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FORZWORD .

-

The folloewing material was prepared as one section of a
comprehensive study of the criteria applicable to the design
of hydrofoil ships. It is published separately, and in advance
of other parts of the study, for convenience in use and to

facilitate an early review.

The arrangement reflects the focus of the discussien on

determination of those geometrical cheracteristics which appear

to the observer and which are delineated on the plans, thus
constituting the design. The criteria which form the bases for
design decisions are the relations between design characteristics
and foil performencée, Inevitability, conflicting influences are
at work and compromises are reQuired as is frequently noted.
Ultimately recourse must be had to the statement of requirements,
derived -from the intended mission, in order to establish the

permit a judgement based on determinable tradeoffs.

A certoin amount of design data has been presented, primariiy
by way of example., No attempt at completeness has been made; LT
was not the intention to prepare a design data handbook, Rather
it is hoped that a framework is provided to which the growing

degign data base can be related.
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I1T,2.1 DETAIL FOIL DESIGN

I1T.2,1.1 INTRODUCTION

When the general arrangement of the strut/foil systen hes
been selected, and the load to be carried on each foil has been
established, the detailed design of the individusl Toils can be
‘undertaken. This involves the determination of the area of the
foil, of its proportionsg or aspect ratio, and other character—
istics of the planform such as sweepback and taper and tip shape,
as well as the section profile and, perhaps, twist.

Selection of these characteristics will be influenced by
prior decisions concerning the foll arrangement which, even at
an early date, must be made with due regard for their effects
on these later design details. In seddition interactions occur
which make many of the'features interdependent. Consequentl
no one characteristic can be established firmly until the effect
on others has been evaluated., This makes it difficult to
establish a design procedure of general applicability. The
following suggestions are offered, for what help they may be.
The one certainty is that each decision will have to be reviewed
to resolve conflicts,

Because the foil area so profoundly effects several aspects
of performance, and because any increase leads to additional
gifficulty in retraction and docking, its determination must be
an early order of business. The elfects of taper and sweep are

so interdependent they must be considered together., A first cut
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at the maxinun section thickness ratio is probaebly next in

-3
e

¢

order, Tollowed by a determination of the aspect ratio. The
section design cen then be refined, along with a determination
regarding the necessity for twist.

In the following subsections ezch of these characteristics
is discussed and the applicable criteria are developed in con-
siderable detail.

A sumnmary of the important features is embodied in the

table on the following page.
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FOIL DESIGN-.CRITERI2

ASPECT RATIO

SWEEPBACK

. DRAG

a. Achieve Minimom Drog ot “Cruise'! Speed
b. Limit D at Valeoff
c, Limit Dicg of Top Speed

2. CAVITATION

a. Limit Leading ot Top Specd
b. {rovide Acquate Looding Renge of
Top Speed
Edge Cavitotion af Minimum
ed

d. Manufacturing Toleronces

c. Avoid Lecdi
Foilbarine
3. TAKECFF

o, Provide Adequote Lift for Tokeoff at
Desired Speed

4. SIZE

a. Eose of Retroction
b. Obstruction to Maneuvering and Docking

o, Increosr Aspect Rotio to Reduce Foil
lnduced Drog

b. Penalty if Additional Strut/Pod is
Required

N

. STRENGTH

o. lncreose of Bending Moment Vith Increosed
Aspect Rotio

b. Decre
Increased Acpect Rotic

c. Reduced Tersiona! Stiffncss With lncreased

s of Bunding Strength Vith

Aspect Rotio —— Possible Hydroclastic -
Effects

3. SIZE

c¢. Euse of Retiaction
b. Obstruction to Mancuvering and Docking

AATATICH

. CA

a. Increased Allowtble Th
lncrecse of Sweerbock
b, Affects Spanwise Leod Distri

2. DRAG

o. Afects Spanwise Load Disti
and Induced Drog

3. SHED FLOTS0M

RELEVANT REQUIREMENTS:

RELATED CHA LACTERISTICS:

M

Speed for Maximum Ronge

eximum Speed

Sperd for Maxinum Endurance
Minimum Toheolf Spoed
Sco Stote & Riding Quolitics

Takeoft Speed
Cruising Sjecd
Minimize Structurol Weight

Minimize Power
Minimize Structural Weight

Overall Foil Configuratien
Planform:
a. Aspect Rotio
b, Toper
c. Sweepbock

Lift Centrol Meons
Foil Scction

Toper
Sweepback
Foil Structure
Foil Materiol

Aspect Rotio
Taper
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The area, S , of a given fell may be expressed as the
product of the span, b , and the mean chord, Co e Alternatively
-2 ’
the expression S = == dis used. The span and aspect ratio
AR : ¢
AR = T each has a significent influence on performance,
m
as will be desecribed later. But there are vital aspects of
perfoermance which depend rrimsrily on the area, and the resulting
1ift coefficient. It appears productive, therefore, to discuss

t
this characteristic by itsell,

Given the 1ift to be developed on one foil, the area of

the foil must be such as to satisfy several requirements
First of all, takeoff must be possible at the specified speed.
%ecolaLy? subcavitating foils must be free of cavitation under
almost 21l conditions of operation., Thirdly, the drag must be
g minimunm consistent with the above criteria., In addition,
structural reguirements and propulsion system characteristics
ey influence the choice of foll area. TFinally, practical
considerations of docking and retraction put a limit on the
tolerable sime of foils,

Which criterion will govern the foll size depends, as will
be seen, on the speed requirements and their relative importance.
Thus, if minimization of power at maximum speed is critical, a
1ift coefficient of about 0.4 at that speed will be sought. Very
probably a lower 1ift coefficlent would be reguired at meximum
speed to avoid cavitation. For speeds approaching 50 knots 11I%

coefficient values of the order of 0.2 have had to be used,

WVith a foil designed for maximum speed, the takeoff speed

and the minimum Flying speed may be unacceptably high. The hull

drag at the hump before takeoff m=y be so great that the power
required Tor takeoff is considerable above that regquired at top
speed. Such a foil, while free of cavitation at the deslign

speed, may suffer from leading edge cavitation at lower speeds.



