
derivatives for such configurations. Even such simple calcula-
tions as static trim yield very uncertain results because of lack
of data. However, the dynamic stability equations presented in
a later section of this report apply to this as well as the other
fixed foil configurations. Presumably it is possible by experi-
ence to develop techniques of hydrofoil craft design to the point
where dynamic stability analyses have real meaning for fixed foil
craft. Lacking such experience, the best stability analysis ap-
pears to involve building a craft and trying it out.
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C. CONFIGURATIONS WITH ALL FOILS SUBMRGED AND MOVABLE CONTROLS

In the logical development of a dynamically supported water-borne
vehicle, a configuration with all lifting and stabilizing sur-
faces submerged offers considerable promise for several reasons.
Foremost among these reasons are freedom from surface irregulari-
ties, theoretical and experimental information available for
design, and better performance because of lack of surface wave
drag. There is also the advantage of simple control of "air cavi-
tation" and theoretical prediction and, under some conditions,
elimination of cavitation,

Balanced against .. e advantages are the difficulties resulting
from the necessity for movable controls required for trim and
stabilization,

lo SINGLE FOIL CRAFT

From a performance standpoint, the most desirable configura-
tion is a single underwater wing. A straight wing alone support-
ing a load several chord lengths above it would be very difficult
to trim for a stable center of gravity location. This configura-
tion might be made to give satisfactory stability if the foil bad
a high aspect ratio and was swept back. Such a foil has not been
considered in this investigation because of the difficult struc-
tural and hydroelastic problems.

2. STABILIZER FCHWARD

A configuration which can be trimmed for a stable center of
gravity location and has good longitudinal damping consists of a
large foil just aft of the center of gravity and a small stabili-
zing foil formard. One advantage of this configuration is that
the downaash from the main lifting foil does not affect the lift
uf the stabilizing foil. For most configurations, the separation
of the foils will be large enough compared to the stabilizing
foil span so that its downwash will not have a large effect on
the main foil.

Several promising-looking configurations with this arrangement
were investigated for longituidnal trim and sta:ility. It was
found that this configuration has unsatisfactory allowable center
of gravity travel, due largely to the high center of gravity lo-
cation inherent in hydrofoil craft. The aft center of gravity
limit is determined by static stability The high center of
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gravity location causes the neutr.al point to be farther forward
than it would be if the center of gravity were located at the
same height as the main foil. The foriyard center of gravity
location is limited by stalling of the stabilizing surface at
take off due to the required trim load, Since liberal limits
on center of gravity travel is one of the characteristics which
is desired in any useful vessel, this limitation imposes a
severe handicap on the configuration.

3. STABILIZER AFT

ThD conventional aircraft configuration consisting of & main
lifting surface just forward of the center of gravity and a sull
stabilizing surface aft offers satisfactory trim, stability and
damping. However, all three of these quantities arc Iniluanced
by the effect of main foil dotmwash on the stabilizing foil. Also,
the trim loads on the stabilizing foil act downward so that the
maximum ift coefficient of the craft suffers. An advantage of
the configuration is that the main foil operates in undisturbed
iwater°

Several variations of this configuration were investigated for
trim and stability. It was assumed that the dcwr wash at the
stabilizing foil due 'o the lift on the main foil was the .uUl
theoretical value, including effect. of the water surface° This
is a consarvativc assumption for stability and a non-conservative
assumption for longitudin al damping. The ponassible travel of
the center of gravity for the configurations investigated proved
satisfactory, although at the most forward center of gravity lo-
cation the lift-drag ratio suffered due to a down load on the
stabilizing foil. in general this configuration appears to be
quite satisfactory for hydrofoil craft.

4. TYPES OF cOOWROL SURFACES.

The purpose of control surfacos is to impose forces or momsnts
on the craft in order to trim it aid to correct orientation errors.
Some special control elements such as spoilers, slots, rotors,
variablc camber or auction could possibly be used on a hydrofoil
craft. Nowevor, the consideration of control devices in this in-
vesti.atoii w5.1 be conUmd to movable surfaces.

Vor the type of hydrofoil craft considered in this section, the
control surfaces must perform two typos of functions. First, they
must trim the craft longitudinally to the proper lift coefficient
and trim in roll to counteract. asymmetric loading. This function
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can be accomplished by relatively slow deflection of tho controls.
The second function of control surfaces is to maintain proper
height above the water and correct tendencies to roll. The speed
at which the surfaces must move for this purpose depends on the
geometry of the craft and on its velocity. Control deflection
rates of the order of 600/tiec. and frequencies of the order of
two cycles per second are typical of requirements of craft for
which detailed calculations were made.

a. All-Movable Surfaces

One or more of the foils on a hydrofoil craft can be
mounted on bearings and rotated in pitch to provide pitch
and roll trim and stabilization. Such foils should be mounted near
their aerodynamic centers to minimize the control loads. It is
not necessary to move both forward and aft foils since their re-
lative angular attitude determines the lift coefficient for
longitudinal trim. However, if it is required that the hydrofoil
craft hull remain level at all speeds, both foils must be able tc
move. It is ordinarily desirable to have roll controls deflect
differentially in order not to change lift coefficient when apply-
ing a rolling moment.

The structural and mechanical problems associated with mounting
the main lifting foil on bearings have been considered as a
general design problem. Such an arrangement would be difficult
for design, construction and mainenance. There appear to be
simpler means of accomplishing longitudinal trim and stability
so this type of control has not been used in any detail design.
Its hydrodynamic advantages are spanwise lift distribution,
which does not change with deflection, and profile drag, which
is not harmed by hinges or gaps. Roll control with an all
movable main foil might be accomplished by twisting the foil or
by splitting it in the center and having the two halves deflect
separately.

Stabilizing foils can be mounted on bearings and rotated rather
simply because the static loads on them are usually a small frac-
tion of the weight of the craft. Such foils can be designed with
a small enough aspect ratio to be mounted on a single strut. This
makes the bearing problem somewhat simpler by removing the ten-
dency for bearings to bind which can occur with multiple strut
configurations. The control effectiveness of all movable stabili-
zlng foils is excellent. The all movable stabilizing foil has
the advantage of removing the hinge, control surface gap, and
actuation problems from the design of a surface which should be
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kept as thin as possible to reduce the drag.

b. Hinged Control Surfaces

The type of control surfaces which are used almost exclu-
sively on aircraft can be adapted theoretically to hydrofoil craft
design quite easily. The practical problems of hinges, control
actuation., high hinge moments and gap seal appear to be somewhat
exacting design considerations. Hinged control flaps offer the
advantage of permitting the main structure of the foil to be
rigidly attached to the hull and still be effective in applying
control forces and moments. For small deflections, these sur-
faces do not have a marked adverse effect on the drag if they are
properly designed. Such design is complicated for hydrofoil craft
by the very high surface loadings, the desirability oX thin foils.,
the submersion in water with the attendant lubrication problems,
and the difficulties in sealing the gaps between the main surface
and the movable portion.

Control surfaces on the main lifting foil serve the purpose of
altering lift without changing the craft pitch angle and of
applying a rolling moment. These surfaces can extend along the
entire span or can be located over some portion of the outbound
part of the foil. Partial span flaps alter the spanmise lift
distribution which is detrimental to the induced drag of a properly
designed foil. Also a redistribution of load can be difficult from
a structural design standpoint° Despite the difficulties involved
in their design, hinged flaps can be placed on foils whose physical
dimensions are large enough to permit location of the necessary ac-.
tuation me-chanism. They appear to offer the simplest solution to
control of the forces and moments on a main lifting foil.

Stabilizing foils can be made similar to the elevators on aircraft,
Hydrodynamically they are very satisfactory, although they usually
have a somewhat smaller trim range than the all movable stabilizer
The difficulty encountered in their design is that the physical
dimensions of a stabilizing foil designed for stability, trim and
damping of the craft will generally be small except on very large
craft. The design of internal hinge and actuation mechanisms is
very difficult under these circumstances. External equipment is
detrimental to both drag and control effectiveness. This problem
could possibly be solved very satisfactorily by the use of a non-
binding piano hinge arrangement and torque tube actuation. No
attempt has been made to design such equipment under the present
investigation. Use of trim tabs is a next logical step for con-
trol surfaces on large craft,



0 0 N F I D E N T IAL 9o

No investigation has been made to determine the size craft for
which hinced stabilizing foil control surfaces begin to offer
design advantages.

The hydrodynamic characteristics of hinged control surfaces have
been studies extensively in connection e'tith aircraft design,
Refs. (9 and 10 ) contain excellent summaries of design informa-
tion covering a wide variety of contro surfaces.

F
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D. CONTROL SYSTEMS FOR CRAFT 7ITH MOVABLE SURFACES

It has been demonstrated that hydrofoil craft with all foils
submerged must have control surfaces which trim and correct
orientation errors. In the following section the possibilities
for actuating the surfaces and for control of the actuators are
explored.

1. ORIENTATION SENSING ELEMNTS

In order for a hydrofoil craft to remain at a fixed height
above the water and in an upright position., there must be some
means of correcting its attitude when it differs from the de-
sired orientation. For a fixed foil craft this is done by
having forces or moments act on the foils due to theteror in
attitude, For the type of craft under consideration here, some
device must be made to sense the error and transmit it to the
control surfaces. This function cat be accomplished in a
variety of ways, depending on the nature of the desired signal.

a, Water Suface SensinM

The most obvious means of stabilizing a hydrofoil craft
is to have the control surfaces move in response to errors in
its attitude with respect to the water surface. This is the
function which is performed by surface foils and by a ship's
hull. The most useful information about attitude vith respect
to the surface is height above the water and roll angle with
respect to it. Another attitude which might be important for
some craft is pitch angle with respect to the surface. The
first two items of information can be obtained by determining
the location of the water surface at two pcints located sym-
metrically on opposite sides of the craft. The average of
these readings gives the heightSand their difference, the roll
angle. A third point located in the plane of symmetry, but not
in line with the other two, would give pitch angle and deter-
mine the plane of the water. This is the maximum amount of
practical information about orientation obtainable by this
method2  The information can then be used to dictate how far
to deflect the surfaces in order to correct orientation errors.
There are a variety of ways by which attitude with respect to
the water surface can be obtainedo
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(1) Hydrodynamic Pressure.

The ratio of dynamic pressure in air and in water
at the same velocity is the ratio of their densities. It is
possible to detect the surface of the water with a moving ob-
ject by detecting the total head pressure and determining whe-
ther it corresponds to air or water.

A vertical row of pressure orifices can be made to control the
static pressure in a chamber so that there is a unique rela-
tionship between height of the orifice array and the pressure
in the chamber at a given speed. The pressure in th chamber
can then be used to control the flap deflection or actually
used to operate the actuator. There are several difficulties
with this system. No design is immediately apparent which will
have fast enough response to meet hydrofoil craft requirements
and yet be compact enough for installation in the supporting
struts. The hydrostatic pressure varies ith speed so a pres-
sure sensing device will not operate in the desired manner.
The pressures available are too low to operate controls for
any but the smallest craft.

A more promising system makes use of a vertical row of pressure
sensing buttons which teil simply whether they are in water or
air. Such a step system will act almost like a linear system
if the buttons are close enough together. The signal from such
buttons would be electrical or mechanical.

(2) Hydrostatic Pressure0

Theoretically, a very good way to detect depth is
to measure hydrostatic pressure. Practically, this is very
difficult because it is hard to find a place on a moving body
where the pressure is hydrostatic and will remain that way for
all angles of attack and yaw. The hydrodynamic pressure is
usually so much higher than the expected hydrostatic errors
that very small pressure coefficients can give large false
hydrostatic pressure signals.

(3) Float or Skating Foilo

One successful hydrofoil craft based on the movable
surface principle uses a small skating foil to detect the loca-
tion of the water surface. Re. ( i ) presents the principles
of the design of this craft, called the Hook Hydrofin, in some
detail.
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The use of a positive mecnanical follower to detect the loca-
tion of the water surface is very attractive because of sim-
plicity and reliability. Such a follower can be used to
operate the control surfaces if hinge moments are not too
large. Other possible applications include operation of a
potentiometer or selsyn transmitter or a hydraulic valve by
the action of a surface follower.

Whether or not mechanical ruggedness is a real design problem
for floats or skating foils can only be determined by their
actual use in rough water.

(4) Electrical 6ystems.

There are several types of electrical fluid
sensing devices which can be used to detect the location of
a water surface. Commercial capacity-type fuel gauges might
be applicable, although the conductivity of water would pro-
bably make their use difficult. However, a high frequency
capacity device could probably be made to operate satisfac-
torily. Making use of the electrical conductivity of water
results in a much simpler typs of device. The difference in
electrical conductivity between sea water and fresh water is
not sufficient to require different equipment in this type of
arrangement. The water can be made to lose a series of direct
or alternating current circuits$ each of which corresponds to
a particular water level,

be Motion Sensing

Certain types of respo-3e or damping qualities can be
artificially imparted to a hydrofoil craft by having the con-
trol surfaces respond to motions of the craft without reference
to the water surface. This means might be required under cer-
tain circumstances to inhibit porpoising or other undesirable
dynamic behavior of a craft which has proper height sensitivity.

(1) Accelerometer.

VerticalIfore and aft or side accelorations can
be detected by accelerometers and the signals translated into
control surface deflections. The signal can also be integrated
electronically to give velocity or displacement signals if they
are desired. Angular accelerometers can also be used to detect
pitching, rol).ing or yawing aocelerationas and their signals
caa likewise be integrated. The riding qualities of a hydrofoil
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craft might be improved by use of a vertical accelerometer
if the amount of improvement warranted the added complication.

(2) Gyroscope.

Angular orientation and rate of angular deflec-
tion can be used as a signal for control surface deflection.
Gyroscopes, to accomplish this end, have been developed for
aircraft autopilots.

(3) Flow Direction Vane.

Angle of attack and angle of sideslip can be de-
tected, measured and translated into control surface deflection
by the use of flow direction vanes. Such vanes can be of the
weather-vane type with a selsyn follower or a nulling follow-up
type which has controlled damping properties.

(4) Strain Gauge,

The output from strategically located strain gauges
can be used as a signal for control surface deflection. Such a
use would probably be principally as a structural safety feature
to relieve loads before they cause failure.

ca Command Signals

One of the simplest ways to govern the movement of con-
trol surfaces is in response to command signals from the craft
operator. A craft incorporating only command control would
have to be flown continuously whenever it was up on the foils,
In theory, such an arrangement might work in calm water. The
section on wave respcnse indicates that the frequency of en-
countering waves is too high for a human pilot to follow, even
at relatively low speeds. No fUrther consideration has been
given to designs based on this means of obtaining height or
roll stabilization.

Command signals are necessary for steering the craft. For this
application it is essential that the means of steering be so
arranged that it is not possible to turn so tightly that some
essential portion of the lifting system leaves the water.

The roll and height control systems can be provided with manual
overrides for take-off purposes or for emergency landings in
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the event of a stabilization system failure. Further investi-
gation and experience in operation may reveal other circum-
stances under which a manual override or even a full command
signal control system might be desirable.

2* CGTROL SURFACE ACTUATORS

On a craft with movable surfaces, some means must be pro-
vided to supply the moments to move the surfaces. Surface actu-
ators can be divided roughly into two classes. The first class
provides a given amount of moment and the surface moves until
the hinge moment from the water just balances the applied moment.
In order to use such a system it is necessary to know both how
effective the surface is and how much hinge moment it needs. The
second class deflects the surface a given amount and holds it
there anless the resisting hinge moment is greater than the maxi-
mum available control moment. This system does not require de-
tailed information about hinge moment characteristics of the
surfaceso

r in general, the second class of control actuator is superior
because of its freedom from the very uncertain hinge moment

characteristics of hinged control surfaces.

A consideration which is easily overlooked in the selection
of control actuators is the control power required. The speed
with which a surface must be actuated should be considered to-tgether with the moment required. Sometimes a low force actu-
ator and a high mechanical advantage look promising until the
actuator travel and power are found to be prohibitive.

a. Mechanical

Control surfaces can be operated by purely mechanical
means for some applications. Manual systems are usually ar-

ranged to transit control loads from a wheel or stick directly
to the surface by means of cables, push rods or torque tubes.
Controls for steering are an excellent application cf such a
system if the loads are not too high.

Buoyancy or hydrodynamics force on a float or small planing
foil is also a possibility for the operation of a mechanical
system. The size of the float or foil tends to become large
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in order to provide sufficient control power for any but small
hydrofoil craft. This type of control system must be so ar-
ranged that the moments from the surface are not large enough
to force the foil or float away from the water surface. A
system such as is described here might be quite satisfactory
for small pleasure craft.

b. Hydrodynamic Pressure

Ram pressure available from water which is trapped in
a total head tube on a hydrofoil craft can be used to operate
controls. This pressure, of course, varies with speed so the
control system would probably be of the force type instead of
the displacement type. Ram pressure is about 17.4 lb./in. 2

at 50 ft./sec. (34.1 m.p.ho or 29.6 knots). The force avail-
able from a system operating at this pressure limits the type
of control system very severely. Requirements of control power
might make the flow required at such pressures prohibitive.

c. Hydraulic

The familiar hydraulic act.uation system- can be usod 4o

move control surfaces. Hydraulic motors are not ordinarily re-
commended for this purpose. Hydraulic cylinders are usually
most satisfactory for this type of application. There is no
question about being able to obtain sufficient control force
or power from a hydraulic cylinder system. However, careful
design is required in order to achieve satisfactory frequency
response characteristics. For a properly designed hydraulic
system, the frequency response is far better than is required
for any contemplated hydrofoil craft application.

The hydraulic pump can be driven by an engine or, even better,
by an electric motor for that purpose° Hydraulic system com-
ponents are simple, inexpensive, light, small and reliable,

d. Electrical

beveral types of irreversible electric actuators are
available for operation of control surfaces. An electric motor
with a gear train or worm drive is quite satisfactory if con-
trol speeds are not high. As control loads increase, it is
increeAingly difficult to find electrical actuators which have
enough power and can still meet frequency response requirements.
The best high-power, high-frequency-response electrical actuator
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is the amplidyne. However, at about 2 horsepower, the fre-
quency response of amplidynes is just marginal for hydrofoil
craft. It is quite probable that stable amplidyne actuators
could be designed in larger sizes and with the required fre-
quency response*

e. Pneumatic

Very little information is available on the use of
pneumatic actuators for high load and high frequency response
applications. It is known, however, that the principal reason
for failure of hydraulic systems to meet frequency response
requirements is due to the cushioning effect ofL air dissolved
in the hydraulic -fluid, This difficulty is overcome by opera-
ting a hydraulic system at high pressure, which compresses the
air and increases the fluid rigidity. A high pressure pneu-
matic system might be a possibility for a hydrofoil craft
control actuator.
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E. STATIC STABILITY AND TRIM

There are several necessary conditions which must be satisfied
'.n order that a dyndmcally supported vehicle operate satis-
factorily. Thsse conditions specify that in undisturbed
operations, the su~nmations of forces in any direction, or
moments about any axis, be zero. Furthermore, there must be
an initial tendency for the craft to return to equilibrium if
it is disturbed. These are necessary conditions for stability
but they are not sufficient conditions to guarantee stable op-
eration. Stability and trim both apply to two separate types
of equilibrium. The longitudinal case involves lift, drag,
thrust and pitching moment. The lateral case involves rolling
and yawing moments. Trim conditions are investigated to deter-
miM the balance of the craft. otatic stability is investigated
beaiuse a craft cannot be dynamically stable without it. How-
ever, a properly trimmed and statically stable craft can still
be dynamically unstable under certain circumstances. Such con-
ditions can be investigated by the d5mamic stability equations.

. LONGITUDINAL STATIC CONDITIONS

Three equations govern the longitudinal trim conditions,
Pirsts lift equals weight. Second, thrust equals drag. Third,
th Pitching moment about the center of gravity is zero. Static
stab~l±ty means that a bow up angle of pitch dis .bance causes
a bow down pitching moment.

In order to remove craft weight and its speed as independent
parameters, forces and moments are expressed as dimensionless
coefficients. It should be remembe&red that coefficients repre-
senting forces on individual foils are givea identifying sub-
scripts and they are based on the area of the surface to which
they apply.

Go Longitudinal Tr:m Equations

For most applications the three trn equations are too
. VO cmo to solve analytically. ntkd it is much s impler to

lvw tbem graphically, These equations represent lift coeffi-
ai*, draS coefficient and pitchinE, moment coefficient as fun-
tLa of two independent variables. It is desired to find the
Vuas of the variables for various lift coefficients and zero
teMng moment coefficient. In this way, it is possible to

fiS the balanced attitude of the craft for a given gross weightm ep d.
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(1) All Foils Fixed

The variables governing trim for a fixed foil craft
are height of the center of gravity above the aater, h , and
pitch angle, e . In order to calculate trim conditions, it
is necessary to know for each foil its lift and drag character-
istics as functions of angle of attack and depth of submersion.
The following sketch shows the forces on a fixed foil craft.