Consequently if lower takeoff or cruise speed is reguired, end

especially if minimum drag and power are required at a low cruise
speed, a further increase of area will be necessary. TLhe result-—
ing drag penalty at maximum speed will be somewhnat compensated by

a larger allowable thickness and consequent allowable aspect ratio.
A more detailed discussion of these considerations follows

IIT,

o1e2.a Wavimum LiTt Coefficient

N

The minimum tekeoff speed is absolutely limited by the maxi-
T

W

mom Lift coefficient which can be achieved and by the foil ares.
o)

Thus the foil area must be at least

L

5= EVE TG
0 Vg, O
For a given 1ift, L , and takeoff speed, Vﬁo s the required ares

is thus determined by the meximum atteinable Lift coefficient.

The oversll foil 1if

"t coeficient will ve less than the pesk
section 1ift coefiicient, depending primarily on the planform, as
9 ¢

QJ

iscussed in Section ILT,2.1.3. The maximum attainable sectin 1ift
cefficient will, in furn, depend on section thickness and cambers
see Sectilon I11.2.1.5. In addition, the usable 1ift coefficient a
takeoff may be less than the maximum of which the isolated foil is
cepable, Tor several reasons. for example E if fleps are used for
1ift control on a fixed foil so that the whole craft must be pitched-
up to increase the foil angle of attack, it may not be possible to
utilize anywhere near the moximum foil capability., M
restrictions might also prevent the achievement of the full
votentiality of an all-moveable foll., TFurthermore, some 1ift
2rgin must be available for control at takeoff.

The 1ift/drag ratio of the Tolls deteriorates very rapidly
as the 1ift coefficient approaches its maximum value., As a result
the foil drag at takeoff would be substantially larger than at
higner foilborne speeds, il maximan CL were required for takeoff.
The capability of the propulsion system to provide the necessary
thrust would, therefore, be o critical factor. An increase in Toll
area, beyond the minimum necessary to 1ift the ship, may be

L

required on this account.

ITI-4



111.2.1.2.v Covitation

The erosive effects of prolonged cavitation render the

avoidance of cavitation a matter of highest Priority. The alterns~

ive is a continuing strugele to repalr damage to the foil surfaces

8
and coatings,
Cevitation is a source of noise ang thus

in sonar getectability. It need not be extensi

(5]

a prime factor

ve or

damaging

to be audible. On the other nand, the noise produced may well

be obscured by that due to Propeller cavitation

on the possibility of eliminating other sources

-4

Ge

H

the mission requirements of the cra

-

. He

s as

nce the
‘influence of acoustic requirements on foil design will depend

well as on

avitation over a limited e xtent of the foil does not

usvally have a noticeable effect on the performance of the foil,

In some cases cavitation near the leading edge
(& (e

me

¥y increase the

1ift coefficient but the efrfect on drag is slways detremental.

More extensive cavitation leads to g substantial loss of 1ift

5

and increase of drg

05

operation? or at takeoff, with a foil designed
high speed flight,

Pl.xf

This may be important for lower speed

rily for

The analysis of foil design to achieve freedom from cavi-

tation has been extensively treated, The basic

consideration is, of course, that cavitation occurs when the

bressure in the flow over the foils is reduced
bressure, approximately., At g given depth of

to th

e vapor

submergence,

this occurs when the veloelty of the flow - relative to the

foil == is sufficient 1y accelerated with respect to the crafit

velocity., Several influences contribute to the acceleration of

the flow and to the concomlt ant pressure reduct

ion.

The fingl effect of foil design to avoid cavitation is

N

requently expressed i erms of the rgti £
frequentl Xpressed in t S o e ratio of

-

foil 1

ift to foil

area. A thin foil can be cambered to produce a nearly uniform

bPressure difference and thus Provide the needegd

half the pressure difference appears o incre

9}
o
e
L

1ift.

22.8€

Since
on the

lower surface and half as a decrease on the upper surface, an



absolute Llimit of 1ift is imposed amounting Lo mething over
- [&] fe]
or & Toll near the waier suriace.

4000 pounds per sguare foot T
are set forth below only a fraction of %this
1

S
— o .
Lo Yeasons wnicn

can be achieved practically.

0il thickness is reguired in order to
accommodate the structure necessary to support the 1ift and %o
trensmit this Torce into the struts. As a conseguence the flow
is further accelerated and the pressure reduced on both the top
end the bottom of the foil. As a result the pressure difference
cading which can be tolerated without cavitetion =r
is clearly shown in Figure III.2-1 which indicate§
ing which can be carried on a foil of given

-

di
thickness at a given speed. The fect of thickness varies

e f
as the square of the speed and is the principal reason for the

I

increasing difficulty in avoiding cevitation at higher design
speed. An increase of area will permit some reduction in thick—
ness, for ecual strength, thus contributing to a lower thickness/
chord ratio and helping to alleviate the associzted pressure
feduotiono

2, ZEFFECTS OF SPEED AND LOAD VARIATIONS

By careful design to achieve a nearly wiform pressure
reduction on the upper surface, an approzch can be made to an
optimum foil for a given speed and loading. At any other speed
the angle of attack ~- or the flap deflection angle -— must be
changed to maintain the required 1ift. As a result the pressure
distribution is altered and the minimum pressure is reduced, Iven
at the design speed, when operating in waves, 1t will not be possible
to maintain the design angle of sttack and flap deflection. It is
necessary, then, to provide & cavitation margin under steady state

esign conditions to avold excessive intermittent cavitation in
weves.and to assure cavitation-free operation at off-— ~deslign speeds.
This problem is discussed in greater detoil in Section IIT.2.1.5
where the design of the foil secction is treated,

1116
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It is well known that en elliptical foil outline, or

spanwise load distrivution,

O
S e
o T
}..J
|
g;
=

lenform, providws an
4

Vthen combined with a suitable section design, such a foil can

assure a Tfavorabvle pressure distribution over the foil surface.

Because of the high cost of constructing a foil with ellipticel
ole
U

back, in en attempt to approximate
T he eliipticel foil. On such = foil the
pressure distribution is distorted in a manner dependinz on the
aspect ratio, the taper and the sweepback.% As a resuvlt, at &
given loading and speed, the minimum pressure will be lower and
cavitation will occur earlier than on an elliptical foil.
Additional foil area will be recuired on this account. Further

discussion of this point will be found in Section III1.2.71.3.

-

1, Chapter VIIL,

w - .
See Thwaites, Reference
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The pressure distribution on the foil is modified vy
proximity to the water surface. Since the submergence of the

foil will wvar some allowance nust be made to sccommodate the
9 - - .

resulting variation of the minimum pressure.

Very severe changes of pressure distribution occur when
the Foil approaches so close to the surface that eir renetrates
i

into Jow pressure regions, Such venitilation always occurs after

®
®
o
C_{"
®
B
0

the foil broaches the surface and The resulting effects
con foil 1ift appear to be unavoldable if broaching is to be
accevted. On the other hand, any attempt to prevent all brosach ing
would produce unacceptable craft motion, hence broaching is not

considered in the determination of Ffoil area.
5. INTERPERENCH EPFECTS

In the wake of a forward foil, there will be & downwash
between the trailing tip vortices and an upwash oﬁtboaxa thereof,
The angle of attack on an after foil is reduced in the downwach
region and increased in the upwash. The result is =2 distortion
of the spanwise load distribution and of the pressure distribution
on the foil. By incorporation of suitable twist these effects
can be compensated at the design speed, but there would Tremein
a distortion at other speeds or while turning. Such interference
effects must be considered when selecting the area(s) of the after
foil(s).

6, ILFFECT OF MANUFACTURING ERRORS

The achievement of a desirable pressure distribution is
dependent on obtaining a very fair, smooth and accurate surface
on the Toils., Unfairness, of the order of magnitude common in
shipyafd practice, will cause cavitation to occur at & lower
speed than that predicted on the basis of theory or of wind or
water tunnel tests on very carefully fabricated models. Only
dimited progress has been made in the correlation of possible
types and degrees of roughness and unfairness with the extent

of performance deterioration. Conscouently the allowance to be

gs ..

anufacture to be speciiicd

made or, conversely, the accuracy of

is very difficult to establish.

TTT-9
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I1I1.2.7.2.¢c Drag
Within the normal range of the 1ift coefficient and for
plain foils, the drag of the foil includes two principsl com—
ponents, the induced drag and the parasitic profile drag. Thus
=D, + D
L P
where D is the total foll drag
D, dis the induced drag
D is the profile dreg
b
It is more usual to express the ecquation in terms of nondimensionsl
coefficients:
ﬁ
C . .:‘D . .u:_}“ DT)
D7 gS T ¢S gs
= C... + C
Di Do
il 2 < 1 - ~ ) o
where g = zpV® dis the stagnation pressure of the flow
S is the area of the foil,
- b} % N} o4 b4 s b ) . .4 -y 3 L
1T is shown ‘that the induced drag is proporiiocnal to the squsre
of the 1ift so that
C 2
o L
Di. meAR
4] - { TJ s . Fa N -
where Co = o5 1s thie 1iLt coefficient and e dis an
efficiency factor which has the value 1.0 when the svanwise load
distribution is ellipticel and will be slightly less than 1.0
for tepered foils The profile drag coefficient is not exactly
a constant, being gererally minimum at the design 1ift
coefficient for the foll and including an increment which is
: Wk
also proportional to the square of the 1ift. Lf we assume that
this increment is absorbed into the factor e , we can derive =2
useful expression for the 1ift/drag ratio in the following Torn.
5 : —
Refczeﬁoe 9, pp. 202 and 206
Th\ ites, p. 329



L~ "C,”J{ T omein Cp,
vhere GD is the minimum profile

-~ - AT e ey
Yy eXDIresSing Tvae aspect 1ratlo as
.;_ (=) -
2
A o
AR = -

end Cp, = 25

D T : -
o u,{._., ° .‘..,j.. S T S
L e q“@ : L

which shows that, for a given 1ift and

depends only on the span and varies

the span. The prof
the minimum profile drag coefficient is

problem in design is to aschieve &

are detrimentsl

since both these Lre

foil, There is sglso, as has

These relations are plotte

conservative values of

figure shows the

aspect ratio., A scale of CL is
Dotted contours have been drawn for cons

-

w /D e ) )
bV;/gE = 5 h ence constent induced

¥ Cr
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v
ile drag varies direc

been noted,

nearly cons

an

) oo, I o
vhe surengitn oI

the alternative form

~
-l Qe Y 5
“C v‘:: a-.' OA.
e o = ~
arl'ca ., SLUle
tent Mn s
aLit e LIC

with a small ares.

ji

T

viie

a minimum area recgulre

e.

and

shown at the %

the ordinate,

C

es the abscigsa, for constant value

op

tant values

dra

>

IOor

o
<L

s

. 1n Figure III.2-2 for what ar

U TS
given 1ift.

~
e
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FIGURE 111.2+2
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M, RN S 3 ~ry AameT ER ~ T s P ~ -
The minimum drag is evicently strongly devencent oxn The
- e 3 5 A ) WY AT NS ) - oo T m, AR
aspect IravTvliog wnicn should be s NlEn es POosSslL ole ° Loe Sleed
S 23 3 : 4 S ey s T oy £ L S TS S
av WaAlCh Toe arag 18 oa minimum is Dr1marily a neevLon or Thne
TJ o - by} ~+
- . Wl I . s 27 —~ - ) - - [ N -
loading, & , —~ thus of the foll srez, 5 - and To a lesser extent
f "l
al e ) - . e 2 . el -} 2.0 . [ L R, o R o Y : e 4
of the aspect ratio. In Tact the oopvimum 11Tt coefficient is
3 - ~ LD
CI) ="/ e L’D . AR
Swin] i
AOPT 6]

3
[N N N

An equivalent expressi

V”) oPT © 5/

on

L/S

/0"

#

T e‘CD

The locus of optimum 1ift coefficients is shown on TFigure II1,2-2,
Since the maximum attainavle 1ift coefficlent is substantislly
indepcm ent of the aspect ratio, the ratio of the speed for minimum
drag to the takeoff speed will vary with the aspect ratio. For
practical values of the sspect ratio, and assuming a meximum 11Tt
coefficient of 1.0, this speed ratio will Dbe in the range fron
i.4 to 1.7. Thus an attempt to minimize the drag ot maximum sosed
will result in a takeoff speed of 60% to 70% of the maxinum sveed:
~that is 30 Yo 35 knots for a 50 knot top speed. Furthermore ihe
power reguired for takeolT would almost certainly exceed thet Tor

the desired maximum speed. Depending on the hull design the actual
peak power may well be regulred below tekeoff speed. In effect,

it sufficilent power is provided oy takeoff withoul a special

boost device, the maximun specd attainable will be above the

gspeed Tor minimaum drag.