2at
e

For this type of craft, the overall lift and drag coefficients
are functions of 0 and h . Equally spaced increments of

9 and h are chosen as independent variables and values of
the dependent variables computed. The lift and pitching moment
coefficient for the entire craft are computed as follows:

CLM ). CLt , CD)" , COt ,. '1 , 0 , d,, / dt
are determined for a series of values of & and

C1 = c+,, + -CL-t + (C ,m + ft- CDt)tan (a +")
Cm : Ct M E -CD , (Ct + Co,€ )

C 0C +V) d7
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Note that it is best to choose reference areas which do not
change ith submersion because of the complication imposed
by keeping track of the amount of area submerged for each
angle of attack and height. Also, the total lift coeffi-
cient has meaning for performance if it is based on some
geometric area insteaO of a wetted area. Curves of Cm
versus CL are shaped somewhat as shown below for this
type of c onfiguration:

CL

c~.n

The values of h and a along the line Cr4 0 corres-

pond to the trim condition for each C, value.

(2) Foils with Movable Controls.

The trim equations for hydrofoil craft v ith all
foils submerged and movable controls use angle of pitch, ,
and surface deflection, d" , as independent variables. In
the following analysis it is assumed that the aft foil is de-
flected an angle dj and the angle of pitch, & ) is re-
ferred to the front foil. Notice that the height of the center
of gravity above the water does not enter into the calculations.
The following sketch illustrates the notation:
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WATf LEVA/L

Ift and drag of the foils are assumed to act at their quarter
chords so the dimensions 4O , It t dM , dt depend on
angle of pitch only. If we identify the values of these dimen-

sions for 0 a 0 by Atm, ho , no ) dto * then for
any other angle of attack:

Jim- .ro Cos-Sr + d..mo $m ina

, o, COS a - dtao SI e
dm dm COS6 - o S/) 6
dt mdi, Co 9 + $I n a

Using lift curve slopes, drag characteristics and downwash flow
angles from the performance analysis permits calculation of the
trim equations:

CLM =

CO zL CDOM

,CO, = Ctot + d C4 + 6* CLt

CL :CM + c,.jE) + (co,, +(f~)jct)tO(#,tr)

-00 C.m* - Com -k -11 Km{C1_tj Co~t
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Curves of C, and G voS. C& for different values

of $ permit determination of trim conditions. These
curves look someiiat as follows:

CL 0 ol--4 /

CMn

Trim conditions correspond to points along the vertical
line C M w 0. The values of and St corres-
ponding to a desired C. give the craft attitude for
trim.

b. Longitudinal Static Stability

The static stability requirements of a hydrofoil craft
ar* somewhat the same as for a displacement hull. When the craft

is dist-rbed by a w'all pitch angle it must develop a restoring
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pit,.Ung moment. For a displacement hull this 'oment is
measurad by the longitudinal metacentric height. It is
found by dividing the restoring moment by the hull displace-
ment and the pitch angle. For hydrofoil craft, the measure
of static stability is the stability derivative, C9 .
It represants tha restoring pitching moment coefficient di-
vided by the pitch angle. These quantities are related by:

Longitudinal Metacentric Height

It should be noted that the equivalent longitudinal metacen-
trio height for a hydrofoil craft is a function of the speed
at a given gross weight. This is not the case for a displace-
ment hull.

Static stability is calculated in much the same way as trim,
If the drag and thrust act through the center of gravity, the
equations are identical. This is clearly not the case for a
hydrofoil craft, Thso is a fine distinction between the two
eaumtions due to differences in The phenomena they represent.

The envelopa of trim moments assumes that at each point the
craft is operating at a constant velocity with the lift just
equal to the ,' ight and the thrust equal to the drag. The
assumption of static stability calculations is that the craft
is owrating in trimrn d equilibrium and it is given a distur-
bance angle of pitch. The speed of the craft is assumed to
remin constant, so a pitch angle increase causes a change in
lift mx. drag. However, thse propulsive thrust does not change
so there are no longer balances botween Aft and veight or
thrust and drago

A static stability valua corre-.monds to a specific center of
Cravity loc.tion and a specicic operati. , condition. it is
necsary to establish the trim cnrlition o+fore determining

Sat tabilUity.

(I) ."a.l Pixec.,

To A . ,u, iom static stability
Caht b: dete rined- r ol -, : d 1krcfoil czaft, It is necessary
to find the lift, d'i, height vi angle of pitch of the trim
cordItion foe which static stability is dosired. It is then
assumad thaL the height An6 t!U.st remain fixed and tJhe lift,
drag and pitcxuing moirmt cocificiento are computed as functions
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of angle of pitch. Let the subscript ( ) identify quan-

titl3 corresponding to the trim condition. Notice that 0
is the only variable in the following expressions:

are determined for h h,9 and a series of values of &

This equation is best plotted as CM, VS. e ; it

looks somewhat as follows:

The amount of static stability is determined by the value and
sign of the slope of this curve0

< .0 Statically Stabledo 1cm --0

.;m /.I= Statically Neutral

I> 0 otatio-lly Unstable
d& 1M =0 !
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(2) Foils with )ovable Controls,

The static stability of a craft with all foils sub-
merged is best expressed as dom/dct instead of omI/de
because the numerical value of the former has the significance
of a stability margin expressed as a decimal of the foil separa-
tion distance. The trim attitude must be established correspond-
ing to the condition for which the static stability is desired.
The trim angle of pitch is 4.j and the trim aft foil deflection
is *s . It is now necessary to compute C, and Cm for
dt = &t and a series of values for 49

CLrn CLc" 40m

CL& m C.ta]

Co, =CDo* - " C -- CLt

CL C1.m + CLtjf) +(Com, + cD,)t,(6+Y~)

x i i)[eL +C b

~TL5IUTY7
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A plot of Cm Vso CL now looks somewhat as follows:

/+
The slope of this curve at C.r a 0 is the stat.c stability
margin.

d < 0 Statically Stable

_0" 0 Statically NeutraldCL

d" > 0Statically Unstable

dCL
2. LATERAL STATIC CONDITIONS

a. Lateral ?:rim

If the center of gravity of a craft moves out of the
geometric plane of symmetry, an unbalanced rolling moment is
caused by the lift which continues to act in the plane of sym-
metry. Some means must be devised to counteract the unbalance
or the craft will continue to roll over.

A fixed foil craft which is asymmetrically loaded and which has
static roll stability assumes an angle of roll which has the
proper rolling restoring moment to counteract the asymmetry.
If this angle of roll produces a yawing moment, it in turn must
be balanced by the rudder. Thus it is possible to hold a straight
course by rudder action under an asymmetric load.

For a craft stabilized by moving surfaces, an asymmetric deflec-
tion of the surfaces is required to counteract an asymmetric
load. The craft may trim upright or it may assume a roll angle
in developing the balancing rolling moment, depending on the
type of stabilization system.
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b. Lateral Static Stability, Metacentric Height

A displacement hull develops a righting rolling moment
when it rolls. If this rolling moment is divided by the hull
displacement and the angle producing the roll, a length is ob-
tained which is called the metacentric height. It is a measure
of the craft's rolling static stability. In much the same way
a hydrofoil craft with fixed foils must have roll static stability.
The magnitude of the rolling static stability can be expressed
as metacentric height or as a stability derivative. The rela-
tionship between them is:

Metacentric Height C- , b

The derivative C.,1  is the rolling moment coefficient due to
a roll angle, lp , divided by p . Some data on the rolling
characteristics of fixed foil arrangements are available. Ref.
( 22 ) gives some information on one type of modified "V"
slanting foil.

A craft with all foils under water and movable controls for roll
stability must be designed so that the controls deflect asym-
metrically when the craft rolls. The amount of the control de-
flection per unit angle of roll and the eolIing effectiveness
can be combined to give an effective metacentric height. How-
ever, it is more useful for dynamic stability purposes to express
this roll stability in terms of a stability derivative.

Another lateral static stability requirement is directional
stability. If a craft assumes a yaw angle mithout changing
direction so that it sideslips, it must develop a yawing moment
which tends to straighten it out. Once again this may be ac-
complished by proper location and size of vertical struts or
other surfaces, or it may be achieved by moving a rudder in
response to a sideslip vane signal. In this particular respect,
there is a considerable difference between the properties of
slanting, planing and "ladder" foils. One type may show dis-
tinct advantages for directional stability in certain applica-
tions where otherwise all the surface foils appear to have equal
merit.
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F. DYNAMIC STABILITY OF HYDROFOIL CRAFT

1. THEORY OF SMALL DISTURBANCES.

Dynamically supported vehicles are completely free from
fixed restraints so they have six degrees of freedom for dis-
turbance motions. There is a well-developed theory and a large
amount of experience concerning the motions which such vehicles
may develop. In briefs the theory is based on equations which
relate the three linear accelerations and three angular accele-
rations to the forces and moments which produce them. A com-
plete expression involving all possible means by which these
forces and moments can arise would be extremely complicated
besides being non-linear. In order to produce equations which
may be solved by reasonable methods and in a reasonable time,
some simplifying assumptions are made concerning the nature of
the forces and moments. It is assumed that all disturbances
are small so that, to a first approximation, forces and moments
vary linearly with the disturbances from trimmed equilibrium
which cause them. Furthermore a plane of symmetry is assumed
for the vehicle and this suggests the assumption that motions
which leave the plane of symmetry in its original plane do not
produce moments or forces which tend to alter the plane of sym-
metry. Another assumption which is not as clearly justifiable
is that motions which are purely asymmetrical do not produce
moments or forces which leave the plane of symmetry unchanged.

When all these assumptions are incorporated into the six equa-
tions of motion, they separate into groups of three which are
independent of each other. One group is the so called longi-
tudinal equations which relate vertical motions, forward motions,
and pitching angular motions in a system of three simultaneous
linear total differential equations. The other group is the
lateral equations relating sideward motions, rolling angular
motions and yawing angular motions. These groups of equations
can be solved rather easily because they are linear and the use
of the Laplace Transform facilitates obtaining complete charac-
teristics and transient solutions with relatively little labor.

A question naturally arises concerning the validity of these
equations because of the rather limiting assumptions which have
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been made. In general it has been the experience in the air-
craft and guided missile field, where these equations are used
extensively, that the major shortcoming of the system of equa-
tions is not in the assumptions made but in a lacK of knowledge
about the characteristics of the vehicles whose motions they
describe. Actual testing of a properly instrumented hydrofbil
craft will be required to determine the regions of validity of
the equations which are used in this report for the dynamic
stability analysis

2. LONGITUDINAL MOTIONS.

a. Axes, Coordinates and Notations.

In order to derive the longitudinal equations of motion,
the craft is assumed to be operating initially in steady trimmed
equilibrium on perfectly smooth water. A Cartesian coordinate
system is established with origin at the center of gravity. The
X axis is positive forward along the line of motion, the I

axis is positive downward in the plane of symmetry normal to the
X axis. This coordinate system is fixed rigid to the craft

and moves with it when it is disturbed. The forward velocity
of the undisturbed craft is U . The fudamental disturbances
of the craft from equilibrium are: a change in forward speed,
L , positive for increased speed; a change in pitch angle, 6

positive nose up; and a vertical displacement of the center of
gravity, pi ) positive downward. The time derivatives of these
quantities are measured in the same sense.

It should be noted here that the fundamental disturbances are
not the same as those used for aircraft and missile dynamics.
The vertical displacement is used here instead of angle of at-
tack. It can be demonstrated rigorously that within the as-
sumption of small disturbances, the equations used here and those
customarily used for aircraft yield the same final solutions al-
though they differ in details. Since one of the requirements of
a hydrofoil craft is to be stable to height above the water, the
choice of disturbances of this report is very convenient to des-
cribe their motionu.

Forces and moments resulting from disturbances are always resolved
into components in the direction of the defined axes fixed in the
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craft. X denotes a force along the -, axis, a force
along the axis, and .M a moment which tends to give a
positive pitching angular acceleration.

Time derivatives of motions are denoted as follows:

_ho  -
dt - d,

Ths assumptions of small disturbances and linear dependence of
forces and moments on motions means that the quantities I ,

, and Y can be expressed as a series of characteristic
constants of the craft multiplied by each of the disturbance
motions as follows:

Z4 + A+-h + +~. +- q +~
+ + -4.1 - u

Similar equations can be written for I and .M Since the
condition where h , e , U and their derivatives are zero
corresponds to equilibrium, 9. &- Mo = Z,, --o. o
The assumptions of this theory require that each of these parti~l
derivatives be a constant for a given craft and operating condi-'
tions. Thus means change in lift force per unit change in
pitch angle.

In using the equations of motion about to be developed, it is
most convenient to express forces and moments in terms of coef-
ficients defined by dynamic pressure and dimensions of the craft,
The notation used is as follows for defining force and moment
coefficients:

Ir U's .. l -

-V23
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The partial derivat~ives used in the series expansion of forces
or moments due to disturbance can be made dimensionless by
converting the forces to coefficients and the motions to dimen-
sionless ratios. "he follovtng illustrations include typical
examples of all the motions involved in the longitudinal anal-
sis. These quantities are called stability derivatives:

- rn
#/U) 6

CM~

It should be emphasized here that these are partial derivatives
and other motions must be absent during differentiation. A com-
plete typical definition would include the following restrictions:

h = P = h = = 0o

In order to include the dynamic characteristics of the craft in
the dimensionless notation of the equations of motion, it is
necessary to include the radius of gyration in pitch of the craft.
When the equations of motion are derived in the next section, the
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significance of the following coefficient3 will be explained4
The following terms appear diirectly in the longl-judinal equa-
tions of motion; they are called stability coefficients:

4x;1 L 'Cz
-J

Xe = Cx, , ? e

xif~ cx 2ci

me = t,(/ Crn,

mi' =g )Cmj

Xu 4A-Cx,

4A,

a=
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In addition to the stability derivatives, the effect of de-
flecting control surfaces symmetrically is reduced to coefi-
cient form in order to incorporate these effects into the
equations of motion. Once again it is assumed that the forces
and moments caused by deflecting controls are proportional to
the azgle of deflection which causes them. This assumption
permits definition of control effectiveness derivatives:

1)~Cm C m~r Ca6.

cc - C)

c3CX c

The symbol c stands for any symmetrical control deflection
angle in radians and is usumlly identified by a subscript.

In a manner similar to the stability coefficients, it is possi-
ble to define control effectiveness coefficients:

2 = C9+ ,- xxr = -cx - m z C - ( ,CMP J

b. Equations of Motions

Three perfectly general expressions to describe the
longitudinal motions of a hydrofoil craft can be wATitten in
terms of forces, moments and accelerations:

'I

a (0b)
Zy =Z (Ic)
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The assumptions of the stability analysis are imposed when
the forms of S:X , , and Z.M are expressed as
linear terms of a series in motions and control deflections:

2: .y z + 13Z- + iu-z h
?~

ZP-P+ A+ .- A 6 U,*p

+.k4 -- +. 4X.. + ,F (a)

The term - +g in Equ+ 2a is the component of gravity due to
the pitch angle 6 because the h axis is fixed in the
craft and the gravity vector remains vertical. Siince the motions
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are disturbances from equilibrium, Iro Z O = Mo = 0
Eq. (2a, 2b, 2c) are substituted into Eq. (la, lb, lc), re-
grouped and manipulated to put the equations In dimensionless
fr.n. Acceleration in the X direction can be related to a
iamnge in forward speed and that i the j direction to a

vertical acceleration.

Eq. (la, ib, 1c) now become:

XI (?b)Z X

n (fn /tmh -X0

h-- -m ui) ( ) + m LnsL -l( e f-es-g

(P=)~~ In IJ
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Certain groups of physical 4uantities appear
repeatedly in the above expressions so they
are given symbols:

= _Density Ratio

K f Weight Coefficient

Time Factor

Experience with the solutions of thase equations for
typical hydrofoil craft has shown taat certain of
these terms have a completel insignificant effect
on the final solution. These terms will be neglected
at this point:

X' = X;6 = X'V =o

In order to simplify writing these equations the time
derivatives ill be expressed in the form of differ-
ential operators which simply indicate that differenti-
ation with respect to time is to be performed on the
variable upon which it operated:

dtZ
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Substitution of U , : and o into Eq. (3a, 3b, 3c)
yields the final form of tie lonEitudinal equations of motion:

[D -: + , [(k# Xe e X& d- (,4)

+ D20 D~ If '&JEAi 41

From a mathematical point of view the equations of motion are
three simultaneous linear total differential equations with
constaat coefficients. They may be solved by assuming an har-
monic solution and applying initial and terminal conditions.
A particularly straightforward method of solution is to take
the Laplace Transform of the equations, solve for some desired
variable and then perform the inverse Laplace Transform by
means of a partial fraction expansion as shown in Ref. (13).
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From a purely physi6al point of view, these equations repre-
sent relations between small changes in pitch angle, forward
speed and height. If all the motions are damped quickly, then
the craft will operate satisfactorily. lowever, if the motions
are not damped well, the craft will porpoise or, under the
worst c3nditions, leave the water or settle until the hull
hits the water. The terms on the right hand sides of the equa-
tions represent tin effect of deflecting controls.

For a hydrofoil craft with all foils fixed, these equations
represent a complete description of the loi)gitudinal motions
of the craft with the right hand sides all zero. With the
values of stability derivatives and ..,s and -, substituted,
the response to an assumed disturbance such as encountering a
wave can be computed. For a craft with all foils submerged
and moveable controls to provide height stability, these equa-
tions are simply a means of determining the size, speed of
operation and deflections reaouired of the control surfaces.

c. Stability Derivatives

One of the most uncertain phases of aerodynamics or
hydrodynamics is the computation of stability derivatives for
use in the equations of motion. This uncertainty is due in
part to the complexity of configurations and flow patterns and
the associated difficulties in making theoretical calculations
which have real meaning. The rest of the uncertainty results
from the lack of a satisfactory means of determining stability
derivatives from flight testing of the finished vehicle. For
a hydrofoil craft there is the added difficulty of the proxi-
mity of the water surface to the lifting foils.

The exact definition of a stability derivative is the change
in a force or moment coefficient caused by some small distur-
bance motion from equilibrium divided by some dimensionless
measure of the motion which caused it in the limit as the
motion becomes vanishingly smail and with the condition im-
posed that all other motions be absent. Thus, the derivative
to be computed might be the change in lift due to an increase
in pitch angle. The pitching motion is assumed to occur with
the condition imposed that the height of the center of gravity
remains fixed. For a craft with all foils submerged, this
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particular derivative is just the lift cur-,e slope. For a
craft with skating foils, a pitch angle causes the front foil
to rise out of the water and the aft one to sink deeper so
that the calculation of the pitchian stabi:.ity derivative is
quite complicated. The rate derivatives such as those involv-
ing vertical velocity or rate of change of pitch angle are
usually computed assuming that the motions cause local changes
in apparent angle of attack for eacn lifting member. Deriva-
tives which result from changes in angle o.' attack or from
acceleration must include the effect of additional apparent
mass of the foil surfaces. This effect can be computed the-
oretically and it is quite important for hydrofoil craft
because of the high density of water.

Although certain of the stability lerivatives used in this
report look like similar ones used in aircraft or missile
dynamics, there are basic differences in their definition.
An an example, Cr..g has the meaning in -his report:

CM4

This means that in the computation of the derivative, the
craft is assumed to have a pitching velocity but no vertical
velocity of the center of gravity. In the aircraft and mis-
sile system, the derivative which looks the same superficially
is defined as follows:

Note that in this case the angle of attack is assumed to be
constant so the center of gravity must have a vertical velocity.
Mote also that for most aircraft and missile applications, the
wing mean aerodynamic chord is used as the reference length
instead of the longitudinal foil separation which is used in
this report.
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3- LATERAL MOTIONS

a. Axes, Coordinates and Notations.

Derivation of the lateral equations of motion involves
the same sort of reasoning used in the longitudinal case. A
Cartesian coordinate system is set up in the craft with origin
at the centar of gravity. The k axis points forward in the
direction of motion, the i axis downward in the plane of
symmetay and the axis to the right, normal to the plane of
symetry. The fundamental disturbances of the craft from the
level steady condition are: a sideslip angle, P , positive
for nose to the left; a rate of yaw about the .. axis, y-
positive foi clockwise rotation when viewed from above; a roll
angle about the Y, axis, q; , positive for right side down,
The time derivatives of these quantities are measured in the
same sense*

These definitions and directions are chosen to form a complete
right hand Cartesian coordinate system in force, moment, dis-
turbance velocity and disturbance angle sign conventions. The
complete definitions of angles and orientations of such a system
are extremely complicated and they are explained in some detail
in Ref. ( i4 ). This same reference points out that the equa-
tions presented below are valid only for small angles of distur-
bance from the level trimmed condition. These equations are the
same as those used for aircraft and missile lateral dynamics.