ITI-14



1t has been the practice to increase the Toil ares =nd
reduce the takeoff speed, hence also the power at takeof T,
until a balance is achieved between the power reguired for
tokeofT in rough water and thet =% the desired maxinun speed.
Due account nust be teken of the variastion of propulsive
Naad vy e o 2 NI o T ] oy 2 NP} o s, . fe
coefficient and engine fuel rate with SOCTG,. Lfnis represonts

a minimum power level Ffor a given weight and maximun speed.
It must be verified that the res vilting foll area is sulficiesnt

5

from the cavitation voint of view.

Design to this criterion establishes o miniman flying
speed, and a minimum tekeoff speed. IFf either of these rmiss

o)

uriner increase of

H;

be further reduced, then a il
necessary. An alternative is the use of flaps t

- o ; T

re'duum 1ift coefficient.

-

s will reduce the foll drag at
high 1ift coefficients and9 by permitting takeoff at a lower
speed, will also reduce the hull dérag ard +

for takeofll,

ITI-15



III.2.1.3 FOIL PLANFORI

We consider here the proportions and form of the individusl
— foils. The individual foil planform characteristics must of
course be consistent with the features of the oversll configuration
and certain compromises are to be anticipated.
The predominant features of the planform are the aspect
ratio, sweepback and, taper ratio,.

A /i -
An unswept, elliptical planform has been shown %o give =

minimun of the induced drag, for given span, under free strezn

+h

conditions, For such a foil, the spanwise load distrib
is elliptical and the section 1lift coefficient snd the

O
h

OHJ r.)v
distribution are spanwise uniform. TFor these reasons the
elliptical foil is used as a standard for comparison of per—

o

Tormance with other Toils. Some alrplane wings have been builst

with elliptical planforms, but the lower cost o
has
-

following discussion will refer mouuly to plan‘ rms with

construction

led to the widespread use of polygonal planf

2

trapezoidal semi-span panels. The effects of limited rounding
= of the tips will also be considered, but no atbempt will be

made to treat the limitless variety of forms which might be

used,

CITI-16



ITT.2.1.3.a Aspect Ratio
The aspect ratio is defined as the retio of the spzn to
i the mean geometric chord of the foil. This is eguivelent to
'bE
AR = .
where
b is the span
S 1s the area of the Ffoil.
The aspect ratio, in conjunciion with the area which
determines the 1ift coefficient, has a controlling influence
on the drag characteristics of the foil, At the same tine
the aspect ratio, along with the area, the teper ratio and
the thickness, significantly affects the strength of the Zoil.
For minimum drag the aspect ratio should be as hish as possibvles
o [} A ¥
Tor maximum strength, as low as possible., Thus a cox npromise is
necessary. A more detailed discussion Tollows,
« DRAG

It was shown in Section III,2.1.2.c that the ares of The
foil governs the profile drag while the span controls the induced
drag. Veriation of either in the sense reguired to reduce the

drag increases the aspect ratio. Thus =a higher rati
St o

o
2
&}
O
O
et
Oy
<
Q
}.J
<
[¢)

’)

to an improved 1idf u/drag ratlo, as is evident in Figure IIIL.2-2

One way to achieve a higher aspect ratio is to increzsse the
number of supporting struts, thus reducing the maximun bending
moment. The reduetion in foil drag which results nust be balonced
against the added strut and junciion drag. Thus a substentisl
increase of aspect ratio must be achieved before a net gain is

realized,

It may also be remarked that, 1f a single strut supp rting

a foil is made wholly steerablie, then the substitution of +two sTruts

- introduces considerable mechanical complication.
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ratio than may bte obtained
tradeoif is the increased difficuliy or perhaps loss of
retractability.

For a given foil area, the aspect ratio affects both the
epplied bending moments and the capability of the foil +
0

ts. Since the effects ar

6]

e
aspect ratio is established.

b I L - Nal 4 LI K3 a7 e e e
2 first a foil with a single strut.

e
If the spenwise load distribution is elliptical, the meximun

-

i
bending moment in the foil occurs at the strut and is

M(o) = %ggx 0.106 Tb"

L N Mﬂ;\‘w’—.
= '3'%' VS x AR

This shows how the bending moment due to 1ift increases with
increasing aspect ravio, for constant 1ift and area.
The bending strength of the section at midspan determines

a maximum allowable bending moment, which is

*For e uniform spanwise load distribution the moment is
(o) = 0,125 Lb
while a triangular spanwise load disitribution gives
M(o) = 0,083 Ib
Thus for realistic variations of spanwise load distribution

the factor in this equation will not vary greatly.
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-
. - i =1 — 4 3 2
m(o)?& = sz, = sk et 7 = sk e T
where: s is the allowable bending stress
Z is the section modulus
c, is the chord at midsvoen
to 1s the thickness at midsna
.to
To= is the thickness ratio
o}
Z
kK = P is a coefficient depending on the section
o' shepe and on the skin thickness

For a foil which is tapered the chord at midspan is

¢ = w6~ . oo

¢} T+ A m
- miw,j S
BERED) AR
4
wheres: L = <~ 1s The taper ratio
0
C. is the tip chord

c, + C
T

. mwmr»wwmﬁwnom e .S.. 5 e - 3
cm = 5 = 3 is the mean chord
: i — =2 .w...?;m.. N A )
Then (o), = skr (1+K) \D)

Upon GOUleng the spplied bending moment to the gllowable

5

momeat9 the fo llow1ng relation is obtained:s

- 3
L VSTEET = gkr? (o )/
B T-+A J\D’
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M . s . . e
Thus the maximun permissible sspect ratio is:

AR = g (f)
NIAY <|+x’

which shows the effect upon the sllowable asvect ratio of varying

: L

he thickness ratio, the tener, the area of the Toll snd “ﬁc
$ ¢

allowable stress and the solidity oi the sitruciure.