Force in the direction of the YI axis is denoted by , , a
moment about the X axis is denoted by .. and it is positive
if it tends to depress the right side of the craft, a moment
about the A axis is denoted by Ar and it is positive if it
tends to turn the craft to the right. Dividing forces and mo-
ments by the dynamic pressure and the proper craft dimensions
yields lateral force and moment coefficients:

V
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The discussion in Sec. II, F, 2, a, concerning time derivatives
of motion and stability derivatives applies also to the notation
used for lateral stability derivatives:

The lateral stability derivatives have the same general nature
as the longitudinal stability deriva-ives in that they are con-
stants which depend on craft configuration and operating condi-
tions. The same care must be taken in their definitions as was
shown to be necessary in the longitudinal use. A typical com-
plete definition of a lateral stability derivative is as follows:

The mass and moment of inertia properties of the craft are in-
corporated into the equations through the stability coefficients.
The radius of gyration about the t axis is denoted by kx
and that about the g. axis by K, 3 The following are the
lateral stability coefficients:
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- 'LC

Dr~U = ZlkCq
nb JZ 2~ f&cn

flr

For hydrofoil craft configurations with a rudder or with control
surfaces, there are control effectiveness derivatives and coeffi,-
cients. Again the control deflection angle is dk , expressed
in radians and identified by a suitable subscript. The following
definitions give the lateral control effectiveness derivatives:

Corresponding lateral control effectiveness coefficients are:

The sign convention for rudder deflection is cf. positive for
the trailing edge of the rudder moved to the right. For dif-
ferentially operated flaps or surfaces, the deflection is
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positive for the trailing edge of the right hand surface moved
up°

b. Equations of Motion.

The derivation of the lateral equations of motion fol-
lows the swae steps as in the longitudinal case if the principal
lateral inertia axes coincide with the X and X axes of the
craft. This situation can only be a coincidence and even then
valid for only one attitude of the craft because the x and
L axes are determined by the direction of motion and the prin-

cipal inertia axes are determined by mass distribution. It is
beyond the scope of this report to present a complete derivation
of the lateral equations of motion including the effects of
product of inertia. The lateral equations of motion in the
coordinate system chosen for this report are the same as those
used for aircraft except that hydrofoil craft have several sta-
bility derivatives which are absent in aircraft. The equation
of Ref. ( 14 ) will be used here with appropriate changes in
notation and the addition of the required stability derivatives,
in order to simplify the expressions, operator notation is used
to designate differentiation with respect to time in the lateral
equations of motion:

[-l- ]* (99

+
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In these equations the grouped parameters ire defined as follows:

: M's

c. Stability Derivatives.

The major difference between the lateral dynamics of
hydrofoil craft and aircraft is in the roll stability derivatives.
The terms f#, and rp are not found in aircraft. These roll
angle derivatives indicate that an angle of roll from equilibrium
will tend to be corrected, but they do not necessarily guarantee
lateral dynamic stability. No extensive study of the lateral
equations of motion has been possible as part of the present in-
vestigation in order to determine regions 3f operation where
satisfactory lateral dynamic stability can be expected.

The uncertainty in values of stability derivatives which was
pointed out for the longitudinal case is probably even more
prevalent in the lateral case. It is possible to compute lateral
derivatives by the same effective angle of attack methods which
were pointed out in the longitudinal analysis. However, such
calculations can be considerably in error. Certain derivatives
can be estimated by static model tests but others require var-
ious types of dynamic tests. These difficulties probably account
for the small amount of serious work that inas been done toward
investigating the lateral characteristics of hydrofoil craft.
Further clarification of the subject will require carefully
planned tests both of models and full scale craft.

do Steady Turns.

The lateral equations of motion provide a convenient
means of computing the turning radius of a hydrofoil craft,
These equations are not strictly applicable to maneuvers with
disturbances from steady level operation as large as those which
might be expected in a turn. However, the use of these equa-
tions offers the simplest means of predicting turning radius.
For design calculations before a craft is built, the expected
characteristics will probably not be known avith accuracy which
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itarrants any more detailed calculations.

To obtain the conditions in a steady turn, a.3sume that the
rudde- is deflected an amount c and that all derivatives
of V , eP and ;, have vanished. This means that the
craft has reached a new equilibrium mith a sideslip angle, a
roll angle and a rate of turn.

(3t - 'P -O J-j

The subscript ( ) denotes a spacific constant value of
the variables corresponding to the co-ntrol deflection c .
The above equations are three simult ireous algebraic equations
in three unknowns and the values of (Bt , . , (A) can

be found easily by the methods of elimination by variables or
by determinants. The turn radius can be found from the rate of
turn and the forward speed.

Rt TURN YG RADIUS z- t7

Rt 01 ~ 12Y,4 -AYvf?7 - x'nv) +flrj*. ,. /,, 9 - av/,) t-dffv- 9v / 7y) .,, /T(/J- ... "• '

The roll angle in a steady turn can be computed in the same way:

-yp)(hn~~-v e)kW r -A-nv) * ~,ktv - mnS/
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Note that the moments of inertia of tv craft do not affect
these answers because each term in bo*h the numcrerator and
denominaxor contains the squares of the radii of gyration
in both roll and yaw.

bolutions for such information as how long it takes to achieve
a steady turn and the form of the path coverec can be obtained
by assuming a step control surface delection and solving the
complete equations of motion for the associated transient re-
sponse by the methods given in Hefo ( 13 )o
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0. J)NIM1IC STABILITY OF FIXED OIL =RA'r.

The theory of the dynamic stability of fixed foil hydrofoil
vessels is developed in Sec. F of this repor~c A solution of
the equations which have been derived can be obtained for each
particular configuration of interest and for each operating
condition which appears to be significant. Gleneral properties
of these equations can be investig&ted for cortain ranges of
stability derivatives by approximate factori ,ations or other
special methods. However., there are no simp'.e criteria for
indicatinf satisfactory dynamic stability and no simple dera.gn
rules which will guarantee it for all configiations.

The largest region of uncertainty concerning the properties
of surface foils is their contributions to stability deriva-
tives. The information which has been found experimentally
about slanting foils is most useful or trim calculations.
It can be used to compute certai stability derivatives such
as the height, pitch angle and roll angle static deivatives.
There is no experimental information available with which to
estimate the damping derivatives or the apparent additional
mass terms for surface foils. Theoretical treatment of these
problems would be very difficult and any results would require
experimental verification.

The most promising prospect for obtaining typical values of
stability derivatives is to conduct special tests which yield
the values of isolated derivatives. These tests can be conduc-
ted by mounting models of the foils free to move in certain
restricted directions and recordirng their motions in response
to disturbances, buch tests are best conducted in facilities
where the water moves past bhe model rather Lhan the towing
tanK type of arrangement.

Lacking such tests, there is some hope of developing a method
for decomposing the motions of models into stability deriva-
tives by assuming that the equations which have been derived
represent the form which these motions take. Such a method
could then be applied to the data which have been taken by
several investigators with towed models of various configura-
tions. To date no satisfactory means have been devised to
analyze dynamic test data of self-propelled or towed vehicles
and obtain stability derivatives.

The data on the motions of models with various degrees of free-

dom have been taken, mostly on relatively small models. The
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information consists of traces of the time histories ol motion
of the models at various speeds, loadings and center of gravity
locations. Refs. ( 15 ) show typical data of this nature o
Almost all these data are concerned with longitudinal motions.

Due to tho present lack of information about fixed foil con-
figurations, it appears that a theoretical dynamic stability
analysis has very little meaning. This does not mean that a
rational design from a stability point of view is not possible0
A configuration can be designed that will trim properly, that
will have static longitudinal stability as well as roll, direc-
tional and height stability. ,*ith these requirements satisfied,
dynamic stability is almost certain. Testing of the configura-
tion is then the only certain means of determining if the design
is satisfactory.
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HI. DYM11A 0TABILITY OFOVABL.E FOIL O1RA~f

Hydrofoil systems tfith all foils submergled fail to meet several
of the criteria of Sec. II, A, 3. of this report. It is neces-
sary to provide the types of static ataoility which are lacking
by deflecting movable surfaces to coTect orientation errorso
This type of stabilization is accompllshed for many other ap-
plications by servomechanisms.. A compl.te system involving the
use of a servomechanism is called a servo system..

Without attempting any formal definition, a simple explanation
of a servo system can best be given by an example. Most modern
dwelling heating systems use an automatic temperature control.
The desired temperature is set on a thermostat which also mea-
sures the actual temperature. The difference between the de-
sired temperature is then used to control the heat output of
the furnace. In much the same way, height stability can be ob-
tained for a hydrofoil craft by selecting the desired height,
measuring the actual height and moving height-changing control
surfaces an amount proportional to the height error and in the
appropriate direction. Thus, the theory and the equipment which
have been developed in the field of servo systems can be utilized
for the control and stabilization of hydrofoil craft. There are
two types of approach to the design of hydrofoil configurations
for servo stabilization. These two methods serve very different
purposes and great care should be exercised in the choice of a
method for any particular application.

lo SERVOMECHANISM APPROACH.

For any detailed analysis the standard methods of servo sys-
tem design should be used. It is possible by such analysis to
incorporate the, characteristics of each 'component of the control
system into the overall operating characteristics of the craft.
These methods also facilitate proper choice of control system
components.

An explanation of the details of a atervo system analysis is
beyond the scope of this report. Physical as well as mathemat-
cal treatments of the subject are available in texts such as
Ref. (- 16 )o For the analysis of this report, the notation and
nomehclature 6f Ref. .( 16 ) will be follow-ed wherever possible.
Detailed system analysis will be carried out by the "lphase-
attenuation" diagram method outlined in Sec. 4o8 of the reference.
The .purpose of any such. analysis is to determine the best cont-rol
surface size and the amount it should be deflected in response to
an orientation error signal0
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2. EQUIVALENT STABILITY DERIVATIVE APPROACH

For certain types of servo system applications, it is possi-
ble to obtain information about the system characteristics by
simpler means than a full servomechanism analysis. The method
is not naarly as general nor as reliable as the "phase-attenua-
tion" analysis but it is adequate if the range of stable opera-
tion is not very critical. Also this method does not lend itself
to incorporating the characteristics of the control system ele-
ments into the analysis.

In brief, the equivalent stability derivative method replaces the
feedback loop by a term in the equaticns of motion. The case of
servo roll stability is a good example. In this case, it is de-
sired to keep the craft upright under circumstances where it has
no inherent righting tendencies. The angle of roll is measured
in some manner° The roll control surfaces are arranged to move
an amount proportional to the roll angle error. K is the con-
stant of proportionality:

cf"=/<
The roll control effectiveness is expressed as a rolling moment
proportional to the angle of control deflection. In coefficient
form this is expressed as:

The rolling moment coefficient due to a roll angle is then:

Thus, the rolling moment coefficient per unit roll angle is a
constant with the form of a stability derivative:

C5s (equivalent) XC/,
Equivalent stability derivatives can be used in the equations
of motion in the anme manner as actual stability derivatives to
find characteristic motions.

This type of analysis is particularly useful as a means of ex-
ploring the general effects of Various types of feedback on the
motions of a system. It should be used with great care because
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it does not indicate what is the best value of K or to
use or how much it is possible to vary them before the system
becomes dynamically unstable.

3. LONGITUDINAL SYSTEM.

The main purpose of the longitudinal stabilization system
is to provide height stability. Ordinarily a configuration con-
sisting of a main foil and stabilizing foil will be well damped
in pitch so that the proper amount of height stability will
usually result in a dynamically stable system. However, other
types of feedback such as pitch angle or rate of pitch may be
desirable to improve response characteristics.

a. Calculation of Stability Derivatives.

The lifting properties of foil systems with all foils
submerged completely can be computed by theoretical methods
which show good agreement with experiment. Although no experi-
mental checks are available on the computation of stability
derivatives, procedures similar to those used for aircraft
should be applicable since the same type of lifting surface
theory applies to both wings and foils. It should be pointed
out that the methods which are used in this portion of the
stability analysis usually yield satisfactory values when ap-
plied to aircraft. However, it is possible for the computed
values to be considerably in error compared to experimental or
flight test results. In general, the orders of magnitude of
the stability derivatives computed by these methods should be
correct and the solutions of the equations of motion based oa
them should be representative of the type of hydrofoil craft
under investigation.

For craft with all foils submerged, the height derivatives are
zero for all practical purposes.

P7ha 'Lih =xhO

These values simply imply that the craft can change its height
a small amount with respect to the surface while maintaining
the same pitch angle and no change in lift, drag or pitching
moment will result. Actually the proximity of the surface will
make these conditions not exactly true, but the effect of
height *.iI be negligibly small.
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As an example of the general method for computing stability
derivatives, one of the most intricate damping derivatives
will be computed in detail. For such a computation, a defi-
nite configuration is required. The following sketch is
applicable to both stabilizer forward and stabilizer aft
configurations. It represents the attitude of a craft opera-
ting in steady trimmed equilibrium:

Consider the pitching moment, positive bow up, arising from
the pitching velocity, , shown in the sketch with the condi-
tion imposed that the vertical location of the center of gravity
remain fixed. The front foil has an upward velocity, G4, ,
so it has an apparent decrease in angle of attack of 6.*M/C, c
This gives a change of lift coefficient -06, C- A r / , and a
moment about the center of gravity:

Similarly, the rear foil has an increased apparent angle of
attack and a moment:
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There is a lag in the effect of the downwash from the front
foil due to the time it takes for the downwash to get, from the
front foil to the rear foil. The time required is /7" and the
apparent angle of attack lag is.M/ Zr o The downwash angle
lag is therefore ' d / V" . The moment on the rear foil
due to the downwash lag is:

The changes in lift on the two foils result in changes in drag
and since the foils are below the center of gravity, a pitching
moment results. On the forward foil the lift decreases so the're
is a positive pitching moment from the drag:

On the rear foil the lift increases so the drag is greater and
the pitching moment from the drag is negative:

It is physically apparent that a foil in a flow of velocity, V0
with a vertical velocity, /; s experiences an apparent angle of
attack 6,4,o The flow pattern resulting from this vertical
velocity is the same as that for a foil with an added angle of
attackA = 'r 0 In much the same way, a foil which is
rotating with a pitch velocity, 9 , has the same flow pattern
as it would if it were not rotating but had a vertical accelera-
tion A,'/-7 , Any solid body at rest in a fluid and subject to
an unbalanced force receives an acceleration which depends on
its mass and on an apparent additional mass due to the density
of the fluid around it as shown in Ref. ( 17 ), This addi-
tional apparent mass depends on the shape of the body, the di-
rection of acceleration and on the density of the fluid There
is a complete theoretical solution for a flat, elliptical plate
of any aspect ratio, accelerating normal to its face. This
planform is 610se enough to the types of foils which would be
used for all underwater hydrofoil configurations, for calcula-
tion purposes. Ref. ( 18 ), gives tabulated values of this
solution. Fig. ( 3 ) shows a dimensionless coefficient, k,
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which is a measure of the apparent additional volume of a
flat elliptical plate. The force dae to tne apparent, addi-
tional mass acts at the center of area of the surface. Since
the longitudinal reference dimensions are measured from the
quarter chord of the mean aerodynamic chord, a term must be
added to the moment arm to give the proper moment on tbe
front foil:

The analagous term for the rear foil is:

M 7 S t~ ets -( t
Dividing the sum of the mcmnts by .- ' yields the mo-

ment coefficient, This i, then divided by 6V/tr to give
the stability derivative:

- 2~ m) L P2~ (i )Cx+ z CL) CL* (

The other derivatives are computed by similar types of analyses;

C as Ce - [FC L + * ( Cr

C 4zC x C 7Cs
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C/ ?As+.d~ l.C c, a
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CX CL - d)*dw

C rvde 2 -l- -a m

For stabilizing foil aft, the all movable stabilizing foil
control effectiveness derivatives are:

For stabilizing foil forward; these derivatives are z

!!tAQ M C L
41~m~
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Flap control effectiveness derivatives may be compu10ed by the
mathods of Ref. ( 9 ).

Note that V'm has been used as the reference area for the
derivatives. The usual convention in choosing a reference
area is to use the largest foil, For a configuration with the
stabilizing foil forward, Si. , would be used as a reference
area and the equations should then be multiplied by Sr /4
to change to this convention.

b. Transient Approximation

Complete solutions of the longitudinal equations of
motion, for the type of foil configurations under consideration
here, show a quick response of pitch angle and height change
when a surface is deflected by a slow change in speed. This
type of solution suggests that a simplifying approximation,
neglecting all speed changes, can be made for the in: "ial re-
sponse to control movements. An investigation of this approxi-
mation for some typical configurations shows vory small errors
in roots of the characteristic equations which govern the ini-
tial transients. Table ( 1 ) shows a comparison of the exact
and approximate roots,

The transient approximation permits a tremendous simplification
of the longitudinal equations of motion for servomechanism pur-
poses. It reduces the characteristic equation of the system of
equations from a quartic to a quadratic and effects a similar
simplification in the control effectiveness polynomials.

The approximation is made by setting U - in Equ. (ha, 4.b, 4c)
of Sec. (iI, F, 2, b). The first equation is then neglected
because it yields an uninteresting idetitityo 4h and Mh
are both set equal to zero for reasons given in the last section;

For the purposes of a servo system analysis, it is most conven-
ient to take the Laplace Transform of these equations. The
differential operator, D, becomes the Laplace variable, s. In
Ref. ( 16 ) it is given the symbol p. The variables, , e ,

gf*, are replaced by their Laplace Transforms, o
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These are now a pair of simultaneous linear equations in two
unknowns. Solving for EIM and A114 gives the longitudinal
transfer functions for this system:

~~ iF (/~a ~(
+ # [--A, s; ?6 +-'<""?r})

') - "
Ti 4

+q

[~~/n - ~ 2
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NOTE: Tte last term in the expression for P. it) identically
zero because ha 9 , = Z&

The physical and mathematical significance o2 the tranafer
function is explained in some detail in Sec. 2.18 of Ref, ( 16 )
In brief, , represents the responee in change of height,

, of Traft dLe to a control deflection, tJ , This ro-
sponse may be to a steady sinusoidal control oeflection or to
almost any arbitrary periodic or non-pariodic variation of S
The transfer function is of the most fundamental importance in
determining the natvre of the control deflections necessary to
achieve the modes of stability not inherently present in a hydro-
foil craft.

c. Feedback Loops

The transfer functions which were derived in a previous
section give the response of a craft to longitudinal control de-
flections. The amount and direction of the control deflections
can be determined by a manual operation or by ar, actuator which
deflects the controls in response to snme measured motion or at-
titude of the craft. The type of system where the control deflec-.
tion is deternined by some measured attitude of the craft and this
attitude is then altered by the control defJ.ection is called a
feedback loop.

The longitudinal mode of stability which is most conspicuously
lacking in all-undermater hydrofoil configurations is height
stability. In order to impose this mode on the craft artificially
it is necessary to measure the height of the craft and deflect the
controls when the height is not correct. In principal, some de-
vice which measures mean altitude above the water would accomplish
this purpose. However, such a device would not also provide re-
sponse to waves, whicha is desirable in rough water. A water level
measuring device provides both features. Physical means of mea-
suring the water level are discussed elsewhere in this report.

Control of riding qualities and possibly stabilization of an
otherwise unstable system could be accomplished by providing
feedback loops which measure such quantities as pitch angle,

pitch rate, vertical acceleration or vertical velocity. Any or

all of these feedback loops can be provided and the individual
strengths of the loops adjusted. The same type of analysis is
used for all these types of feedback.

One convenient means of representing a feedback loop is the ,"block
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diagram.' Such a sliematic diagram shows the laths along which
tha signals flow in a servomechanism. Each elemnt its the system
Is represented by a box which stands for it3 transfer function.
As an example of a "IIlock diagram," consider a hydrofoil craft
system which operates to move control surfaces when the water
level on the struts ..s not at the desired poini.. Nota that all
displacements are divided by the craft reference lenrth to con-
form with the d3mami analysis:

Let S4 be the height of the wave surface from the nean water level
at the craft strut, .:F the control surface deflection, and )
and A-1!0 the responses in pitch angle and height to control de-
flection. The transfer functions of the elements in the loop are
indicated in functional notation ,.n their respective boxes. The
height stability and wave response characteristics of this system
are specified by the complete transfer function.

.dllf / + Ki X,2 K sGi 6s) 6.2 6)G'(S)

The stability of this system can ba investigated mcst simply by
cutting the feedback loop and tracing a signal through the syttem.
This result is called the open-loop transfer function:

The symbols2, j /ft 2 / , represent the magnitude of the am-
plifict~tion of steady signals-as they pass through each element.
They are called gain constants. 6'ts) , $ '0. -- I re
the complex phase and attenuation functions of each element.

A useful approximation for preliminary design purposes assumes that
the water level senser and the actuator are perfect machines so
that their transfer functions are unity times their gain constants.
The resulting open loop transfer function is:
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The transfer function G r,(S) was previously drived from the
craft equat~ons of motion and given the symbol N The
product of the two gains a , and k 2  is the c6ntrol deflection
per unit height error, dI o In terms of these parameters, the

perfect stabilizer open loop transfer function becomes:

After the components of the stabilization system are selected and
their time constants determined, it is possible to refine the ana-
lysis by including the characteristics of the stabilization system
in -the open loop transfer function. In general the overall system
gain will not change but the time constants of the components will
affect the phase and attenuation of the system frequency response.