I twe. or more struts are used with a single foil, =
different relation will be obtained, devending on the strul
spacing and on whether the strut spacing is varied when the

espect ratio is varied. Since so meny uncertainties are involved

Ca

it will De necessary to treat each such case on its own merits.
The essential dependence on area, thickness ratio and allowable

-

stress should remain, nevertheless,
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IIT.2.1.3.0 Sweegnbeck

The sweepback, oOr more simply the sweep, is defined by Ttre
engle, o , between e straight reference line in tne Foil anc
the transverse direction. The reference line, or sweep line,

e

is usually the locus along the span of points
p _
.

P & - - ol kT .
racvlion oI he chordc .ifilijufls,

the cuarter-chord line is often used. The sw
positive 1f the tip is afv of the center of th
Sweepback of the leading edge 1s counsidered

1
o promote the shedding e
foil., It is not at all clear, however

9
sweep 1s necessary for this purpose. A

will result cuite naturally from the use of taper. I

appear possible to present quantitative guidelines gt this time.
The hydrodynamic and structurcl consequences of sweepbaci
o)

criteria for the selection of this charac

istic of the planform. Very briefly, the introduction of

back can increzse the speed Tor cavitatlion—Iree operation with 2

given section at a given 1ift coefficlent, Alternstively =

thicker section may be used and an crease in sirengtn achleved.

On the other hand, sweepback albters the spanwise load distriia-
tl the effects

tion and, hence, the induced drsg. In this respect
c

of sweep and taper are inextr 109b1y orrelated so that an optimun

r]

combination must be sought. hese effects are discussed in n.ore

detall in the following paragraphs.
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. SWEPT FOIL OF INFINITE ASPECT RATIO

In order to exkhibit the essential effects of sweep on
the slope of the 1lift curve and on cavitetion, withous involv—
ing the complications of taper and of tip and mid-spen dis— ‘
continuities, it is useiul to consider = Toil of infirize
aspect ratio. Let the foil, at zero angle of attack, be
rotated in its plane to the sweep angle, o . Now let the
incidence of the foll be increzsed by roitation sbout the v—szuis
through the angle, « . The stream velocity, V _, czn then e

S
resolved into three orthogonsl . components: see Figure IIT,2-%:

1. W=V_sin a 4, normal to the plane of the foil,

2. V = VS cos o sin © , parallel to the sween line.

3. U= VS cog « cos © , in the plane of the foil and

normal to The sweep line,

For the inviscid spproximation to the real flow, ssswuning
only that the Xutta~Jouvkowski condition is satisficd =t the
traiiing edge, the total flow can be obtained by superpos;tior?
of the flow with stream velocity V (parallel to the sweep line)
and a flow with stream velocity V. (normal to the sweep line).

It

But the velocity the Tirst oif these component flows is uniform
throughout the field and is everywhere normsl 0 the velocity in
the gecond, which is confined to planes normal to the sweep lire.
Consecquently the flow along the sweep line has no effect on the

pressure, which is
the

The magnitude of/component o

to the sweep line is

P3

Superposition is justified sinc
potential which satisfies the 11

III-22

determined entire

o

1 flow.
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RESCLUTION OF VELOCITIES OVIR A SWEPT FOIL OF

INFINITE ASPECT RATIO

FIGURE 11l.2-3



n Torms sn angle, .y withn The plane
- . o
guch that
tan o i sin
4L X e
- n U cos

S cos T
O‘\‘"

= tan o sec ©
e v ey T
e 20proximatedy
G = o Sec o
The increment of 11t Tor =z unitv ares of the Joil, due to
angle of attack, is
AL 1 2
=5 poa, o Vo
D O n
vnere a, = 21 1s the two dimensional
L]
But this may also be

slope.
e expressed as
Sl

e

- 2
(O] « VS

where a_ 1is the effective 1ift curve slope for the
v _?

Thus a, = a .

- ) CD e

K -'1 o) i Ao
o T
: S

@]
Q
o]
[0}

0

whicn dimpli

T
i

[e)
o

s o reduced sensivivity of a s
attack changes due to wave

SWePT

o

aCTvL0n.



Now suppose %Y
fevorable chordwise
of atiack, ST whe )

— A
to preserve this pressure distribution when the foil is swednt,
v maek G, = Gy . If the 1ift coefficlient is now referred to
the streem velocity, it will be
v R
Cp, = Cp 577 = Cp cos® o
i e i

The minimum dressure coefficilent will be similarly afTected.
Thus 1% the critical cavitation index is Ué) for the section,
at CL. , 1t will be ©

1

o.N = 0. cos®

0 ¥>o
when the foil is swept., Thus a section which will be on The verge
) of cavitating at a speed Vg” when unswept may be overaited at &
o 0
at a speed VS = Vé) sec o on a swept foll, with the 1ift
o}

coefficient reduced by a factor of cos® o .

In view of the effects of sweep on the 1ift coefficient
and the cavitation inceptlion speed 1T 1is appropriate tTo compare
the foil performance with that of an unswept foil designed To
operate 2t the gsame 1ift coeifficient and the sane cavitaticn indsi.,
On Mgure IT1.2-18, showing the 1lift/cavitation characieris—
tics of the NACA 66 Sections, the operating points for constant
1ift coefficient (referred to the stream velocity) a% various
sweep angles will lie on *the same radius vector from the ori in,
I+ we choose an unswept foil to provide a 1ift coefficient of

0.2 at a cavitation index of 0.4, a thickness ratic of 0,087 may
be used, The width ol the cevitation envelope will be about 2,£“m
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FOIL

For a real foil of Tinite aspect ratio the verformance is
cdependent on the total zeomelry of The vlenform, including espscs
ratio and taper, as well as twist and spanwise varistions of
section geometry. Ve consider for “the moment +he effeots of sweep
alone and defer until later = discussion of combined effects.

In order to isolete the effechts of sweep from those of osher

JKINK REGION ’

SHEARED REGION

TiP
REGION

A SWEPT-BACK FOIL OF FINITE ASPECT RATIO

FIGURE lll.2- 4

characteristics, compa: tengular foil with s Swep

vlanform

is obtained by shearing that of the unswept foil., The
area and the span will be the same, hence also the aspect ratio
Thus at the same overall 1ift coefficient both the induced creg

and the profile drag will be the

except for secondary
effects which will be discus ed)o The length of +the Toil as =
beam will, however, be increased by the factor sec ¢ and the

bending moments correspondi nglv increased

*

Thwaites has shown that, in

the vicinity of the "kin:"
e spanwise loniin

III-=27

v foil wh
rm

[V}

RN N . 7 RPN -
coe Toll with sweenbhack is >l

- ~ 2
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a2 7 T T ~ —~ - 3 he K
while, ne=ar tne tips, the lo=ding is increased as compared with
- ~ ey e [ g oy i) ey e L4 3 e e €0 = 1
en unswepdt foll. I the zevect ratio is not too sm=ll, there will

0 i m ol
asvect ratio. This is usuelly termed the sheared recgion, but it
must not ve suvuvposed that there are sharp lines of demarcation

between the inree arens described.

™ <

- he Sheared Region

-
o

] e P PN S o I . 3 ~
ré lengtn distant from the
7
L

For those sections at le

\_‘D

S

Cf‘
—
d‘ ™~
nNo
0O
r

v
jny

e ol

F
},J
3

10
L R ol . o LI . ks JE- S SRR
cenver, and as Idr from tf ne foil, trhe Tressure distri-
n

of
tution, like that on the swept foil

I of infinite espect ratio, will
be dominnted by the component of flow normal to the sweep line.

In carrying out the design of a swept Toil of sufficiently lerge

aspect ratio it 1s, therelore, preferable to specily the geormetry

of sections normal to the sweep line. The effective chord lengih

is then c¢' = ¢ cos o ., The section thickness may be selected Trom
0 9 - oa

figore II1.2-18 for a cavitation number O, & oSt end ZJor & 1ift
87 ©

Ao s /0 N 5 “~ o .
coelficient CIJ = eFeme— L oWhere o and OL are the cavitetion
cos® o © _/

0 &)
index and the reguired 1ift coefficient based on the cralt VeloCity.

is to be noted that, with finite aespect ratio, there is a down-

wesn associated with the trailing vorticity which reduces thne
effective angle of attack at each section In general, the effective
angle of attack and the 1ift coefficient will very along the span

1
of the foil. The spanwise variation of loading and 1ift c
will be discussed in Section II1.2.1.3.c, where the combined effects
of sweepback and taper are examined, The 1ift curve slope'for the
swept foll of finite aspect ratio is also effected by the taper

and will be discussed in bthe next section.
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An approximate method for celculating the spenwise load
“distribution on sitraight tapered folls has been devised by
1 e

- v Ty Ay 2 % e - -+ ~ o~ o1 S ~ - <
De Young and pased on & theoretical development Db
4 .
3ol R oy T - " S e detm o~ - "y o ., 7 TS TYT Is ~
Vieissinger™, leading to the relstion showvn on Figure I1I.2-7

between the T best epproximstion to

o)
elliptic spa losd distribution. for combinstions oI sweer
]

e N UL P4 ! L WL 2 oot T et .
line in this plot, the spanwise distribution

The use of taper to improve the spenwise load dis
1 e

r spanwise varia-
f the load and the section 111t cfficient, ¢, , Tfor a foil
with 55 sweepback and a taper ratio o A very good approxi-
is acnieved but

ity between the planform

of the section 1ift coe o 1.46 times the
oefficient. With uniform section geometry along the
inimum pressure will be lower, at & given foil 1if%
, than for a foil with uniform section 1ift coefficient.
cavitation will occur at a lower speed., <To compensate,
0il area must be provided with a resultant increase in
e
A spanwise variation of section may be used to partially

. ajsal

21leviate the aforementioned difficulty. This is discussed in

more detall in Section IIL.2.1.5. Here we remark that, 1T an

increase in profile drag may be reguired to maintain Tthe taper
necessary to minimize the induced drag, then consideration should

be given to accepting some increase 0L in

See Reference 2, Corrections to improve the prediction of tue

=

spanwise loading for high aspect ratios are given in X
o . - A TR . T S N
Thwaites (Reference 1, p. 348) criticizes the theoretical

tion and indicates a strong preference for the method

o o) W ey B o SIS I ) Fe i PR
Kuchemann” which he describes. The method of De Young

-

“has been much used because of the comparative ease ol computation.
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tions e losd dist

1

ca

bending mome Increassed taper (1o
()

bending moment everywhere &101% the

increase of root bhending
sulti

for the effect

oy

ng increase of the allowa

.
-
e

6}
Co

ratio of 0.20 or less, irre

on the induced

spenwise load distribution,
taper

sufficient

e e
nSe

5]

@

twist to produce a ne

oefficient. See Section III.2.1

Q

Finally recognition should be

of sweepback,

also improved sim

B o N
Toregloling.

ibution will 2lso affect

5 o
equently ¢

nective of

Ny

n the stalling characteristics of the foil,

o

becsuse a

T epyroxir qatlon to an ellipse

aper.

s

.
U

I+t is evident

wer taper ratio) reduces the
span

already been noted.

The corresponding
The

caen more than compensate

deviation from optimum

an optimum foil may have

the sweep, with

Drly uniform section 1if
o4

given to the effect of teper,

Since

increased taper and sweepback tend to increase the local 1ift
coefficient near the tips, they can lead to the initiation of svtall
at the Tips with an adverse effect on roll control. This is a2 haza
under conditions of high Toil 1ift coefficient which, for a hydrof
‘ship, are to be expected only at tekeoif and landing. On tae other
hand, stalling can only occur 1f it is possible, through pitch Trin
and foil incidence change, to achieve a sufficiently large Toil
angle of atta This is therefore a problem which must be exg

in the design of the control system.
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T11.2.7.3.d. CURVILINEAR AND TRRECULAR PLANFORLS

-

The hydrodynamilc

has been emphasized b
therefore cheaper, 1O
the use of solid cast
The techniques of mar

applicable and the

e Cco
planforms are perhaps

O

WVhen a foil with

advantages of the elliptical planform

ve been noted repeatedly in the
of this, the straight tapered

Tor
planform

ccause it appears to e much easier, and

fepricate, For smaller craft,

however,

w

or forged Toils may be not uvnatitractive.

o~y il - = S hed
ine propeller blede monufaciur

moound curvatures resulting fr

ess objectionable.

elliptical planform is SWeDnT

lozding is shifted outward and “he advantage of ell

wise load distribution is 1ost, To correct the loa

the planform must be
Pl

tapered, incressingly with inc

back. Thwaites shows the form recuired with 459

With thi

increased near the ti

UJ

tapering, ©

tapered planfor.