Feedback loops using other than height error signals can be pro-
vided for a hydrofoil craft and the analysis of their characteris-
tics is similar to the one outlined above. The present study indi.-
cates that satisfactory longitudinal dynamic stability can be
achieved by height feedback alone and it was felt that the direc-
tion of useful further investigation could be best determined by
study of the actual results of operation of a hydrofoil craft
based on this principal.

The general study of feedback loops is treated in detail in Ref.
( 16 ). and the very brief discussion above is intended only to
show the direction in which the longitudinal stabilization inves-
tigation of this report was pursued.

h LATEraL SYSTEM.

A hydrofoil craft with all foils submerged and the hull
supported on struts appears to have unsatisfactory lateral
dynamic stab lity characteristics if no control stabilization
system is provided. With controls fixed, the craft has slight
roll stability due to gravity and no tendency to follow waves
in roll. The directional stability depends on the strut con-
figuration. The dynamic stability appears usually to have the
"spiral" instability which is sometimes found in aircraft and is
discussed in Ref. ( l4 )o Some type of roll angle or lateral
wave location stabilLzation appears to be necessary for this type
of craft.
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a. Calculation of Stability Derivatives,

The calculation of lateral stability derivatives for air-
craft is usually much less accurate than the longitudinal caieo
For hydrofoil craft the situation is further confused by the
proximity of the water surface. The usual method of calculating
lateral stability derivatives for aircraft employs the "quasi-
ateady' method, which was used in deriving the longitudinal
formulae. Ordinarily such refinements as additional apparent
mass and sidewash terms are neglected for aircraft because they
are usually small and because the poor probable accuracy of the
other terms obscures their effects. For a hydrofoil craft, the
additional apparent mass terms can be very important so they should
not be neglected without investigating their magnitude.

Probably the most reliable means of obtaining lateral stability
derivatives is by model tests in a towing tank or water tunnel.
These cart be static tests to find such values as directional
stability or oscillatory tests to find damping =6 apparent mass
values. To date no applicable data appear to bo avaiilable on
any such tests.

In theabsence of reliable test data it is necessary "zo make some
rather crude assumptions in order to compute lateral stability
derivatives. The contributions of the foils to stability derivaa-
tives can be approximated quite accurately by the theoretical
methods which are used for aircraft. The contributions of the
struts can be approximated by assuming a lift cure slope for their
under -1rar portions. The lower end of the strut is end plated and
the upper end intersects a free surface. A reasonRble assumption
for the characteristics of such a surface is thas the lift curve
slope is the same as the wetted portion of the otrjut would have if
it were isolated in an infinite fluid. The vertical location of
the force on this strut section is probably below the mid-point
and most likely near a point 4/3rT times the depth of submersion
up from the foil.

Based on the assumptions above, it is possible to write formulae
for the laternl stability derivatives in terms ot wetted strut
areas ari foil characteristics. The accuracy of these expres-
sions in representing the stability derivatives is so uncertain
that these formulae are not presented here since they might be
more misleading than useful. The lateral control effectiveness
derivatives can be computed in much the same manner as the longi-
tudinal values. In Sec. (III, c, 1) the lateral stability deriva-
tives for a specific configuration are estimated by this method
since it represents the only available means for obtaining such
estimates.

S
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b. Feedback Loops.

The type of servomechanism analysis applicable to the
lateral case is similar to the longitudinal analysis outlined
in Sec. (IT, H, 3, c). The feedback loop of most interest in
the lateral case involves two asy1metrically located water 3e vel
sensing devices which cause asymmetrical control surface deflec-
tions in response to differences in their measured water levels.
This type of system gives roll stability and also response to
waves coming from the side. The "block diagram" for such a
system is presented below:

eo CA£Z CAI7f1O(T

f-S4C. lOOP

In the block diagram2 e is the apparent measured roll angle
from the water level difference on the struts; c" is the con-
trol deflection; and 0 , r , . are the motions of the
craft resulting from control deflection.

Other feedback loops which measure such quantities as rate of
roll or sideslip angle can be incorporated into the craft in
much the same way. It has been the aim of the analysis of this
report to try to achieve satisfactory dynamic lateral stability
and lateral rave response by water level sensing alone and fur-
ther development of lateral stabilization can best be directed
by the results of operating tests.
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I. SUMARY A'l) CO!CLUSIONS

The philosophy of stabilization followed in this report is to
develop a hydrofoil system which best meets a design performance
specification and then stabilize the configuration in a manner
which imposes the least performance penalty. For a design to
achieve high speed as the major aim, the most serious problems
appear to be cavitation and wave response. Both of these phenomena
can best be studied by experimental means. The main effort of this
report is to study the problem of stabilization of a craft designed
for best lift-to-drag ratio. Configurations best suited to this
purpose can be investigated theoretically for performance. strength
and stability.

The hydrofoil configuration which offers the most promise for high
lift-to-drag ratio is a single straight high aspect ratio foil,
operating completely below the surface, supporting the main weight
of the craft on struts. This foil can be stabilized by small foils
which seek the water surface or by completely submerged stabilizing
foils and movable controls which are operated to correct errors in
the orientation of the craft with respect to tha water suarfaceo

Surface seeking foils must be arranged so that they give both
height and roll stability. In order to stabilize an afl underwater
foil, they must be located forward of the main foil and their un-
derffater side area kept low enough so as not to cause unsa'isfac-
tory directional stability. In general. it is 'lot possible to
predict the characteristics of surface foils theoretically.. Ex-
perimental investigation of this type of stability arrangement
appears to be the most satisfactory way to achieve a final design.
There is some indication that surface seeking foils impose a
greater performance penalty on the overall configuration than the
completely submerged stabilizing foils which would provide the
same permissible center of gravity travel.

The characteristics of fully submerged foils can be computed with
fair accuracy. Control effectiveness and hinge moments can be
estimated from wind tunnel data. With this information it is
possible to calculate theoretically the static and dynamic be-
havior of craft stabilized by movable foils or flaps.

The control system for this type of hydrofoil craft requires a
device which determines the location of the water surface. An
investigation of the principals upon which such devices can be
based indicates that using the difference in hydrodynamic pres-
sure in air and water or the difference in electrical conducti-
vity will probably result in the simplest and most reliable
control system.
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The power and frequency response requirements for actuators to move
primary flap controls can be met most conveniently by the use of hy-
draulic cylinders. Other possibilities for flap actuation are pneu-
matic systems or special amplidynes. Electrical actuators with
irreversible drives are satisfactory for slow speed trim purposes.
A craft which is "flown" by a pilot by means of movable controls
should be possible if some means is available for the pilot to de-
termine the height of the craft above the water. Such an arrangement
might be useful for a test vehicle but it would probably not be
satisfactory for continued service.

The configuration with a completely submerged main foil and small
submerged stabilizing foils forward of the main foil has two in-
herent difficulties. In order to achieve longi-tudinal static
stability, the center of gravity must be moved forward to the
point where the stabilizing foils are loaded so that they tend
to stall. Thus there is an inadequate allowable center of gravity
travel. Furthermore, the struts supporting the stabilizing foils
tend to cause directional instability which, in certain cases,
might have to be balanced by vertical area aft.

The configuration with small submerged stabilizing foils aft appears
to offer satisfactory overall stability characteristics. A craft
which uses movable stabilizing foils as primary controls to maintain
height above the water surface is apparently unstable with a control
system which measures only the location of the surface. The use of
flap controls on the main foil offers an apparently satisfactory
solution To obtaining height stability by water level sensing alone.

The same configuration appears also to be satisfactory laterally
when the main foil flaps are operated differentially to g4ve roll
§tbb1i wh6-'i 6thg:iwise insufficient.

It should be emphasized that detailed results of the dynamic stability
analyses are necessarily subject to some error because of the uncer-
tain values of stability derivatives. However, it is felt that the
general range of the solutions is correct for this type of craft and
that satisfactory configurations can be developed along the lines re-
commended in this report.

Experimental investigation of the type of hydrofoil craft recommended
in this report was conducted on two types of manned test vehicles. A
configuration with all fixed foils, using planing foils for stability,
was operated extensively. Data on its operation are presented in. a
division of this report devoted to the subject and some remarks on its
stability properties are included in Sec. II, B, 5 of this division. A
second configuration, not contemplated as a part of the original con-
tract, using an automatic stabilization system operating flaps on the
main foil and an all-movable tail foil was operated successfully shortly
before the end of the contract period. This test vehicle is described
in Sec. III, D of this report. While the somewhat limited experimental
operation of these hydrofoil craft is not a conclusive demonstration of
the validity of the principles presented in this report, it is a strong
indication that it is possible to build hydrofoil craft of the type
recommended with performance and riding qualities markedly superior to
comparable surface crafto
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tne of the pri.ry. pu-poses of thu te T+ vehi:le which is desc-ID(d
in the following portion of this report is t-. :b",aia oparating
exLerienco and data on the use of movable contro:.s as ai means of

oa'hiliio n hvrAhn tfl l * o he p n" of the cafiguration
which are conceraed with stability and the e itire con~r. l sysLam
are desigaed specifically as componrints whici h st ftit "he reqaire-
meats of a test v'ehicle. The design of a military or traii.portation
craft might be quite: different 5ince each haj special requirements
which reflcct its intended use. The information which can be ob-
tained from the proposed test craft will be of the greatest assis-
tance in determining the direction in which to. proceed with the
design of craft to perform specific usefi. f rtlon o

A. COFIGURVTION ADJ OPERATING C NDITOIS.

Tha underwater configuration for which this stability analysis
applies may differ in details from the drawings of the craft. At
the time when this analysis was performed, the cesign was still
being refined aad changes made ae detail design features were worked
out. The configuration presented here is representative of the
overall design and while dimensions may differ slightly from the
proposal drawing, the changes in the basic stability properties of
the craft will be small. in the preliminary design stages there i3
no justification for trying to follo;w relatively minor design changes
with the cumbersome stability analysis.

Fig, ( 4 ) shows a sketch of the foil configuration, with the center
of gravity travel indicated. The attitude corresponds to cruise con-
ditions iith design center of gravity location.

Table ( 2 ) shoiis the tabulated properties and dimensions of the
foils.

The longitudinal stability properties of the craft are studied for
five conditions. All conditions correspond to full load. Three
speed2 are considered: take-off at 15 knots and Ct -z .7h8;
cruise at 20 knots and C e .420) high speed at 30 knots and

. o180, For take-off and high speed the fore and aft center
of gravity locations are considered. For cruise the design center
of gravity is chosen.

Lateral stability is studied for the cruise condition with design
center of gravity location only.
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B. LONGITUDINAL ANALYSIS.

1. TRIM CURVES

Fig. (5, 6 an! 7) shod curves of and c . as func-
tions of CL and di for three center of gravity'".ocations
These curves were computed from the equationst of Sec. (II, E, a, 2).
The geometry is determined from the values of le ) AM 3 d ,
and zi shown in Fig. ( 4 ) for i9 h.820 and modified for othe:.-
angles of pitch by the appropriate formulae :,n Sec. (II, E, a, 2).
For these curves it is assined that The thrut-t and dr.ag act along,
the same aine so there is no resulting coupl( . Lift coefficients
and stabilizing foil settings for the three (es:.gn conditions are
indicated. Flaps are assumed to remain neutral

2. STATIC STABILITY CURVES

Figs. 8,9 andlO) show curves of 9 and _/i)$rA;'Iry as
functions of Ci. and 6 t for three center of gravity locations.
These curves are computed for the case where -he thrust passes through
the center of gravity so that the magnitudes of pitching moments are
not correct. However, the slopes of the curxes, wyhich are of the
greatest intarest) are correct and the proper valaes of nfd C .
can be measured at the intersection of the des:p.-d C value and the
,,j corresponding to trim for that C,& The curves were drawn this

way to illustrate the differences in slope between the trim and stabi-
lity curves for this configuration.

3. STABILITY DERIVATIVES AND STABILITY COEFFICIENTS

Table ( ') ) shows values of stability derivatives and control
effectiveness derivatives for this configuration, They were computed
from the formulae in Sec. (Il, H, 31 a) using the foil properties
shown in Fig. ( 4 ). Flap effectiveness is estimated from Ref. ( 8 )o

Table ( h ) gives values of stability coefficients computed from the
derivatives in Table ( 3 ) by means of the formulae in Sec. (II, F, 2, a),
The values of 4< and V for each condition are indicated, For all
conditions a value of 1 = 4.OO.
The number of significant figures shown in Tables (3 a. I.) are not
intended to be representative of the probable accuracy of the tabulated
values.

4. SOLUTION TO EQUATIONS OF MOTION

In order to Justify the use of the longitudinal transient approxi-
mation which was developed in Sec. (II, H, 3, b), it is advisable to
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compute the roots of the longitudinal characteristic equations for
both the exact and the approximate equations and compare themo
Table ( I ) shows this comparison for the five conditions under
investigation. The approximations to the real roots is well withir
the probable error due to uncertainties in stability derivatives.
The exact roots were obtained by substituting values of stability
coefficients and ,.1 and "' from Table ( 4 ) into Equation
(4a, 4b, hc) of Sec. (II, F, 2, b), expanding the resulting system
of equations into a quartic and then factoring the quartic to find
the roots. Approxdmate solutions were obtained by substituting
valxs from Table ( h ) into the expression for n in Sec. (IIH,3,b)
and factoring the resulting quadratic. These roots have the dimen-
sions of 1/sec.

5. PERFECT SERVOMECHANISM CURVES.

In the absence of detailed information about the time constants
of the servo system components required to operate the fast response
controls, the only phase and attenuation plots which can be pre-
sented are those corresponding to perfect servo components. These
plots do not indicate whether a complete system will work,, but only
whether it is possible under ideal conditions for it to work, The
main effort of this phase of the investigation is to determine whicn
controls offer the best prospects for a stable system which operates
by determining the location of the water surface only,

It was first thought that moving the stabilizing foils alone might
provide a height correction system which was stable. In order to
investigate this situation, the stability coefficients and the
stabilizing foil effectiveness coefficients from Table ( 3 ) were
substituted into the expression for the open loop transfer function
corresponding to this feedback loop as developed in Sec. (II, H, 3,").
This transfer function was then factored and plotted on an attenua-
tion-phase diagram as shown in Ref. ( 16 ), Fig. ( 3.1 ) shows thi,3
plot for the cruise condition and design center of gravity location.
Notice that no phase margin is possible for any value of system gai:
so there is no possibility of obtaining a stable system by this means
alone.

The next step was to investigate the use of flaps on the main foil as
a meats of obtaining the desired height stability and a stable systum.
The values of stability coefficients and the flap effectiveness coe-
ficients of Table ( h ) were substituted into the expression for ihe
open loop transfer function and the resulting equation plotted on ar
attenuation-phase diagram. Figs. ( 12 to 16 ) show these plots for
the five conditions under investigation. Note that all five conditions
demonstrate phase margins of 560 or better. Ref. (16) recommends
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a phase margin of at least 300 and prcferab'y 450. Thus it is
apparent that this system can almost certainly be made stable
provided that the servo components are carefully selected to
have sufficiently small time constants.

Fig. ( 17 ) shows the longitudinal frequency response of the
craft at cruise condition Pnd design center of gravity location.
The feedback gain corresponds to a flap deflecUon per unit
height error of 61 / = 10 which gives physically reason-
able flap dimensionsand deflections.

C. LATERAL ANALYSIS

1. STABILITY DERIVATIVES.

Four separate components of the underwater configuration of
the proposed test craft contribute to lateral stability derivatives,
They are the main foil, the stabilizing foils, ths wetted portions
of the main struts and the wetted portions of the stabilizing foil
struts. In addition, there are three lateral control systems: the
main foil flaps, the stabilizing foils and the rudders. Fig. ( h 
shows the portions of the geometry of the configLration required to
compute approximate lateral stability derivatives. The lift curve
slopes of the wetted portions of the struts are assumed to be

Cl, = 3.5 for the main struts and CL4 = 3.3 for the stabili-
zing foil struts.

The component contributions to the lateral stability derivatives
and the total values are shown in Table ( 5 ). The contribution
of the foils are computed assuming elliptic loiding and "strip
theory." Based on such assumptions, the important main foil sta-
bility derivatives are as follows:

AWN- - _ C0-

Strut contributions are computed by the asamition of quasi-steady
conditions. As an example, the formula for Cej_ of the stabilizing
foil strut will be derived. The side velocity of the stabilizing
foil struts due to a rate of yaw, 1- , is i .et The apparent
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side slip angle is . The side fore6 due to this angle is
.J 8 ."The rolling moment due to this force is

-3.3 u& st ciS $ The rollng moment coefficient is

-, 3 &)j~& . Dividing by JJ~. gives:

JA. 4 X 2. - ,0676
46.73 X/1.4 X31,4

Control effectiveness derivacives were computed by means of Ref.
( 9 ).
The mass distribution of the finished test vehicle can only be es-
timated roughly in the preliminary design stage, For the lateral
analysis it was assumed that in the cruise attitude the principal
axis of inertia in roll points in the direction of motion so that

0. The radii of gyration kAx and 4 x then became prin-
cipal radii of gyration and their values were estimated to be such
that b/ = 4.5 and / - 3°5°

Table ( 6 ) shows values of stability coefficients based on the
stability derivatives of Table ( 5 ) and the assumed mass distri-
bution. They were computed by the formulae of Sec. (II, F; 3, a).
Values of w. and '?" shonn are for design gross weight and cruise
speed.

*ithout the stabilization system, the derivatives .4 and tro
are both zero. With the stabilization system operating there are
equivalent stability derivative values for AVq and Pe which
correspond to the flap deflection per unit roll angle. The longi-
tudinal analysis indicated that a value of 14 /0 b/# was
satisfactory for longitudinal stability. in physical units this
means that df* = - or the flaps deflect one radian for a two
foot error in water level at a strut. If this two foot error in
water level occurs because of a roll angle, It corresponds to a
roll angle of .255 radians because the strut is 7.85 feet from the
centerline of the craft. Thus c$ = 3.92 wid;

C - ,g z 62oo"/8o) =.o
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The effective stability coefficlenits ara:L -~CD a-7.42

2. 1 FOCT SERVOM OilNISM ANALYSIS

The lateral dyneric characteristics of the test craft can be
deteniined by substituting the lateral stability coefficients in
Table ( 6 ) into the lateral equations o? iotion of Sec. (II,
F, 3, b). Note that v',thout the flaps operating, ? and P7 p
are zero. it is of interest first to study bhe characteristic
equation of this system

S 4 +29..935P 4- +202Z892 +.3'.7 - e(,06 = 0

Factoring this equation yields:

(S + 20.0)( .206) =o

Notice that there is no lateral oscillation of che type usually
found in aircraft but that the familiar "spi'alll root is present
and it is divergent in this case. Thus, the hydroloil craft w-.th-
out the flaps to provido roll stability would not hold its course
or remain level, but it vrould go into a slow spiral with increasing
heel angle until the hulls finally hit the water. The size of this
root indicates that this tendency could probably be overcome rather
easily by the rudders operating from comm=rd signals alone.

For the purposes of studying the characteris*-ic equation, the equi-
valent stability derivatives due to the flaps can be used in the
lateral equations of motion. Using the values of ,P( and r9P
computed in the previous section, the charac.eristic equation
becomes:

S 4+ 2- . 9 0J g9$ _ - 700. /. + 702.4 =0

In the factored form it is:

+-18,12 )(S + , ...6)(S 4- 2. 360*.655)($ 2.. s.o -- .-5-
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These factors show that the craft is stable and iv strongly damped
with the tlaps operating.

The roll response to waves approaching the craft from the side can
be investigated by the servomechanism analysis. The divergent
"spiral" root indicates that the open loop transfer function has a
pole in thie right half plane, which means thut it is "non-minimum
Phase" in the nomenclature of Ref. ( 16 ). In addition, the craft
has a slight sensitivity to roll angle because of the vertical es-
tablished by the gravity vector. This means that the servo system
will not be a "zero displacement error" system in the nomenclature
of Ref. ( 16 ). By properly recognizing these two facts, it is
possible to construct the attenuation-phase diagram for the open
loop transfer function as well as the closed loop frequency response
curve. Fig. (18) shows the attenuation-phase diagram for this case
with the gain indicated. There is a satisfactorr phase margin.

Fig. ( 19 ) shows the roll angle wave response which is the closed
loop characteristics of the craft. Note that at zero frequency the
response curve does not approach zero decibels. This is because of
the slight roll angle sensitivity of the unstabilized craft.

The lateral analysis indicates that the craft should be well damped
in all lateral modes. The frequency response in roll angle to wave
disturbances appears to be in the proper range for satisfactory
operation of this type of hydrofoil craft in a beam seao

3. STEADY TURN

The turning properties of the proposed test vehicle can be com-
puted for both flap and rudder turns by means of the equations de-
rived in Sec. (II, F, 3, d).

The turning radius and heel angle due to a rudder deflection can
be found by substituting the stability coeff-cients and rudder ef-
fectiveness coefficients in Table ( 6 ) and the values of Op
and l!tv computed in Sec. (II,, 0 1) into the expressions for R*
and 90t . Note that the formulae use 6 r in radians and hat
40t comes out in radians.

Turning properties of the craft with flap deflection are cormputed
in a somewhat different manner. Because the flaps are used for
stabilization purposes, it is not possible simply to substitute a
value of etf into the expressions for o and (L and use.Reo
and ,14P also. The way in which a flap turn can be made is to
shift the water surface reference points asymmetrically on the two
main foil struts. This can be done by electrical msans in the stabilD.-
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zation system. In this way it is possible to select a heel angle
to which the flags are to stabilize the craft. The turning radius
corresponding to a selected heel angle can be found by computing
the value of 4Pt/d. from the formula in bec. (II, F, 3, d) and
the stability coefficients and flap effectiveness coefficients
from Table ( 6 ). An apparent value of cd' corresponding to
the selected value of Oj can be found by drf = V/t
This value of dr is then used to find Rt The actugf flap
deflection can be found by substracting 3.92 Cp.x from the apparent
value of r a This is done in order to ccmpensate for the flap
deflection which was assumed in using the equivalent stability
derivatives Ap and t ,o . As an example, consider the flap deLlec-
tion required to obtain a 50 heel angle for the operating conditions
under consideration. From the formula for (;7f a value of C,/ Of x
-. 2035 is obtained. The apparent flap angle corresponding to

t : .0873 is 4, , .429, The actual flap angle is
.429 - 3.92(-0873) = .0870 radians or 4.970. The radius of turn
for this condition is computed from c.4 = .429 and comes out 663
feet.

The following values summarize the steady turning properties of the
proposed test vehicle at cruise speed and design center of gravity
location.

Turning Radius
Rudders only - 279 ft.
Flaps only - 663 ft.
Rudders and Flaps - 193 ft.

Heal Angle (Roll into turn)
Rudders only - 0°530
Flaps only - 5OOO
Rudders and Flaps - 5.530

In addition to the steady turning properties of the craft, it is
possible to predict the response to a sudden control deflection by
computing the transient response of the J.ate:lal equation of motion.

Iethods for computing transient responses are given in Ref. ( 13 )o

D. DESCHPTI OF CONTROL SYSTEM

The stability analysis thus far has been concerned principally with
the behavior of the craft, provided that it has a. perfect stabiliza-
tion system. Such an analysis is of great assistance in the selection
of system components to give a satisfactory craft. Figs. ( 12 to 19)
show that the stabilization system must have a flat frequency response
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up to at least two cycles per second for small amplitudes of flap
movement. Once the components are selected and their time con-
stants determined, it is possible to refine the attenuation-phase
analysis and get more realistic frequency response curves for the
craft.

Fig. (260) shows a schematic diagram of the automatic control
system proposed for the )O-ton test vehicle. Fig. ( 21 ) shows
an electrical circuit diagram of the servo syatem. The purpose
of this system is to position the craft so that the water surface
remains at a desired level on both front struts. An added re-
quirement is that in steady, undisturbed operation on calm water,
the flaps must have only small deflections from the neutral posi-
tion.

As shown in Fig. ( 20 ), the electrical water contacts at @ are
the means of measuring the level of the water surface on the strut.
These contacts are small brass buttons arranged so that the water
completes an electrical circuit when it touches them. The bottom
button provides a ground connection and there is an open circuit
voltage between the bottom button and the others of 28 v D.C. When
a circuit is' completed through the water, current flows and a relay
is closed in the bridge box . There is a relay for each button.
These relays are arranged, as shown in Fig. ( 21 ), with resistances
in series with their contact points. The resistance of the parallel
circuit is so arranged that as each relay is closed, a similar in-
crement of resistance is added to the circuit. This change in re-
sistance is used to unbalance a Wheatstone bridge when the water level
is not at the desired button. The bridge unbalance causes a current
to flow in the measuring log of the bridge and this current energiza.s
one of a pair of solenoids depending on the direction of current flow.
Each solenoid is made to respond only to current in a chosen direction
by germanium crystal diodes in series with the coils. The two sole-
noids are arranged to operate a hydraulic valve at 0 in a direction
determined by the polarity of the bridge unbalance. The valve motion
operates a hydraulic cylinder which positions the flap at
Attached to the hydraulic cylinder is a follow-up potentiometer ®
which forms one resistance leg of the bridge and nulls the bridge
unbalance when the hydraulic cylinder has moved the required dis-
tance. The hydraulic system uses a 15OO .psi variable displacement
pump driven by an electric motor.

The trim system is operated by relays which move the trim actuator
C whenever the water level is not at the proper position. Thore

is no follow-up potentiometer on the trim actuator, which is an
electric motor and worm gear arrangement. The actuator moves the
stabilizing foil f) by means of cables.
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There are two independent control systems which use a common hy-
draulic pump and electrical power source, but are other-vise not
connected. Each system is mounted in and above its owrn front
strut and operates the flap at the base of the strat and the
stabilizing foil diagonally opposite. Thig cross rigging gives
the proper roll tim direction.

The hydraulic flap actuators are selected to provide requix d
hinge moment, actuating power and frequency response. The hinge
moment requirements are determined from the flap characterititics
which were estimated from curves and formulae of R1ief ( 9 ).
The flaps extend over 25% of the chord and 30% of the main foil
span. The trailing edge angle is 210. Maxiivm htnge moment at
full deflection and high speed for this conftguration, in the
notation of Ref. ( 9 ), is:

C : 2560 LB/T o

Ch C(- .00/2)(22) 000 "'' .8

Maximum Hinge Moment = (--184)(2560)(407)2 (4o72) = -368 lb.fto
per set of flaps
on one side of craft

Flap actuation power is computed assuming a maximum flap speed of
two cycles per second, and a maximum hinge moment of 36 lb. ft.
per set of flaps. This gives a maximum required hydraulic system
power of 2.96 horsepower for the craft. At a system pressure of
1500 psi the max.imum required floir is 3039 gallons per minute.

Frequency response far beyond the required tffo cycles per second
can be obtained by a valve-on-cylinder hydraulic servo uihich is
used in aircraft control systems. The cable system between the
hydraulic servo and the flaps must be carefully designed and pre-
loaded in order to give satisfactory frequency response character-
istics.

The solenoid and hydraulic valve combination has been used success-
fully for guided missile applications. It has the characteristic

that the floo rate to the cylinder is proportional to the coil
current. The follow-up potentiometer has also been used success-
fully for this type of application°
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The electrical trim actuator is a standard aircraft linear actuator.
The most satisfactory trim speed and trim deadband car, be deter-
mined only by actual operation. Provision must be made in the test
vehicle to vary these properties in order to determine the desired
settings. Provision must also be made for a trim tiut-out which pre-
vents the trim actuators from moving when the craft is in a turn.
Since there is no follow-up on the trim system, the roll angle of
the craft in a turn will cause the trim actuators to operate con-
tinuously so that the craft will be out of roll trim Ythen it resumes
a straight course unless trim cut-out is provided.

The electrical contact button array must be designed to prevent
false signals from blown spray, rain or water run-off. Tests on a
mock-up of a single button and relay show that the electrical por-
tion of the system works verv well but that the water run-off
problem requires further a ation.

The control system described above was designed specifically for
use in a test vehicle. It was considered desirable to design a
system which used as many proven and readily available components
as possible and which could be adjusted and modified simply and
inexpensively. The electrical sensing system permits adjustment
of gain and ranges, simple electrical measurement of operating
properties, and a wide variety of functional modifications.

A 14-foot manned test vehicle using flaps and a control system
somewhat similar to the one described above was operated success-
fully. Height sensing was accomplished by means of pressure ori-
fices along the leading edge of the struts. The flaps on the main
foil were operated by small electrical servo-motors. The single
tail foil was actuated by an electric motor for trim purposes only.
The craft took off easily and operated foil-borne at the proper
height, stabilized by the flap action alone on many flights of
5OO yards or better with a crew of two. The flights usually termi-
nated because a mechanical looseness in the flap actuation mechanism
permitted the craft to develop a vertical hunting motion which often
became severe enough to require landing. On several occasions the
hunting otcillation damped of its own accord and the craft contin-
ued smoothly. It was the opinion of the crew that the hunting
motion was caused entirely by the looseness of the actuation mechan-
ism and that tightening the system would result in a completely

smooth-operating craft. This testing was conducted at the end of
the contract period as an extra effort and time did not permit the
relatively minor mechanical changes which were required to co rrct
mechanical deficiencies in the control system.

E. ALTER1NATIV CONTROL SYSTEMS

The control system described in Sec. 1II, D is intended to be
flexible enough to that major functional modifications can be
made with relatively minor equipment and circuit changes.
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One of the most important changes that may be necessary is to
arrange the entire control system so that it operates as separate
longitudinal and lateral systems. This might be required because
of coupling between motions or in order to vary the gains of the
systems independently. This modification may be acconplished by
using different solenoid coils and altering the circuits.

The electrical button contacts can be replaced by pressure switches
along the leading edges ofthe struts. The change required is to
remove the bank of relays and wire the button leads directly to the
pressure switches.

Gyroscope or accelerometer feedback loops can be included in the
system by modifications in the solenoid coils and some changes in
wiring.

The entire electrical system can be converted to 400 cycle alter-
nating current if some need, such as the use of precision gyro-
scopesq requires this modification.

Provision for "flying"I the craft by command signals alone can be
made. It is also possible to provide command signal control and
still retain the stabilization features of the control system.

These provisions for major modifications are incorporated into the
design in an effort, to anticipate difficulties which might arise
in the course of operating the craft and to provide as many means
as possible of correcting the difficulties vithout making major
physical changes in the stabilization system.
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Table 2

CM)NFIURATION PROPERTIES
OF

TEN-TON TEST CRAFT

CL~,.Stf 0.225

CDOr, 0

dCIcJ/C12  0.0335 s 67

d,6 /der 0 281 Cm r 1.531

Rn. 990 b mb t314

Cie /dcL. 0.0563 2111

CL.4.~39 M 10-52

cjo*olo695 C t 0.972

O~o800 5.62'

R 0.950 6.00
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Table 3

TEN-TON TEST CRAFT

LONGITUDINAL STABIIT( DERIVATIVES

fC.G. Dsign Aft -Aft Forward -.Forward
Speed Uruise T.O. H.S. T.O. H.S.

Load Full Full Full Full Full

Ct -5.6903 -5.6903 -5.6903 -5.6903 -5.6903

-1o4oo6 -0.9374 -1.1864 -1o5888 -1.8181

c !d -0.0188 -0.0088 -0.141 -0.0229 -0.0279

-5.6903 -5o6903 -5.6903 -5.6903 -5.6903

-0o1353 -0.1353 -0o1353 -0-1353 -0o1353

c 9  -0.6223 -0.1403 -0.4799 -0°6967 -10541

Crn; -1.3113 -1.1240 -1.1984 -1o3542 -1.4900

Cme -0.0164 -0.0147 -0,0156 -0.0180 -0.0198

-0.6223 -0-1403 -0.4799 -0°6967 -1o0541

Cra,' -0.0188 -0.0088 -0.141 -0.0229 -0.0279

-0.9878 -0.9878 -0°9878 -0.9878 -0.9878

-1.0107 -0.9575 -0.9614 -1o647 -1.o617

i -0.748 -0°748 -0.748 -0°748 -0.748

Cmn!j -0.0297 0.0356 0.0159 -0°0423 -0.0599
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Table 4

TEN-TON TEST CRFT

LONGITUDINNL STABILITY COEFFICITS

__C.0 Design _ _t _ Aft Foard ---d forward
Leed Cruise .0. H.S T. 0. H.S.

Load Full FVll Full Full.-- --T

a j -2.8b.52 -2,8452 -2,8452 -2,8452 -2,5452
S-04 7003 -0-4687 45932 -0•7944 -0.9091

2! -0.0094 -0,0044 -0-0071 -03115 -0.0140
-2.8452 -2.8452 -2.8452 -2,8452 -2.8452
-o0.0677 -0.0677 -oO677 -0,0577 -0,0677

mo -1,9447 -0,o4384 -14997 -2°1772 -3.2941
Mi -4 °0978 -3,5125 -3-7450 -4.2319 -4.6563

-0.0513 -0-0459 -0.0488 -o-0563 -0.0619
-1 9447 -0.°4384 -i.499? -2Mi772 -3.2941J -0,0588 -0,0275 -.0.O!1! -0.0716 -00872
-04939 -0-4939 -0.4939 -o4939 -0.4939I -3A1584 -2.9922 -3.0044  -3.3272 -3.3178
-0.374 -40.374 --0o374 -0o374 -0.374
-0.0928 0.1113 O.0497 .01322 -0.1872

mole O373 0373 0.373 0373 3.373
1 ,0220 0"29 0.147 0.294 0 o147

Ir,01400 o400 0.400 0,400 0.400
-0o0193 -0,0326 -o.o145 -0.0321 -0.0147

u -0.o420 -O,748 -0.180 -0o748 -0.180
i 01403 0,2444 0m0595 0,2528 0.0607

0.1403 0,2444 0.0595 02528 0.0607

0.2100 0,374o 0.0900 0.3740 0.0900
-0.0419 -0,0731 .9°0306 -0o0719 --0.0306

m~I
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Table 5

LATERAL STABILITY DERIVATIVES

CRUISE SPEED DESIGN C.G.

Stabilizing
Main Main Stabilizing Foil
Foil Strut Foil btrut T(YfAL

C -.311 -.0278 -.0676 -.0194 -.426

O., .0261 0 0 -. 0676 -. 0).15

C9y 0 .152 0 ,1o6 258

.0261 0 0 -.o676 -,0415

c0 0 0 -,236 -. 236

Cyr 0 0 0 o371 .371

0 152 0 .io6 .258

0 0 0 .371 .371

0 -. 831 0 -. 582 -I,,4.3

C I -.18- -- -.18

C .0078 -.- .0078

Cidy -- .0432 .0432

C - - - .151 .151

C- d-.... -. 236 -. 236

C., - --. 247 -.24?

Cnd' ____ ___ 0 0
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LATERAL STABJIIY COEFFICIENTS

CRUISE SPEED DESIGN C.G.

2 = -4-30 .047= ~ h5

n4 -.253 drr .436

Y 129 k~lp.922

yr -.418 yef., -.118

r = -1.440 'S -2o49

.185 Qd~s 0

JV 2.61 237

nv 2.27 .220

Vv -.706 * .210

Adf = -1.800
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O N F ID E N TI AL

CONSIDERATION
OF

HYDROFOIL-CRAFT PROPULSION

SUIMRY:

Following a review of many known types of marine propulsion systems,
more detailed consideration is given to systems appearing to demon-
strate reasonable efficiency in the speed range of immodiate interest
for hydrofoil craft - 15 to 50 knots.

A shrouded air-driving propeller is sha'm to be capable of efficiencies
comparable to those of conventional marine propellers, but it might
have undesirable operating characteristics because of the fact that it
is operating in a different medium than the hydrofoil craft itself.

High-speed propulsion systems, the direct hydropulse, the gasoline-air
hydropulse and the hydroduct have been reviered briefly. They offer
interesting possibilities for very high speed craft but are considered
uneconomical at this time for the range of speeds considered in this
phase.

Investigation of the performance of conventional marine propellers in-
dicates that cavitation will be encountered at speeds greater than
about 30 knots, the deleterious effects on performance increasing with
speed until they become unacceptably large at about 50 knots. An
analysis is made to shair that theoretically cavitation might be elimi-
nated for high speeds if the propeller is made to operate in an encir-
cling shroud. A theoretical study of shrouded propeller performance
and design considerations indicates that efficiencies comparable to
those of medium-speed conventional marine propellers may be achieved
at any desired speed.

The utilization of a marine propeller requires that it be installed
at some distance below the hull and requires either right angle gear
drives or slanting'shafts, both of which have been used with success.
The use of right angle drives allows the drive shaft to be housed in
the main foil supporting struts and is cleaner hydrodynamically. How-
everI as pcwersincrease, the design and size of gears become a serious
problem and other types of power transmission should be considered.
Because of time and money limitations the present report does not in-
clude consideration of this subject.

Another propulsive requirement which is of particular interest in hy-
drofoil craft is the necessity for providing high thrust at relatively

slow forward speeds in the region of the hump in the resistance curve,
coupled with reasonable propeller efficiency at considerably higher
speeds. A controllable pitch propeller appears to offer the best
promise to satisfy these needs.

It is believed that a shrouded marine propeller can be developed to
produce acceptable propulsive efficiency at high speeds.
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INTRODUCTION

The efficiency of hydrofoil craft appears to be superior
to that of other types of marine craft at comparatively
high speeds. If this performance advantage is to be re-
alized, the craft propulsion system must demonstrate a
reasonably high efficiency so that the overall fuel con-
sumption per ton mile is satisfactory. Thus the major
propulsion system requirement appears to be that of rea-
sonably high efficiency at high speeds.

In an effort to leave nothing overlooked, many known types
of propulsion systems have been considered and some, by
their nature, are quickly dismissed as inefficient or
unsuitable.

Af first glance, the direct hydropulse, the gasoline-air
hydropulse, the hydroduct, the marine propeller and the
air-driving propellers appear to have performance char-
acteristics which make them worthy of more detailed con-
sideration. These propulsion system types are analyzed
and discussed in the following individual sections on
each type.
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ANALYSIS & DISCUSSION

The 1Ldropulse, Gasoline-Air Hydropulse, and Hydroduct

Reference fl describes the hydropulse, the gasoline-air hydro-
pulse, and the hydroduct and it presents analyses and test
results concerning them.

The direct hydropulse is similar to an air pulse-jet engine
except that the fluid concerned is water and the energy is
supplied by the reaction of lithium or aluminum borohydride
injected into the water in the "combustion chamber." This
propulsion system has been developed to the point where it
Is stated to have a lower fuel consumption than that obtained
in any modern torpedo engine regardless of type. The best
fuel consumption obtained in the reported tests was 5.2 lb.
fuel per thrust hp. hr. at 40 knots. (A marine-propeller
propulsion system having a 50X propeller efficiency, 90%
gearing efficiency, and an engine specific fuel consumpticn
of 0,6 lb. per hp. hr. would show an overall specific fuel
consumption of 1.33 lb. per thrust hp. hr.)

Thus, it may be seen that the fuel consumption of the direct
hydropulse is considerably higher than might be expected for
a conventional marine propeller drive for speeds up to per-
haps 40 knots. In addition, it must be appreciated that the
"fuel" for this hydropulse is lithium or aluminum borohydride
which are expensive and difficult to handle as compared to
petroleum fuels. It is felt that this hydropulse does not
merit serious consideration as a propulsion system for hydro-
foil craft for speeds less than 100 knots.

The main body of the gasoline-air hydropulse is very similar
to that of the direct hydropulse, but it has, in addition, a
gasoline-air combustion chamber connected through a flap-
type valve to the main duct jst. aft of the duct inlet valve
grid. In operation, a gasoiine-air mixture im drawn into the
combusion chamber and then ignited whun the main duct is
filled with water* The pressure of the combustion forces the
-water out of rear end of the duct at high velocity, thus de-
veloping thrust.
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The unit tested demonstrated a specific fuel consuaption
of approximately 5 lb. per thrust hp. hr. at a speed of
8 knots. This unit is simple and light, but as long as
the fuel-air mixture is not compressed prior to combus-
tion, this type engine will never be able to realize
high specific thrust or low specific fuel consumption.
If a method of effecting this pro-compression could be
obtained, this type of propulsion system should be able
to show good efficiency for high speed operation. In
its present form, however, the gasoline-air hydropulse
engine does not appear attractive for use in high-speed
hydrofoil craft.

The hydroduct is similar to a ram-jet aircraft power plant.
It consumes a continuous flow of water and the thrust-
developing energy is supplied by the reaction of molten
lithium which is injected into the "combustion" chamber°
The hydroduct is very simple and can be housed in a well
streamlined body., and for those reasons is attractive for
propulsion of high-speed craft. The specific fuel consump-
tion, however, is several times as large as that of the
direct hydropulse and thus this type of propulsion system
appears out of the question for driving marine service craft.
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Air-Driving Propeller

It has been suggested that because of the relatively low
forward velocities involved, propulsion by an air-driving
propeller is impractical and uneconomical for hydrofoil
craft. This study analyzes the factors involved and makes
specific recommendations concerning the application of the
air propeller to hydrofoil-craft propulsion.

Conventional Propeller:

It is generally well known that the propulsive efficiency
of a propeller decreases as the forward speed is reduced.
This characteristic is clearly illustrated by the equation
for propulsive efficiency:

= (1)

where F a thrust.
Vo m fornard velocity
P t power input

As the forward velocity, Vo drops to zero, the efficiency
also decreases to zero. This expression also indicates
that a high ratio of thrust to power is desirable.