he local seciion 1ift coeffici

ps, in Tthe seme way as with a

An ettempt to maintaln a constant 1ift coeffic

whole span of a swept

which exacerbates the

fo0il, without twist, leads To

problem of oroviding adequate

A gocd solution may be to maintain the elliptical P

e zre then

om curvilinear

wacit, the
iptical spen-
d distribution
reased sweep~
sweep angle.
ent is

straignt

ient over the

inverse waper

Kok

ro00%t strength,

N =
lanform and

to use twist and camber veriation to control the spanwise load

distribution, and the chordwlse loading, as described in Section

I1T1.2.1eHe0,1Ve

he Toil area varies

approximately as the displacement, A , Tor

a

given speed. Therefore the volume of the foils, and the weilgnt of

a solid foil, varies

* K
Reference 1, Figur

as /”o

e VITT.21 and Figure VIII, 37
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When enploying re ectilinear, polygzonal planfqrms it may

be adventageous +o vary the taper stepwise along the spen.
an

A better approximation to an elliptical planform mey be achieved
by increased +zver near the tip, for exan le. On the other
£ b i

hand the strength of the foil a4 the critical root section can
Creased taper near +the center, This will a2lso

tend to reduce +he lozding and increase the minimum pressure

in a region which is likely to be critical for cavitation

because of +the bresence of a strut and pod. The efTfects of

S

uen modifications on the spenwise load distribution can be
2

roughly estimated by the metho is of De Young and Harper®,

O
provided the sweep line rema ins straight



IIT.2.1.4 TWIsT

e s

wle between the

mn egmr
Le T

n

C“

W £ . ] L o~ o~ D SRS DR
0 0T the Toll is measured by the
C

sectlon chord line and o reference plane which nay be teken

through the chord of +he center section, Thus the twist is a
variable function of the Spanwige coordinate, The foil may boe

built with dnitial bwist to control the spanwise load distribu-

tion. Twist may also result irom elestic ¢ C
under load, It is the resultont twist under load with which we

n . T~ - =

are concerned, Thus, in order %o acihaleve The desired span loade.
ing, it may be neoessary to build in dinitisl twist different

Y
from that sought under +he designed load,

Because of the ten wdency of welded, built up structures to
o)

n 1T becomes & serious I

“
p
o
o
o

warp during fabr o)
the desired configuration in <the completed structure. For this
0

reason the designer need not nesitate to specify twist, just
i ¢

Several Tfactors influence +the shanwise loading and must be
e

m
o

=
[
o]
0
0]
o
=3

considered in determining the twic

The planform

°

Proximity to the free surface

L3

Downwash from other foils

®

Spanwise variations of camber

O 20 o o

. Elastic deformation

The nature of these influences and the correction obtainable
through twist are discussed bhelow,

IIT.2,1.4.52 The Twist of an Uncembered Moil in a Free Streon

In the preceding Section III.2, .3 We have seen how +the

2
spanwise load distribution and the locel section 1i++% coefficient

o)
ere affected by taper and sweepback for a flat foil; that is

Tor a thin foil without twist and with uncembered sections., It
was observed that, for an unswept foil, a toper ratio of 0.45
produced a nearly elliptic spanwise load distribution snd at Tie

o

same time a nearly unifornm section 1ift coefficient,

TIT~
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When the foil is swept back, increasing taper is required
to achieve an el] 1iptical spanvise load distribution. But Then
the section 1if+ coefficient Veriation becomes increasingly
peaked near the tip of +the foil, as shown in Figure III,2-~6(b).
By twisting the Toil i+t is possible +o achieve a Gesired Span-
wise load distribution with arbitrary tapér'and_sweepoacke As
an'alternaﬁive9 to delay cavitati 1on, the foil: cen be twisted to
maintain g nearly uvniform locsl section 1ift coefficient, agein

-

for iven taper and sweepback,
a3 £

It is vnrealistic to require a constant 1ift co
all the way to the tip, in view of the inevitable Tip leakage
flow, Ang if it could he hieved, the resulting concentration
of streamwise vorticity into +he Tip vortices wo uwld result in
early Tip vortex cavitation., It will usvally be de sirable, also,
to preserve some reduction of +he Lift coefficient at the center,

ITT-46



1if

Ql
ol
fu
¢t
=
=3
[
m

may be desirable for anv.co@bination 0L sweep and

3 e e - 1 e o - N (T )
The twist reguired To produce th

{"0

coefficient ang loading has bheen

of De Young end Harper,“ for & foil of aspect ratio 6.0 with 35°
sweepback ang

III.2~9, ZFor
above that of a foil of the same as
wise load distribution.

When compared with a Toll of 0.45 teper ratio which e wWith
a

]

twist approprizte o the sweep —~~ can provide both an adventageous

Sbanwise load distribuiion and a neerly constans 1ift co

the more highly tapered foil can have a 25% larger aspect rati

which results in the induced drag being only 85% as large. Botn

the incresseq aspect rat a

tips contritute $o g reduction of Tip vortex strength., In sumrars
t

then, the incorporation of twist cen permi

-

bernefits of sweepback and teper with a small drag penalty +to assure

freedonm from early locsl cavitation,

A Toll can be twisted to provide desireq spanwise
1ift coefficient variations only at one foil 1ift ¢ iy
any other speed, or +total 1ift, the added 1ift coeffi
tributed as would De the total 1ift for an untwiste
same planform, Tnus it must first be decided for what speed the
twist should be designed, then the off-design-speed effects muss
be GY“mlneﬁ Fina11V, modification of the planform or section
chic

design mzy be regquired to ve freedonm. fron cavitation over

fﬂ
( 1}
CI/

)
)
j@T]

the whole range of flylng spe

o
2 e

v
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FOportional to the 1it+ Coeliicient and invers sely

related o +the submergence, and varies also witnh the frouce
nuwter and the planform, The correciion can, therefore, be
exzct only at one Spreed and one submergence Tor g particular

foil.