As shown in any standard text on propeller theory, the
ideal propulsive efficiency, based on the simple momentum
theory, is expressed as:

T V.(2)

where V3 is the velocity of the propeller slip stream at
atmospheric pressure. This relation indicates that the pro-
pulsive efficiency increases as the slipstream velocity in
reduced to a value approaching that of the forward velocity.

The propeller thrust is expressed:

A= , (V - ) (3)

where m a the mass rate of flow through the propeller. Since
equation (1) indicates that the thrust should be great, and
equation (2) shows that V3 should be as nearly as possible
equal to Vo, then equation (3) discloses that the rate of
mass flao through the propeller must be large. This rate of



0 0 N F I D3 b N T1 I A I,

mass flow caw be e;pressed:

where A, the propeller disc area
V, velocity at propeller diac

Since V -1 , (Ref. 5), it is not an indepen-
2

dent variable. And since , the air density, cannot be
controlled, tie propeller disc area, A, , is the only
factor which can be increased to sive high rates of mass
flow.

From these very basic considerations it may be seen that
the propulsive efficiency attainable for low-speed opera-
tion will be determined chiefly by ajaximum allowable pro-
peller diameter.

An expression relating thrust, propeller disc area, and
ideal propulsive efficiency has been developed by Weick

_ 
(6)

where

This relation between ideal efficiency, Y; , and the
thrust coefficient, C , is illustrated in Fig. 1. This
curve for the unshrouded propeller shows very clearly that -i.
for a given speed and thrust, the propulsive efficiency
increases with increasing propeller disc area. In order '

to give an idea of the ordep of magnitude of the terms of
this relationship, it might be pointed out that a propeller
developing 1000 lb. of thrust at 30 knots will show an
ideal propulsive efficiency of 60% if its diameter is 10 ft.

It should be made clear that the ideal propulsive efficiency
does not include any losses caused by propeller blade drag
or slipstream rotation. 1 hus, ith a propeller blade effi-
ciency of 85%, the overall propulsive efficiency for the
abo,,e example would be 51%.
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chrouded Air Propeller:

If the propeller is encircled by a shroud, control of
The mass floni of air through the propeller can be made
much more effective. As pointed out in Ref. 4, the
chroud functions to increase the propeller inflow and
thus decrease to a non-stalling value the blade angle
cf attack, and also to increase the cross-sectional area
cf the slipstream,

From continuity of flow, (See Fig. 3)

pA, V -Ap, V (7)

Thus, with a shrouded propeller, the thrust may be ex-
pressed, from equation (3),

set F- eA V (-V ) (8)

cr: 2 f_A, U13 (9)

The thrust coefficient is therefore:

26-. (10)

The ideal propulsive efficiency is still the same as ex-
pressed in equation (2). The variation of propulsive ef-
ficiency with thrust coefficient for various area ratios
is illustrated in Fig. 1.

It may be observed that for a given thrust coefficient the
propulsive efficioncy is increased appreciably by incorpora-
ting a shroud with a large exit area ratio. Or, if a given
value of propulsive efficiency is specified, the thrust coef-
ficient can be increased considerably. For the example of
1000 lb. thrust and 60% ideal propulsiv efficiency, the
propeller diameter can be reduced from 10 ft. to 6.7 ft. if
a shroud with an exit area ratio of 1.6 is employed. Or, for
this exit ratio; the propulsive efficiency could be increased
to approximately 72% for the 10 ft. propeller developing the
saw thrust°
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As developed in Ref. 4f the theoretical relative thrust
of shrouded and unshrouded propellers for static condi-
tions and the same power input can be expressed:

26 (11)

The test results reported in this reference, however, show
that the thrust superiority of the shrouded propeller is
actually greater than indicated in equation (11) because
blade stalling of the unshrouded propeller prevents the
development of thrust approaching the theoretical values.
The thrust actually developed by the shrouded propellers
tested was very close to the ideal calculated values.

Comparison of Propellers with and without Shroud:

It is quite apparent that the shrouded propeller gives a
static and low-speed performance which is superior to that
of a conventional unshrouded propeller. For the same
thrust and efficiency the shrouded propeller can be of
considerably smaller diameter than an unshrouded one.
Since a shroud will also serve as a safety guard, which
should be incorporated with a propeller driving a hydro-
foil craft, its employment requires no great amount of
additional work or expense.

The propeller operating within the shroudj however, may
necessarily be of special design or require modification
from any standard model available if the desired high per-
formance is to be realized. This point must be investiga-
ted for each individual installation, but it is probable
that the propeller must have more than two blades. An wn-
shrouded propeller would probably also require a special
design because of the unusually large diameter for a given
poker output.

After considering all factors it is recommended that a
shrouded propeller be used if air propulsion is to be em-
ployed for hydrofoil-type craft.



CONFIDENT IAL

90

Design Considerations for Shrouded Air Propeller Installation:

With air propulsion, it should be borne in mind that the
hydrofoil and '.ts driving system are operating in different
and independet media. For calm conditions this factor is
unimportant, but with a relatively strong breeze, the opera-
tion of the water craft may be undesirably restricted. For
instance, if' tha hydrofoil were running at 30 knots into a
30 knot wind, the power required to drive the air propeller
would be approximately 50% greater than under no-wind con-
ditions. The required thrust horsepower is twice as great,
but the ideal propulsive efficiency increases substantially
so that the engine shaft power increases less rapidly than
the thrust power.

Thus, if an air propeller installation incorporated a power
plant producing 100% power at the design craft speed under
no-wind conditions, the hydrofoil craft must be run down
wind or cross wind if design high speed is to be obtained.
This lijaitation is, of course, undesirable. But, on the
other hand, the hydrofoil test craft may not be operated
under windy conditions because of the rough water. The in-
stallation could, of course, be designed to incorporate
sufficient power to run into a wind determined to be the
maximum in which the craft could operate because of rough.-
water considerations.

The influence of the propeller installation on stability and
balance must also be considered. The propeller thrust line
will be high so that there will be a substantial negative
pitching moment about the center of gravity. The propeller
slipstream and the area of the shroud itself will affect the
ya-A ng forces on the craft and the fore-and-aft location of
the shrouded propeller should be given careful consideration.

It is probable that the simplest installation would incorporate
an air-cooled aircraft engine. Since the engine must operate
at full power and low forward speeds for long periods of time,
careful attention must be devoted to engine cooling. The
actual cooling system design would be determined by the air-
flow requirements and physical features of the engine emp.Loyad,
but it is reasonably certain that satisfactory cooling could
be obtained.
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As a general cooling plan, it is suggested that the engine
be mounted forward of the propeller hith the cooling air
admitted at the nose of the engine cowl. The cylinder
baffling should be arranged to conduct the air flow over
the cylinders, rearward and in to the base of te propel-
ler hub, The hub would have radial vanes so that it func-
tioned as a centrifugal blower. The spinner wiould enclose
the propeller hub and be arranged so that the cooling air
is exhausted as a rearward-moving jet through an annular
area directly b.hind the propeller. ith this system there
is a continuous pressure gradient present and it should
cause the flow of sufficient cooling air.

If it should appear, upon further detailed study, that the
foregoing scheme *ould not provide sufficient cooling, then
a system employing the engine exhaust as jet ejectors could
be worKed out. It is established that such systems can be
designed to provide satisfactory cooling for static condi-
tions, but the design and development of such a system
would probably require more labor and cost than the first
proposal*

A rough sketch of a possible installation is shown in Fig°5o
For this sample, a 10-ton hydrofoil test craft, the propul-
sion requirements and performance estimates are presented in
Fig. 4. A reasonable solution for this example might be the
selection of two five-foot propellers having shrouds with
exit area ratios of 1.4. The ideal propulsive efficiency is
6% and for the design speed requirement two engines of ap-
proximately 110 Blip. each are required.

The thrust and efficiency of a shrouded propeller is substan-
tially superior to that of an unshrouded propeller of equal
diameter. Since the shroud serves also as a propeller guard,
the additional work$ etc., required for its employment is a
small price to pay for the benefits obtained. Hydrofoil-type
craft can be driven by shrouded propellers with propulsive
efficiencies comparable to those of marine drives. However,
since the propeller and the hydrofoil are operatling in dif-
ferent media, some undesirable operating restrictions may be
imposed. From a sample preliiinary design study, it appears
that the power and dimensions of a shrouded propeller installa-
tion are of reasonable values for the case of a 10-ton hydro-
foil craft.
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Marine Propellers

The general performance characteristics of marine pro-
pellers operating at low speeds and non-cavitating con-
ditions are well understood and established. In the
speed range of interest to hydrofoil craft, however, the
zavitation phenomenon is encountered and exerts a major
influence on the propeller performance. For this reason
the attention of this study is focused chiefly upon the
conditions which influence cavitation and upon means for
controlling these conditions so that the deleterious ef-
fects of cavitation can be ameliorated or eliminated.

Dr. V. Bush has suggested in private discussions that pro-
peller design concepts would probably have to be changed
if reasonable efficiencies are to be realized at high
speeds. These discussions with Dr. Bush gave considerable
impetus to these studies on marine propellers.

Conventional Marine Propeller:

It is well known that the thrust and propullive efficiency
of marine propellers suffer marked deterioration under high-
speed operating conditions because of the effects of cav-
itation. It is generally accepted that cavitation-free
operation is limited by blade tip speed, thrust loading,
and cavitation numnber (Ref. 2 and 3). Ga-an, Ref. 3, recog-
nizes the occurence of cavitation as "commencing at such
vectorial speed of the propeller that the maximum Jocal peak
suction on the back of the blade begins to exceed the
hydrostatic head available."

It appears from tha literature that it is still difficult
to closely predict the occurence of cavitation because this
phenomenoa is considered as being influenced by too many
variables. These variables are such quantities as "tons of
thrust per square foot of developed area," and tip speed in
Xnots. Such terms do not directly define the critical pres-
sure developed on the back of the blade, and it r.ould appear
that cavitation could be more accurately predicted and under-
stood if the subject were analy2zed in somewhat more funda-
mental terms.

Fig. 6, taken from Ref. 3, illustrates the general relation-
ship between blade CL and "location cavitation number" for
two particular series of propellers. The data on reduced
thrust conditions is interesting but perhaps a more funda-
mental approach would consider the blade section pressure
coefficient - since this is a direct indication of cavita-
tion condition - rather than CL .
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Although no mention of it has been found in the litera-
ture, the increase of velocity, and decrease in pressure
of the flow entering the propeller appears to be worthy
of consideration. By incorporating this "inflow effect",
the conditions of flow in which the propeller blades oper-
ate can be directly defined without reference to less
closely related factors.

As sketched in Fig. 2 and developed in Ref. 5 and 6, the
flow into a propeller operating in a free stream has its
velocity increased over the free-stream value as indicated
in the expression:

V .(12)
2

Since no energy is added to this flow entering the propel-
ler, Bernoulli's theorem is applicable:

where pl is the static pressure in the fluid just entering
the propeller.

From (12), ~ /_ lt(Y
Dividing (13)by qo gives:

IV1

Substituting equation (14) in (15):

6 (16)

Cavitation will occur in the stream flow entering the
propeller when the left side of equation (16) is equal to
the location cavitation number.

The variation of this inflow pressure drop coefficient,
Equation (16), with slipstream velocity ratio,()
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is illustrated in Fig. 7. Physically, this means that
when the suction required to accelerate the flow into
the propeller becomes sufficiently great, it causes the
flow entering the propeller to "burst" into vapor. Under
this condition there will be complete back cavitation and
part of the blade face may also be operating in vapor.
Under such conditions the thrust and efficiency aredras-
tically reduced.

According to Ref. 3 a thrust coefficient as loyr as 0-5
tons per square foot of developed blade area may be neces-
sary for such applications as small, fast motor torpedo
boats - as compared with the "time-honored pressure coef-
ficient of 0.75 tons per square foot of developed blade
area." It is interesting to make a comparison between
these thrist coefficients and the values of C- of Equa-
tion (6). For a three-bladed propeller with a mean width
ratio of 0.4 - such as might be found in a high-speed craft -
the ratio of developed area/disc area as calculated by
Taylor's formula is: 1 a 0.509 x 3 x O.h .0.61. Thus,

1000 pounds per square foot of developed area is equal to
610 pounds per square foot of disc area. At 50 knots this
is equivalent to 0' = "6 -* 62 .06 6 * This value

corresponds to a slip stream velocity ratio of about 1.043
and is well below the slip stream ratio of 1.275 at wnhich
inflow cavitation would occur at. 50 knots (on the surface)
because of acceleration into the propeller.

In most discussions of propeller cavitation, thea exp rssion
for the dynamic pressure is usually given" as ,'Y ,or

, where U is the circumferential tip speed of the

propeller. In an effort to better expresb the actual condi-
tions in which the blades are operating, consideration should
be given to the increased velocity of the enterinv flowr arld
the location pressure coefficient expressed in tor- of this
velocity.

From a itple vector diagram it can be seen that the velocity

of the flow relative to the blade tip is and thus,

(=r
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Dividing and multiplying by V0 , and substituting for V,
from Equation (14) gives:

avl); 7(18)

Since C/= 7rnD,

f- " Q(19)

irhore the advance coefficient,

In order to be able to determine the maximum allowable
operating CL for a known blade profile, it is necessary to
develop an expression for pressure coefficient in terms of
the dynamic pressure of the flow relative to the blade .
Fran Bernoulli's theorem for the flax relative to the
blade:

p,+ - (20)
where and are the local pressure and dynamic pres-

sure at any point on the propeller blade. It follows that

(21)

Substituting for from Equation (16)

SubstitulAng from Equation (19), this can be written

14 )/ /el- (23)

where 4 is the local pressure coefficient of the blade
a3 determined by the profile shape. (In this case the sign
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of the C. term is opposite to the convention usnally

employed in presenting airfoil section data.) Dividing
and multiplying the left side of (23) by yieldst

-/ 124)

where _ 2 (Ih)

Multiplying both sides by from equation (19) gives:

= +p-(25)

For use in determining the maximum blade operating C.
that can be employvJ without cavitation, equation (23)
can be most conveniently written as:

c, C (26)

where S is the location cavitation member as determined
by depth of immersion and free stream velocity. In use,
the value of is calculated by equation (26) and, ro-

ferring to the presrsure distribution of the selected air-
foil section data, the maximum allowable value of 4 is
determined, This value, of course, applies only to the
blade tip; and for actual propeller design the allowable
values for other radii could be calculated by modifying
the above equatio.s

EZqation (26) is plotted in -Z. 8. Th3 great effc-zt of
spsod is r-lily apparent, and thecriaticn of t'he adrance
coofficient, J, is also seen to exert a obstnti:l inlu-
ence. The cf9cot of tbhrut !oading is Secondva Am n =5t
convontlama prcpellera aypaar to operate with a Otrtst co-

043,.. to 0,4. .... . .0
stroggle fr inoroaod speods will lead to propollera d -
signed with higher advance coefficients (blade pitch armies)
ox the incorporation of variable pitch mechanimuz,
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The values of CL obtainable for various Cp values for

an NACA 66-006 section airfoil are indicated in the vertical
axis of Fig. 8. These CL values are bypical for a symmetri-
cal blade section of 6% thickness, which is a reasonably low
practical thickness. Although this analysis may not give
values which are of exactly correct magnitudes, it does,
nevertheless, indicate that it will be almost impossible to
operate conventional propellers without serious cavitation
at speeds greater than about 50 knots. Speeds of this order
will also require high blade angles which may be impractical
for operation at lower speeds unless pitch-changing mechanisms
are employed.

In short, it appears that it will be impossible to secure
satisfactory performance with conventional propeller drive on
service vessels required to operate continuously at speeds
greater than about 50 knots.

Cavitation Elimination. The Shrouded Propeller

Rather than be resigned to this speed limitation as inevi-
table, it is coasidered worthwhile to investigate methods
of modifying the propeller or its operating conditions in
such a manner that it can demonstrate a satisfactory per-
formance at high speeds.

It is obvious that if the ambient pressure in the zone of
propeller operation could be sufficiently increased, the
propeller could operate w.Lthout cavitation. In addition,
any decrease in the velocity of the fluid relative to the
propeller blades would also decrease cavitation. Both of
these effects can be secured by enclosing the propeller in
a shroud, vs illustrated in Fig. 9.

By the design of the shroud the velocity of the entering
flow is decreased and hence the pressure is increased. From
Bernoulli's theorem again:

.(27)
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Substituting for f, and gives:
2

- / (28)

Considering Bernoulli's Theorem for the flow conditions
under which the blades operate:

,_ - -(29)

where the subscript, b, denotes any location on the blade.
Equation (29) can be rewritten as:

From a vector diagram of the flow velocity relative to the
blade:

(31)

or, fe-v (32)

Substituting (32)in (30) gives:

0v -kY*j., (33((33

If the minimum absolute pressure on the blade surface is
just equal to the fluid vapor pressureor at incipient
cavitation; then, .:-2 = 6 , the location cavitation
number. Thus, at ilcipient cavitation, the maximum local
pressure coefficient allowed on the blade is:
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- t iJ \(34)

From Fig. 10 it way be noted that the shrouded propeller
can be designed to be less critical from the standpoint
of cavitation effects than a hydrofoil or other part of
the vessel travelling at the speeds considered. Cavita-
tion may occur on the outside of the shroud, however, at
a speed depending on the shroud shape. In general, the
shroud length muat increase with the speed.

Since all of this analysis has been based upon tie as-
sumption of an incompressible fluid, the equations are
valid only for such conditions. The effects of compressi-
bility will probably start to appear at about 2000 knots
since the accoustic velocity of water is approximately
2900 knots. Since such a high speed is not considered
attainable in the forseeable future. Equation 34 can be
considered as valid for any speed likely to be of interest,
and it indicates that a relatively great value of allowable
Cp6 can always be obtained without cavitation with the
shrouded propeller. This is distinctly superior to the
conventional unshrouded propeller (see Equation 26)., for
which the maximum allowable Cj is zero for &wO even

for the no-thrust condition, - .0

It appears that for ship speeds of the order of 50 knots
or higher, the performance of conventional propellers will
be adversely affected by unavoidable cavitation losses.
These losses will be so large that continuous operation
at speeds of this magnitude will be decidedly impractical
from the standpoint of economy. In attempting to secure
higher speeds the design trend will probably be toward
thinner blade sections and higher values of advance coef-
ficient and possibly pitch varying mechanisms.

Based on theoretical considerations, it appears that pro-
peller blade cavitation can be completely eliminated at
very high speeds by enclosing the propeller in a shroud
designed to establish a region of high pressure and rela-
tively low velocity in which the propeller blades operate.
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Shrouded Propeller Design and Performance Analysis:

It has been shown that propeller cavitation can theoreti-
cally be eliminated by the incorporation of an enclosing
shroud. Since the conditions of flow through the propel-
ler are obviously changed by the shroud, they should be
analyzed to determine the following major points for use
in design and performance estimates:

1. What parameters most greatly influence cavitation,
and the values of these parameters which are neces-
sary to eliminate cavitation for any specified
operating conditions.

2. 'hat parameters most greatly influence the overall
performance (efficiency and thrust), and the values
of these parameters which will give the optimum per-
formance.

Considering that the chief function of the shroud is to
decrease the velocity and increase the static pressure at
the propeller, it is evident that two major factors will
be the axial velocity at the propeller operating section
and the efficiency of the pressure recovery in the flow
up to this section. rne convenient means of expressing
pressure recovery is as "ram pressure recovery ratio."
This parameter is defined as;

(35)

or,

If _1O Ll(36)

and

- (37)

Substituting Equation (37) in Equation (30), the expres-
sion for blade pressure coefficient becomes:

C (38)

4 ~L2~CrQ//
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If the lowest absolute pressure on the blade, p , is
equal to the vapor pressure of the fluid, then, at in-
cipient cavitation:

k-1 - - 6 (39)
f70

Substituting (39) in Equation (38), the propeller blade
pressure coefficient at incipient cavitation is expressed:

to[ 6 V-9 (40

Since, Z -- f]

6*", r / (142)

This is the expression for the propeller blade pressure
coefficient at incipient cavitation in terms of the major
parameters affecting cavitation. The variat.Lon -f this
maximum allowable C, value (at incipient cavitation)
with speed is illustrated in Fig. 10.

In actual shroud design calculations it is probable that
the value of the blade pressure coefficient will be pre-
determined from blade efficiency considerations, As a
result, the propeller operating velocity ratio must be
solved for, and from Equation (42), the propeller opera-
ting velocity ratio is derived to be:

,.L =/S +7- (43)
V /#9/
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This equation expresses the velocity ratio at the propel-
ler operating section for the condition that incipient
cavitation exists at the minimum pressure point of the
propeller blades. The relationship between this velocity
ratio and the blade pressure coefficient is illustrated
in Fig. 11 for speeds of 30 knots and 60 knots, and in
Fig. 12 for extremely high speeds, i.e. 6 a 0o

Since the shroud presents additional surface to cause re-
sistance, it is to be expected that there will be internal
and external losses which will tend to decrease the per-
formance of the propeller. The internal losses are the
more important and can be considered in terms of pressure
loss in the flow through the shroud.

If the flow through the shroud suffered no losses, the
total pressure added to the fluid stream by the propeller
would, for this ideal condition, be expressed as:

The actual total pressure added to the flow by the propel-
ler is:

If the volume rate of flow is equal for the ideal and
actual cases, the shroud efficiency (considering internal
flow only) can be expressed as:

is , Ir 0 = (46)

The tot-l pressure of the flow leaving the jet discharge

nozzle may be expressed;

Hhere (4?)

where I fraction of dynamic head lost because of' friction.
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(The application of the friction factor to 'the jet
dynamic pressure is conservative since the friction
actually occurs while the flow velocity is lower and
in a reg on of favorable pressure gradient between the
propeller discharge and the jet nozzle exit.) Substi-
tuting for H from Equation (35), and for H2 from
Equation (473 in Equation Q. 6) gives:

Since v = , the pressure terms cancel, and,

7; - (149)

Dividing through by and cancelling (R/2 ) gives:

*~$= (i)- (50)

In this expression the friction factor, , represents
the fraction of the dynamic head (of the flow from the
propeller through the jet nozzle) which is lost because
of friction. This is the same factor regularly employed
in expressing the pressure loss for fluid flow through
pipes, etc., and thus can be estimated with reasonable
accuracy for given conditions of Reynold's Niumber, shroud
diameter, etc.

The overall propulsive efficiency of the shrouded propel-
ler installation may be erpressed:

(51)
where i is the ideal propulsive efficiency, Equation
(2), and hb is the propeller blade efficiency which is
largely determined by the bade pitch angle and lift/drag
ratio. The propeller blade efficiency is also defined:

-(52)
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whe-O Q is the volume flow through the propeller, and
P is the power input into the propeller shaft.

The shroud efficiency as a function of the major para-
meters is illustrated in Fig. 13. It will be noted that
the jet velocity ratio is the most influential parameter
and that at high jet velocity ratios the other parameters--
rithin the rango of values to be reasonably expected--
are relatively unimportant. At jet velocity ratios in
the probable working range, eg. 1.2 to 1o5, the ramn pres-
sure recovery ratio, . , is of considerable importance.
It is obvious that any installation should be designed
with the objective of obtaining the maximum possible ram
pressure recovery and minimum internal friction losses.

The shrouded propeller is especially attractive because
of its freedom from cavitation at high speeds, but it
also supplies several other effects which may cause a
net increase in propeller efficiency at all speeds. One
major result is the end-plate effect caused by the shroud
around the end of the blades. This effect will reduce
tip losses and should make possible the attainment of
blade profile characteristics approaching those of in-
finite aspect ratio airfoils.

An indication of the order of magnitude of this effect
may be secured by considering a propeller operating under
the following conditions:

Loading ................... 1500#/ft.2 developed area.
Vessel speed .......... *....* 30Oknots.
Advance Coef. .............. J 0 1.0.
Propeller Diam . ............ 8 ft.
Calculated Mean *........ 0010 approx.
Induced Drag .o0.004 approx.

Considering that the profile drag coefficient of a pro-
peller blade section is perhaps C, 0.010, it will be

seen that elimination of the induced drag would decrease
the total blade drag by approximately 30% with the conse-
quent increase in overall efficiency.

Another result which may be even more important is the
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realization of operution -th a blade section CL which
gives the highest attainable values of L/D or propeller
efficiency. For instance, curves in Ref. 2 show that
for typical airfoil blade sections, aspect ratio 6,
the lift/drag ratio at 0 L a 0ol is of the order of 13;
whereas, if an operating C, a 0.3 could be realized
ithout cavitation, a liftdrag ratio of approximately

25 could be achieved with a 6% thick section. It is
interesting to note that with an infinite aspect ratio
this same section reaches its peak L/D A 70 at a value

Of CL c 0°6. Compared on the basis of simple blade-
element propeller theory for an advance angle of 200,
the blade efficiency for those L/D values is:

L/D - 13, Blade E.fficiency m 0.802
25 0.888
70 0.953

Operation at higher CL would also mean that smaller,
more easily fabricated blades could be employed.

By judicious control of the internal cross-sectional
area of the shroud, the propellor blades could be made
to operate in a region of favorable pressure gradient
with consequent additional reduction in drag losses.

In order to get an idea of the order of magnitude of
the overall efficiency of the shrouded propeller, as-
sume a bQada efficiency, _ 0.90. For a jet velocity
ratio, x i 1.3, and a rai pressure recovery, n 0.90,
from Fig. 13 the product 7,-1, * 0.714. Thus) from
Equation (51) the overall efficiency is;

0.714 x O.90 n 0.642

This is aot as good as the efficiency of conventional
low-speed propellers, but. it is decidedly superior to
the efficiency realized on high-speed racing craft, etc.
Again it might be stated that theoretically this order
of efficiency is obtainable for very high speeds.

m l m m- m mm
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CUICLUSIONS:

It is believed to be theoretically possible to develop a
propulsion system to drive hydrofoil craft at very high
operating speeds with an overall efficiency comparable to
that of a moderate-speed marine propeller.

High-speed propulsion systems such as the hydropulse, the
Onso line-air hydropulse nd the hydroduct appenr to have
efficiencies too low to be acceptable for projalsion of
service hydrofoil craft where long-range and large pay load
characteristics are desired.

Propulsion by a shrouded air-driving propeller appears
capable of operating with acceptable efficiency and makes
possible a light-weight and simple installation for small
craft. However, certain wind conditions may develop un-
desirable operating restrictions, and the generation of
sufficient power for larger craft may be difficult of im-
possible to obtain.

The conventional marine propeller gives satisfactory pro-
pulsion for speeds up to perhaps 30 knots. For greater
speeds the deleterious effects of cavitation become in-
creasingly large until, at about 50 knots, the propeller
efficiency is reduced to a value which is unacceptable for
service operation.

Theoretical investigations indicate the possibility that
the shrouded marine propeller can develop efficiencies up
to very high speeds which are comparable to the efficiencies
of the conventional unshrouded marine propeller at approxi-
mately 30 knots. In view of the higher operating spoeds
anticipated with hydrofoil craft, it appears desirable to
investigate further the possibilities of better performance
at higher speeds indicated theoretically through the use of
shrouded marine propellers.
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Terminology and SIabols

A Area , sq. ft.

Thrust coefficient

ID Diameter ft.

F Thrust , lb.

I, Totl Pressure, H =p , lbo/q. k.

Advance coefficient

Lift/drag ratio

P Power , ft. lb./seca

Q Volume Flow, cu. ft./sec.

V Velocity , ft./sec.

e Overall Propulsive Efficiency

I Friction Factor, f = (Press. Loss due to friction)/q

Revolutions per sec.

p Static pressre

Dynamic pressure

6Location cavitation number

1Efficiency

EDensity
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Subscripts

o Free stream

I At cross-section just entering propeller

2 At cross-section just after propeller

3 At shr'.,ud discharge nozzle (or open propeller
slipstream where P3 2 Po)

.6 Blade

I Thrust

i Ideal

j Slipstream or jet

p Pressure

t Total relative to blade

V Vapor of fluid.
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INTRODUCTION

Based upon theoretical investigations and reviews of available
* literature on the subject, certain predictions have been made

with regard to performance and stability characteristics to be
expected of hydrofoil craft designed to obtain high values of
(LA). It was considered highly desirable to obtain full-scale
test data against which to check the theoretical analyses upon
which the predictions are based. A small hydrofoil craft,
desiged to carry four people, vas constructed for the purpose
of obtaining qualitative and quantitative performance and stab-
ility test data under actual operating conditions. Primary
structual components were fabricated of laminated fibreglass,
in order to obtain information regarding the use of this material
for hydrofoil craft construction.

TEST OBJECTIVES

The primary objective of tests of the full-scale hydrofoil craft
was to verify, under actual operating conditions. the validity of
methoda of performanoe prediction developed in theoretical studies
of the subject. It was also desired to obtain, as a secondary
objective and as time permitted, iWormation regarding automatic
control and stabilization of a hydrofoil craft which utilised
completely submerged main and auxiliary foils as its priLry
lifting elements. The objectives of the tosts were realized by
the use of two essentially separate configurations, although the
same basic power plant, bull, and main strut-foil combination
were used in both.

DESCRIPTION OF CR&?T * Performance Tests, Configuration I

It was desirod to obtain performance test data at a mini=, expend-
iture of t;mi and funds. Accordingly, an existing fibroglass
tourtenp-toot runabout hull was modified for installation of a
twovbtrmt high aspeot ratio main hydrofoil, two auxiliy bae'
plami stabilizing surfaces, and a standard ton horsepower
outboard motor with axtnded shaft*

the Uximtod fibreglass main foil and struts were contoured by
hmn Srinding, filing, and sanding. They are oonsidered to
repreahi_ a PMaoi0tal ninisum of mnufaoturing control, since no
nploial effort was ade to hold the umual tolerances of particular
profile sections. Contouring was continued, rather, until the
foil wiA -onsidered to represent the general charaoteristtoo of
typloal high-speed profiles similar to the NA.CA 65-015, while the
strat van of rectangular section with ogitval leading and trailing

- dges to the one-qaarter and three-quarter chords, respectively,
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The bow planing surfaces consist of flat steel plates, of length two
feet and width one foot, supported by tubular steel struts attached
to the hull. They were adjusted to planing angles of 12o5 degrees
with the craft in its design cruise attitude (hull bottom 12 inches
above water).

TEST METHODS * Performance Tests, Configaration I

Net drag of hydrofoil craft was determined by towing and measurement
of required thrust by a simple spring scale. Runs were made at vari-
ous combinations of speed, gross weight, and center of gravity loca-
tion. Drag of the basic hull was determined by towing it with the
main struts and foil and bow struts and foils removed. All towing
runs were made with the engine removed°

Qualitative tests were made by running the craft, under its own power,
in both calm and choppy water, at various combinations of speed, gross
weight, and center of gravity location. Observations were made of the
handling characteristics, turn performance, landing and take-off char-
acteristics, and general operating requirements. Time and funds did
not permit installation of accelerometers or other desired instrumen-
tation.

TEST RESULTS * Performanoe Tests, Configuration I

Towing Tests

Results of the towing tests are indicated by Figure (1). In order
to check the theoretical analyses developed for prediction of hydro-
foil craft performance, performance of the test craft was predicted
without reference to the test data, in accordance with the methods
outlined in the Hydrodynamics section of the general Hydrofoil Studies
report. As indicated by the figure, agreement between the predicted
and test data is highly encouraging. Details of the method of predic-
tion are shown in a separate section of this report.

Figure (2) indicates the order of magnitude of each of the component
drags and equivalent horsepowers. As indicated, the drags and powers
of the main foil and struts appear entirely acceptable, in view of the
relative lack of rigid manufacturing control exercised in their fabri-
cation. It would appgar that practical, rather than laboratory, manu-
facturing techniques will suffice for fabrication of high performance
hydrofoil craft.
Figure (2) also indicates the order of magnitude of the penalties in-

Fvolved in the use of stabilizing members which rely uponcontactwith

the water surface for their action, verifying the theoretical conclu-
sions drawn in the general Hydrofoil Studies report. It is considered
probable that, although some improvement in bow surface characteristics
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could be realized with more careful design, the penalties indicated
appear to be of the order inherent in the type of design which re-
litz upon planing surfaces for stabilization.

Figure (3) indicates the operating values of (L/D) and Gliding
Coefficient realized with the test craft and its various components.
Here, again, the main foil and struts appear entirely satisfactory,
whereas the bow planing surfaces act to modify the values for the
entire craft to less spectacular values. It is interesting to note,
however, that the bow surfaces, although showing rather poor per-
formance, compare favorably with conventional hull shapes at similar
Froude Numbers. For example, at sixteen miles per hour, with bow
surface wetted length of nine inches, load of seventy-three pounds,
and drag of thirty-three pounds, the Froude Number is 4.78 and
Gliding Coefficient o453. This compares favorably with the values
given both by Tietjens and Curry, and appears to indicate that the
drag breakdown derived is quite reasonable.

Figure (4) indicates the effect of bow surface loading upon total
craft drag. As indicated, movement of the craft center of gravity
toward the bow surfaces produces a deleterious effect upon total
drag by increasing the bow surface drag at a greater rate than the
main foil drag is decreased-by its reduction of loading. This as
againf in accordance with the theoretical conclusion that maxi mu
craft efficiency is obtained by carrying the greatest possible por-
tion of the total load on the main, more efficient lifting surface.

It is encouraging to note that the theoretical predictions of per-
formance of the test craft show excellent agreement with test results,
even though the operating conditions did not in all respects represent
the conditions assumed in development of the theory. As indicated in
the Hydrodynamics section of the general Hydrofoil Studies report, it
is expected that full-scale hydrofoil craft operations will be at
Reynolds Numbers of at least 500,000 to 50,000,000 with the greater
majority of cases of interest having minimum values of over one mil-
lion. The operating Reynolds Numbers of the various test craft com-
poneats are shown by Figure (5) and are seen to be at the lower range
of values assumed in the theoretical studies. The agreement between
theory and test, even at these low Reynolds Numbers, is considered to-
strengthen the practical usefulness of the theory.

Self-Propelled Tests-

Observations of general -handling and operational characteristics
were made at various combinations of speed, gross weight, and center
of gravity location, in-both calm and rough water. Comparative trials
were made in rough waters using a hull identical to the test craft
hull, as the basis of :comparison.
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Operation in relatively rough water in the outer Los Angeles harbor
on a windy day indicated that the hydrofoil craft's handling quali-
ties in waves up to about two feet in height are remarkably smooth.
Comparisons with an identical hull under the same conditions showed
the hydrofoil craft, even with its susceptible bow foils planing on
the water surface, much less subject to pounding, spray, or direc-
tional instability. The conventional hull, equipped with a sixteen
horsepower outboard motor, could keep up with the hydrofoil craft
only when the teat craft's ten horsepower motor was operated at about
half-throttle.

Operation in water rougher than that in the outer harbor was not at-
tempted, although runs were made at various speeds up to about twenty
knots across the wakes of large vessels, such wakes running as high
as four feet, without affecting the hydrofoil craft's performance
beyond the initial disturbance as the: bow surfaces attempted to fol-
low the wake contours. Complete damping after such disturbance was
affected in one to two cyclesQ

Extensive runs made in calm and choppy water indicated that the craft
is stable about all three major axes, with longitudinal (pitch) stabi-
lity most positive. Directional (yaw) stability is positive, although
more subject to disturbance than is the longitudinal case. This could
of course be expected of a configuration which is, essentially, a
canard ith thrust application far aft of the main foil,

Lateral (roll) stability is positive, although somewhat more critical
than are the other two cases. The craft showed a slight tendency to
roll away from the direction of a turn, a characteristic which became
more noticeable as the turn radius was shortened, bow surface load re-
duced, or speed increased. This tendency was not, however, considered
at all dangerous and is, in fact, not surprising when it is realized
that control of the craft was affected entirely by rudder action of the
outboard motor. Present efforts are being made to modify the craft to
include control surfaces on the main foil. It is anticipated that roll
characteristics will be improved by this modification. The tendency to
roll could also, of course, be reduced by increasing the lateral sepa-
ration of the bow planing surfaces.

Attempts to determine the greatest angle to which the craft could be
rolled indicated that there is little -danger of upsetting a craft of
this type. High speed turns were the only means by which rolls could
be induced, since only rudder control was provided. The procedure then
involved entering a turn at high speed, then tightening the turr until
the maximum roll angle was attained, it being of course in the opposite
direction from that of the turn. It was- found that roll angle was
limited by the angle at which the rising foil tip broke water. Lift
would immediately drop on that side of the foil, and a strong restoring
moment would result. The craft usually merely returned to an equilibrium
attitude. At worst, the foil would stall and the craft would land.
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Take-off and landing characteristics were much smoother than at first
anticipated. No sudden transition, or jerk, was apparent. Both take-
offs and landings, on the contrary) were characterized by gradual

changes in craft height and attitude as the load was transferred from
the hull to the foil. Application of i±all power from a standstill
prodrz:ed an appreciable acceleration without marked changes in equili-
bri;-, - Landings, even when power was suddenly shut off at high apeedp
involved merely a smooth glide to the normal displacement condition°

It is anticipated that take-off and landing procedures for large
hydrofoil craft will be much less complicated than for aircraft, and
will be much more amenable to completely automatic control.

Although no attempt was made to design the craft for high speed, it
is interesting to note that a speed of 23°9 miles per hour was main-
tained over a measured course, at a gross weight of 621 pounds°
Take-off was at seven to eight miles per hour. Time and funds did
not permit measurement of net thrust, but it is estimated that the
ten horsepower outboard installation gave a net propulsive efficiency
of the order of fifty percent0

Load carrying capabilities of the test craft appeared highly encour-
aging. Empty weight, without crew, was 451 pounds. Successful
take-offs and operation up to about twenty miles per hour were made
with up to four passengers at a gross weight of 1161 pounds0

A point of interest, although not part of the formal testing program,
was noted when attempts were made to tow the craft with only the main
foil in the water. This required movement of the centr.! of gravity
to a point over, or slight aft of, the foil center of Lift, such
that the bow surfaces carried no load and could be held clear of the
water. In this attitude, the craft appeared to be completely oblivi-
ous of choppy surface conditions, indicating that completely smooth
operation might be expected of configurations in which all lifting
foils are below the water surface0

___



L:W

C 01F IDE NT I A L

DESCRIPTION OF CRAFT Stability Tests, Configuration II

In accordance with the secondary objective of teats of the full-
scale hydrofoil craft, and after completion of the performance
tests in which methods of performance prediction received veri-
fioation, the craft was modified as necessary to obtain qualitative
information regarding control and stabilization of a craft with
completely submerged main and stabilizing hydrofoils.

The planing bow surfaces incorporated in the first configuration
were removed, and a submerged tail foil was installed. In order
to eliminate the necessity of relocating the main foil and struts,
and to provide the proper separation between main and tail foils,
the tail strut-foil combination was mounted below a tubular steel
boom extending aft of the hull transom. The tail foil and strut
were fabricated of laminated fibreglass by hand grinding, filing,
and sanding.

Provisions foi7 height sensing at the main struts were made by
installing a series of eight pitot tubes along the leading edge of
each main strut. Hydrodynamic pressure transmitted through the
tubes operated bellows, which in turn controlled small electric
motor flap servo-actuators. Quarter-ohord, fifteen percent span
trailing edge flaps were installed on the main foil adjacent to
each main strut, with twenty degree positive or negative travel.

Electric power for the flap and tail position actuators was
provided by four six-volt motorcycle storage batteries in series.
A control panel, including flap and tail position indicators and
manual overide controls, was mounted on the main dash panel of the
craft. Since, as far as possible, components of the autopilot
and actuator assemblies were assembled from available war-surplus
items , the system can be considered to represent a minimum of design
refinement.

TEST METHODS Stability Tests, Configuration II

Tests of the stabilization system were entirely self-propelled,
with qualitative observations of characteristics made both from
the craft itself and from shore stations. Time did -not permit
installation of accelerometers, nor the collection of =quantitative
test data-. Observations were made of handling characteristics
during take-off, cruise, and lending operations, in relatively
smooth water. It should be noted that termination of the basic
contract prevented either refinement of the initial stabilization
system, or continuation =of the tests.
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TEST RESULTS * Stability Tests, Configuration II

Trials of the modified test craft indicated the entire feasibility
of stabilization of craft vAiioh utilize entirely submerged main and
auxiliary foils. Time did not permit refinement of the tested
system to the degiee of perfection which would be considered
desirable. The results obtained, however, were considered highly
encouraging in spite of the tested system' ashortcomings.

All trials of the modified configuration were conducted with either
two or three passengers, at gross weights from 960 to 1160 pounds.
Weight of the craft without crew was 600 pounds.

Initial runs with the craft were made with a orew of two, during
which familiarization with its handling characteristics was of
prime importance. After several short preliminery runs during
which manual operation of the controls was affected to familiarize
the crew with the craft's response characteristics, take-off was
successfully attempted. Starting from rest, - run of approximately
five boat lengths was required before the craft was completelyfoilborne. The craft climbed steadily until the depth sensing
pitot tubes affixed to the ain struts properly actuated the flap
and tail trim serv motors. The craft responded tothe flap-.-d tail foi4 I moti ons, and assumed- a level flight.+ -attit-ade at
appruximately the design height-above the water surface. Similar

ds were repeated, with "flight" distances of e00 to 600 yards
supces s elly attained.

Durng these trials the effects of-design compromises in the flap
aotuatio-, system became apparent. Assembly of the configuration
had been made with expediency, rather than perfection, as the
prime consideration. A great deal of mechanioal looseness was
therefore present in the actuating system. It was expected that
operation of the mechanisms would be somewhat compromised by such
looseness, but it was considered highly probable that proof of the
basic stabilisation concepts could be attained in spite of the
mechanical deffioiencies. Such was found to be the case.

Two types at "hunting" motion were noted, both attributed primarily
to mechanioal looseness of the actuation system. A rising and
falling oscillatory motion sometimes developed and either damped
out or became- of suffioient magnitude to permit the 7hull to hit
the water surface. A long period rolling oscillation also some-
times developed-and either damped-out or became excessive. Obserr.
ations of the flaps during both types of osoillation-indioated
that elimanation of the mechanical looseness present vcR4d in all
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probability prevent such behavior, It is considered entirely
probable that the types of oscillation observed were actually
imposed upon the craft by the mechanical looseness, rather t,-An
inherent characteristics, and that a minimum or fUrther develop-
ment time is required to-provide an entirely satisfactory auto-
matio stabilization system for the test craft.

To the best knowledge of personnel of this project, operation
of the modified test oraft represented the first occasion in
which a hydrofoil craft was suocesfully operated and stabilized
by completely submerged main and auxiliary hydrofoil surfaQes
which did not rely upon contact with the water surfece for their
proper stabilizing action.

'I
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CONCLUSIONS

As a result of tests of the fourteen-foot hydrofoil craft, certain
conclusions can be drawn with respect to the general subject of dci-
sign and operation of hydrofoil craft.

1. Although a certain degree of care must be maintained in fabri-
cation of hydrofoil components, practical, rather than laboratory,
tolerances should be entirely acceptable for the design of high
(L/D) craft. As in the cases of both aircraft and conventional
surface craft, greater refinement of manufacturing techniques will
be required as emphasis is shifted from high load-carrying to high
speed requirements.

2. Power requirements of hydrofoil craft can be made much lower than
those of conventional displacement or planing craft at the same
gross weights and operational speeds. Top speeds, with the same
power, can be increased.

3. batisfactory stability and control characteristics can be demon-
strated with hydrofoil craft, without exorbitant sacrifices of
performance.

-4 The configuration which utilizes a completely submerged high as-
pect ratio main lifting foil, plus completely submerged auxiliary
control foils, appears to offer considerable promise for high-
performance design.

5o Acceptable rough water performance can be demonstrated with
hydrofoil craft, although more information is needed vith respect
to the upper limit to which this characteristic applies.

6. The most critical aspect of hydrofoil craft design appears to be
concerned with power requirements during the take-off, or "hump",.
period immediately before the craft is fully foilborneo Every
effort should be expended to arrive at a design which minimizes
drag in this region.

7. Maneuverability of hydrofoil craft will probably be somewhat in-
ferior to that of their conventional counterparts, although
tactical requirements should dictate the degree to which this
characteristic negates the advantages of greater speeds and
lower power requirements.
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PERFORMANCE ANALYSIS

HYDROFOIL TEST CRAFT JH - 1

Prediction of performance of the hydrofoil test craft are made in ac-
cordance with the methods outlined in the Hydrodynamics section of
the general Hydrofoil Studies report.

MAIN FOIL

Main foil drag is composed of profile drag (1X),,), plus induced drag,(DL)

(1) D flo D

(2) Do = C sq.

0.0048 + 0.l0(t/C 4- 0-0050 CL

: 0.00705 + 0.0050 CL

= foil area, 4.L4 square feet

s dynamic pressure, 2.15'1

v = speed in miles per hour

= foil thickness in percent of chord, (0.15)

SC -= foil lift coefficient

(1 .0L o25) - (I k S. (I

- i ~-05 oL
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N number of struts, (2)

- Aspect Ratio, (14.4)

planfonu induction parameter

4 csurface reflection parameter

induced drag parameter

It is necessary to estimate the depth of submersion of the main foil
at each operating speed in order to evaluate the induced drag. This
can be accomplished by a process of iteration in which a lift curve
slope is assumed, the corresponding foil angle of attack computed, then
submersion established from the relationship

( - ° )  12,

in which (h.) is the submersion in inches and (o(, ) the main foil
angle of attack in degrees.

The process can be repeated by correcting the assumed lift curve
slope as appropriate for the submersion established, then determining
a new angle of attack and depth of submersion. It is considered
highly probable, however, that such repetition is not warranted by
the existing uncertainties with respect to exact foil characteristics
and that entirely sufficient accuracy is obtained by assuming a lift
curve slope corresponding to the design cruise condition and applying
this value throughout the flight range.

The lift curve slope is defined by

(5) VY .. -_ _+

in which ( -M)- is the infinite aspect ratio section slope, V( t )
is the slope induction parameter, and the other symbols are as de-
fined- previously.
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For this foil,

-2:rZ--

For the design cruise condition,

l120 inches

4I o65o

The lift curve slope is then

(6) = 4.48

And the angle of attack at any lift coefficient can be approximated by

(7) Cr a M,8 C'.

in which the lift coefficient is defined by

where Win) is the portion of the load carried by the main
foil (453 pounds for the case under study).

At any speed after take-off, then, the depth of aubmersion can-be do-
tarmined, after which the induced drag parameter (.K) canbe estab-
lished. It is tacitly assumd that prior to take-off the lift
coefficient is limited to a value of 0.90.

i4
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The main foil profile and induced drags then become

(9) 1~ (c.oolo5 + o-oo6~o cLi(444 I

: (o.o31 + 0,0 C, 2

(10) (4-4C 4 4~.

MAIN STRUTS

Drag of the main struts is defined by

1~p4 ~L0.00+6 + 0i0to )

in which t() is the number of struts (2), ( ) is the strut
submerged area, (3 ) the foil area (4°44 sq.fto), and
the strut thickness ratio in percent of chord.

It can be assumed that the effective thickness ratio of the sub-
merged struts is ten percent.

The submerged strut ares is defined by

(12) SS

whence the strut drag is

: .i

D sI 
:2 4

16 I
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HULL DRAG

Hull drag is estimated by correcting known hull characteristics for
changes in displacement as lift is trunsferred from the hull to the
hydrofoils. Towing tests of the hull, with struts and foils removeo,
were made to establish its resistance at the same gross weight as
that of the hydrofoil craft.

Net hull displacement prior to take-off is estimated by

(14) w II - I~
in which (Wj1) is net hull displacement

(w) is total craft gross weight (526 pounds)

(V ) is speed in miles per hour

(\4o) is take-off speed in miles per hour (7.26 mph
at main foil lift coefficient of 0.90).

It is then assumed that hull resistance varies from the experimental
values with the two-thirds power of the displacement ratio.

(15) DPR

in which (Zli) is the net hull resistance prior to take-off,

( 8) is the experimental hull resistance at full gross

weight.

BOA PLANING SURFACE DRAG

Drag of the bow planing surfaces is estimated by assuming that it con-
sists of a combination of wave drag, induced drag, and friction drag.

Induced and wave drags of a body of the type used for the bow surfaces
can be approximated, a pointed out by Sottorf, by

(16) Di W b' :

in which (. ) is the sum of induced- and wave drags,
wa- ras
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( Wzi) is the portion of total load carried by the bow
surfaces,

( o( ) is the bow surface planing angle.

The load carried by the bow surfaces can be determined as the dif-
ference between the total craft gross weight and the sum of the loads
carried by the main foil End hull. For the particular case under
study, it is equal to 73 pounds after take-off (453 pounds carried by
main foil, none by hull).

Prior to take-off, it is assumed that the bow wave and induced drags
will be equal to one-half the value indicated by equation (16), since
the foils will be completely submerged, or nearly so.

Friction drag of the bow foils is estimated by

(17) DFB = Z

in which ( Cj ) is friction drag coefficient - OO1 58 R4
( ) is the Reynolds Number 9.97

(~) is the bow surface wetted area.

In the design cruise condition, submerged length of each bow surface
is nine inches, and wetted area approximately four square feet. It is
assumed that these values remain essentially constant throughout the
flight range after take-off. It is also assumed that the values remain
constant at two feet and ten square feet, respectively, prior to take-
off.

It is also assumed that the friction drag coefficient defined by a
length of nine inches at eight miles per hour is sufficiently accu-
rate for use over the entire speed range (C; a 0.00390).

Detailed computations of the component and total hydrofoil test craft
drags are outlined in Table I.
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TABLE I

- - 256 lbs. S - s4.o414 q. ft. WF - 453 lb, - T.O0 7-,6 uh (CL -90)

-Y.--1L 1 : 5 7 8 : 1. : 12 : 1 : 16 1

i. E; 34-4 : 53.8 : 77.4 : 1o5.45 137.5: 215.0: 309.6: 421.3, 550.2:
: .90 : .90 : .90 : .90 t .7420: .47165 .3296: .2420* .1853t

c1.5 t u-o5 : 11-5 5 11.5 5 9.5 1 6.1 1 4.2 t 3.1 t 2.4 1
ua raj 144014.5 t 14.5 : 14.5 t 14.5 1 .11 : 5.2 1 2.1 0.2 : -1.1 t

" 26.5 : 26.5 : '26.5 : 26.5 : 23.1 17.2 : 14ol 1 32.2 1 10.9 t
S : .552 s .552 : .552 : .552 , .564 : .589 : .604 .615 t .62-3 :
Mi. 21.0 a 21.0 & 21.0 : 21.0 a 19.0 : 15.6 1 13,7 : 12.6 t 12.0 a

C v'-V .304 .-475 : .683 : -930 a
wovw .696 a.525 : .317 : .070

WN, 66 :271 :167 t:37
Rm 19: 35:60 : 83:91: 101 : l11 121s 333t

.20 . 47: .96: 1.55: 1.94 52o69 : 3.55 : 4.52 , 5.68 1
j : 14 a 22 a 28 : 14 t
_... : .15: .29: .45: .26 :

.u0C oO180 :.0180 :.0180 :.O180 :.0122 :.0050 5.0024 .00.13 :,0008 1
4 :.0493 :.0493 :.0493 :.0493 :-0435 :.0363 :-0337 :,0326 s.03217: 17: 2.7 1 3.8 : 5.2 : 6.0: 7.8 : 10.4 : 13o8 s 17.8t
iJW.1 4 45 :.1445 .I4.5 :.1445 :.004 t.0429 :.0212 :.0117 s.0069 i

t 5.0 : 7.8 : 31.2 : 15.2 : 13.8 : 9.2 : 6.6 a 4.9.1 3.8:
1h: : 6o7 t 10.5 : 15.0 : 20.4 : 19.8 : 17.0 : 17.0 t 18.7 s 21o6 i

., o07 : .14 : .24 : .38 : .42 : .45 : .54 : .70, .92:
20.6 1 20.6 : 20,6 : 20.6 : 22.9 : 26.6 : 26.6 : 24.2 a 21.0

(MAIN STRUT DRAG)
: i,, . :*0208 t.0208 :.0208 :.0208 :.0182 :.0135 ,.o11 ..0096 ,.0086 a
R!aRtla : .. 0027 :.0027 :.002- :.0027 :.0020 :.0011 :.0008 :.0O06 ,.0004 s

11i :-0235 t.0235 :°0235 :.0235 :,0202 :.0146 :.0119 1.0102 :.0090 :
'___: 0.8 t 1.3 : 1.8 : 2.5 : 28 : 3.), :37 : 4-3 : 5.0 :

P _ .01t .02 : .03: .05: .06t .08, .12: .16: .21 :
Alp 7.5 : 11.8 : 26o8 : 22.9 : 22.6 : 20.1 : 20.7 : 23.0 : 26.6 :

gffmpfjpj, t 08 : .16 : o2'" : -43 : .48 1 .54: .66 : .86 t 1.14 :
1 a.&i 18.4 , 18.4 : .18 • 18.b- : 20.0 S 22.5 : 21.9 : 19.7 1 17.0 1

BC*- SURFACE -DRAG)
-22:40:50:68:73:73:73:73:73

74.2 : 77 : 9,6 : 13.1 : 25.1 t 20.4 : 17.8: 16.3 t 15-5
J : 2.7 42.: 6-0 8.2: 4.4 : 6o9 : 99 :13.5 t 17.6

. 6.9 : 11.9 : 15.6 a 21o3 t 29.5 s 27.3 : 27.7 : 29A • 33.1 t
: .07: 16 : *25: °40: .63 : .73 : 089 :1.11 :1i41:

* _ 3.19: 3.39 : 3.21 : 3.19: 2 -L-7 : 2,67 : 2.63 5 2.45: 2.21

I a 29 :46 a 61 58 52.1: 47.4: 48.4 1 2.8 59.7:
-a 13.1 5 114 a 8Q6 a 9 1 10i1 a 11.1 : IC9 t 10.0 t 8.8

- H - l.31 : 61: .91 : 1.08 t 1.11 t 126 : 1o55 : 1.97 1 2.55
S1.53 1384:1.02: .70. .571: '~7C.44 : A14: .45:t
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HYDROFOIL TEST CRAFT

GEOMETRY

0 20" 50" 9" 13" 147" 16o"

....wAtetr ... -

-4A;

Station Item

0 transom and outboard motor.
20" crew seat Noo 1.
50" main foil, main struts, crew seat No. 2
91" Crew seat Nov 3-

133" bow strut attachment.
147" bow planing surface,
160" boif

MAJOR DIMENSIONS

Main Foil: span - 96°0 inches
chord - (between struts) 6o8 inches

(outboard of struts) tapered to 5.1 inches at tip.
strut separation - 48.0 inches
total area - 4.44 square feet
aspect ratio - 14.4
thickness - 15%
approximately 65-015 section

Main Struts: length below hull - 240 inches
chord at hull - 8.0 inches
chord at foil - 6.5 inches
thickness at hull - 1.0 inch
thickness at foil - 0.5 inch
slab sides, ogive I.e. & toe. to .25 chord

Bow Surfaces: sheet steel 2 ft° x 1 fto with 4 inch flanges down.

NOTE: Foil angle of attack 3°0 degrees and bow planing angle 1205
dcgrees- for desi , cruise condition of one foot submergence.
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BRIEF HISTORY OF CONSTRUCTION AD TESTS OF HYDROFOIL TEST CRAFT

Theoretical studies of the general subject of hydrofoils had progressed,
by February of 1950, to the point wheve mdethods of prediction of
performance and stability characteristics of hydrofoil craft were
proposed with sums degree of confidence. It was considered highly
desirable, however, to substantiate the various theories developed,
by operation of a full-scale test craft under actual operatiug
conditions. Several methods of obtaining such subst~ntiation were
considered.

The studies had shown that the most favorble configuration, from
an (L/b) standpoint, would utilize completely submerged main and
auxiliary hydrofoils, as contrasted with the usual practice of
employing either foils or oblique struts which pierce the water
surface. Simultaneous testing of a high (L/) craft which utilized
such completely submerged foils, however, was considered to involve
design problems which could probably not be resolved in as sort a
time as desired. It was therefore decided to attack the test
program from two separate philosophies. First, the performance
of a high aspect ratio main foil would be determined, with stab-
ilization of the test craft affected in the simplest manner, using
forward planing surfaces which would achieve the desired stabil-

-- isation without affoting performance of the main foil. Second,
the effectiveness of a completely submerged foil system would be
tested, after completion of the initial performance tests, with
stability rather than performance as the prime consideration.
It was thus considered possible to obtain information regarding
performance and stability of hydrofoil craft without involving
the complication and expense of an ideal test craft which com-
bined all of the desired features at once.

A test configuration consisting of a submerged high aspect ratio
foil aft, carrying most of the craft weight, and small planing
surfaces forward for longitudinal and lateral stabilization,
offered a simple mean. of obtaining performance test data without
introduoing distraoting mechanical problem which would be
associated with antmatio stabilizing mehanisms, The use of
lmanted fibreglasa as a material of construction was considered
-seriously beosuse of its qualities of resistance to oorrosionand
fouling, and its relative ease of fabrication. Mr. L.H.Corsine,
wbo -had aocuwmlated a great deal of experienoe in the onstruotion
of small fibreglass pleasure boats ws employed to advise on- this
type of oonstruction. After some study, the material appoared to
be moat desirable for oonstruation of a fourteen-foot test oraft,
and Mr. Corsise and Mr. Warren Hoyt were employed to construot
the craft at tkeir facilities in Long Beach, California.



CONFIDENT IAL

19.

The basic design of the performance test craft was developed after
brief model towing tests to irsure that bow planing surfaces would
provide adequate stabilization, An existing fourteen foot Triangle
Boat Company laminated fibreglass runabout hull was modified for
installation of a high aspect ratio, two strut, main foil and two
bow planing stabilizing surfaces.- Power was provided by a standard
Mercury "10" outboard motor with extended shaft. The main foil
and struts were fabricated of laminated fibreglass.

Provisions were made in the initial design for installation of
strain gages with which to record lift and drag or the main strut-
foil asembly, anti met engfit thrust. The 1iinated fibreglass
main struts wore designed for maximm practical rigidity, and
steel strain gage mounting pads were provided between the struts
and hull attachment fittings. Provisions were also included for
adjustmnt of both depth and angle of incidence of the main struts.

Forward laminated fibreglass planing surfaces were supported by
tubular steel struts, with provisions for adjustment of both
height and plaring angle.

Subsequent trials of the initial configuration indicated that
sufficiently reliable lift and drag measurements could probably
be obtained without the expense and ocmplioations of strain
gage installation. Provisions were therefore made for towing
the craft at various oombinations of speed, main foil depth and
incidence, bow surface attitude, gross weight, and center of
gravity location, using a simple spring scale to measure net
drag. Resiszoo of the besic hull. with the W-ro.roil stm
removed, was datermi-.d by toolnZ It at the same g1o"n vioh
as that of the complete craft.

Observations made during repeated runs with the initial oonfiL.
uration indicated that the forward s-ruts and planing surfaces
were considerably overweight for the loads actually encountered.
Modified tubular steel struts and flat plate steel planing
muAbfaoes were installed, at the height and angle of inoidence
considered most favorable as the result of qualitative observ-
ations of the original surfaces.

DTuring early runs with the initial configgration, the laminated
fibreglass rain foil failed by -fractuseoof the starboard tip
section at the foil-strut Juncture. Inspection indicated
Imprper, or too hasty, curing as the--cause of failure. A
second foil was fabricated and sun cured, using more reliable
netods of fabrication.



CONFIDENT IAL

20.

Repeated tests with the replacement foil were conducted to establish
the most favorable depth of submersion and incidence angle. Modified
main struts were then fabricated and installed in place of the
original adjustable struts. Elimination of provisions for strain
gage installation and adjustment of height and incidence angle
permitted considerable reduction of the strut sizes, which in turn
reduced their drag.

Final performance trials, both towed and self-propelled, were then
conducted with the modified main foil and struts and bow surfaces
installed. In all, some 113 trial runs were made. Empty weight
of the craft was 451 pounds with the engine installed, 371 pounds
with the engine removed. Towing tests were conducted with the
engine removed, in order to eliminate its drag from the recorded
data, at a total gross weight of 526 pounds. Self-propelled
tests were conducted at gross weights varying from 606 to 1161
pounds. Center of gravity location was varied to load the bow
surfaces from 2.9 to 20.0 percent of tho total load.

After completion of the performance trials, the test craft was
modified to incorporate completely submerged stabilizing surfaces.
The bow planing surfaces were removed and a single tail strut-foil

_assenmbly was mounted below a tubular steel boom extending aft of
the hull transom. Quarter-chord, fifteen percent span trailing
edge flaps were added to the main foil, adjacent to each main r. rut.

Brief development programs indicated that a satisfactory height
sensing system could be designed, using hydrodynamic pressure
operated bellows as pressure switches which would control electric
motor servo-actuators. The overall system designed was similar
to that described in Sec.III, D of the Stability Section of the
general report. Electric control circuits were incorporated
into two autopilots mounted in the hull near the flap actuating
motors. Power was provided by four six-volt motorcycle batteries
in series. A master control panel, with manual overide controls,
was mounted on the main dash panel.

During assembly of the automatic flap mechanisms it became apparent
that the design was saoh that considerable looseness of the
various oonneotione would be inherent in the particular design
used. Since there did not appear to be sufficient time av&llable
for assembly of a redesigned system, it was decided to reduce the
electrical sensitivity of the antopilots to partially compensate
for the mechanical deffioiencles of the actuating system. It
was considered probable that the essential purpose of the tests,
proof of the basic stabilization concepts, could be satisfied
without extended refinement of the complete aystem. The system
was therefore assembled, with the expeotation that its p rforanace2 would be somewhat compromised-by its lack of design perfoeotion.
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Subsequent trials, at gross weigts between 960 and 1160 pounds= indicated that a craft utilizing completely submerged main end

auxiliary foils could be adequately stabilized. The troubles
expected as a result of looseness of the mechanisms were en-
countered, but in no case did they appoar to negate the marked
advantages of the automatic stabilization system.

It is considered entirely probable that a completely adequate
system of stabilization of the fourteen foot test craft can be
developed with a minimum further expenditure of time ani funds.
Such was not done during the tests reported, howe,'or, due to
torin tion of the basic study contract under which these, and
the other, tests were conduoted.

s i' uLh-'~ic jIo
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