The effect nas been liscussed, from o theoretical point
of view, by Nishiyama[Owho snows that the circulation ot midspen
(hence also the loading there) is reducegd epproximately 10% fo
rectangular foil oF aspect ratio 6,0 at o Froude number of 5
(based on +he chord) and g Subimergence of 14 chords. Near +the
tips no reduction occurs., This ig cConsistent w1th the two-

- . . , - - 1 N , L e
cimensionzal results of Housgh ang Moran 4 who show thet the Joss

- <o
of 1ift will be greatest at somewnat Llower Froude namber89
devending on th k ement with Nishiyama's

~ _ A

-] ] ol O
WOrK Tor +tne 1N

€ aspect ratio foil,.

s
)
D
-4
o=t
=
Ry
pn
pd
by
_1
ha
5

Nishiyama derives an onulwlm.condition? Irom
drag point of view, which requires a constant indu

velocity along the Span. Since the reduction o i

shan, as compared with +the distribution\at deep Submergence,

indicates an in ICrease in the induceg velocity there due to the
near the %

surface effect, he Provoses o increase the 1
1

5N

to compen sate, Accordingly9 for a foil o

[T}

i 1
suggests the use of twist to increase the angle of attezck toware
+ 0

the tips, The result is a further deviation of +the Spanwise I
ing from the elliptic valatlon;¢o this foil,
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IIT.2.9.4.¢c Toil Intersction

S renem

]

An isolated foil de eloping 1if%t creztes o disturbance
throughout the field of Tiow. The disturbance i i

rapidly with increasing distance away from the foil, [

for the effects associated with the surface waves generated

and with the streamwise vorticity extending dovwnsiream in the

wake of the foil. Consequently, for The usual Toil coniigurg=-

tions with forward and afier foils severated by a distence

comparable to the span of the larger foil, the most important
e

(e

e £ T
interferen ffect is that of the Torward Tfoil on the after
o)

e
foil., In addi

also a mutual influence of esch upon the obther which can be
appreciable only near the adjacent foil tips.

The concern here is the verticsl velocity or downwash

C
L =] 7o e 1 l o e ey
A4S variaole a O*'*(:‘) n Spaen

s el A ~ R ] arley ~
behind the Torward foil whic , Caus
e o ~ e - e - e P e e Eal ) Rty - e
g & spanwlise veriation of the angle of atiack of the sfier L
o . P R 4 Ea R | . ) ~A - 4 o
Zquivelent twist of the efter foil can be used +o coryect for

spanwise load variat 9 ) 4 .
pattern of twist required depends, of ourse, on the downwash

ba

ttern and on the relative gige =nd 1
and after foils. Converse
.

an important factor in selects

In fact avoidance of 7 oWz Tne most
practical solution, for which an understanding of the downwash
pattern is a prerequisiie.



The wake of the hydrofoil hears = Tundamental similerity
] T onal wzke and dovawash Tield 1 s

e S
ted by the passege of the foil
3 o vy *t" o Faah My o POVC DT e P mymay ) e o o F +he
ing wiva ne QL. LAe5Ce CCnCcanvs Iorm Ttne casis 0L T
analyses of the flow from which the velocitles at the after foil

can be oalc1 lated,

Ve R oo - . e B Qe Kol SN -
of its 1m001 tant eIiects on Tne al.l Suriaces o cne al lane
b4
A 7 X 1 QYIRS e Uiy v Wl e e pr ma ] e e o ] Uy LA T A e e
anc we willi sumnarize the LNOWIN chgracyverilisvics in th 1L0LLOWITE
et . TP o3 K] _.:‘1 ey D2 o ) A
sectvLon, LExTvensive Tl O.E‘O"LlC( 1 sSTuUales 0L The suriace and wave
NN - T - s : s - I - e o e e - 1
efTects have ocen carried OULT . tne results are Dresented in the

- ~ 3 « e wda 3 -3
e Zfew speciel cases, It is possi

o}
ive only a very general picture of The modifications and

THE ARROD YNANMIC TAKE

The wake behind a wing, or a deeply submerged hydroil,

O
includes a band of turbulence generated by friction in the Tlow

over the foil. This has only a minor influence on the downwesh

. ~

but produces an undesirable environment for a propeller which

[

may be located aft.
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(D
5 crye L o P
2 span of the foi

width equal to th
sheet rolls up along its edges and the vorti

Trom the cent

&
ratner slowly so that, for a distsonce down s

times the foil Span, the simple piciture of g T

Such a sheet of vorticity involves transverse velocities,

outward from the center below arnd inward on the upver side, as

ff

well as vertical velocities which are the principsl concern here,
If the spanwise loading of the foil is elliptical, then the
vertical velocity is contant across the width of the band. This

velocity reaches the velwe, Tar downgtream, of

, Y
Yxee 29
V T AR
where: V. igs the forward velocity of the foil

When account is taken of the roliling up of the vortex sheet, th
velocity far dovmstream in +the plane of symmetry is reduced, the

factor 2 oboonlno

An indication of the magnitude of the downwash can be
obtained by relating it +to the foil angle of attack, ¢« . Thus in
o

theory, for a foil with elliptic spanwise Lo ading, the 1ift

coefficient is
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k)

hen the downwash angle on the vlane of symmetry far

I

b

ovnstrean is

jor

[54 o=
My~ D ~
Thus, for a foil
foil set at
could in a fr

A N b

Rear the foil the velocity induced by the trailing vorticity

- -y ~ - Y e
oL symmetry becomes eporoximately

where: b is the span of the foil
X 1s the distance downstresn from the Toil

and the epproximation is not valid for very smell values of x .

It is seen that, when the effect of the circulation around the

O
=
o
N

g
foil is included, the downwash is never less than

a3
stream, which is due %o the trailing vorticity alone,

5

Extensive calculations of the down weash in the plane of

syrmnetry close behind o wide var riety of wings, both plein end

with flaps,; have been carried out by Silverstein and Katzoffy‘5

i

wno have presented the results in the Torm of design charss.
w - o “ [ o
See Thwailtes, Reference 1, -. 545
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DESIGN CF CAVITATION-FREE FOILS; MID-ENVELOPE OPERATION

HACA 66 SECTIONS (DTME MOD.) WiTHa = 0.8 MEANLINES
\
(DERIVED FROM DTMB REPORT 1780, BY TERRY BROCKETT)
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DESIGN OF CAVITATION-FREE FOILS; 2/1 ANGLE VARIATION
NACA 66 SECTIONS (e MOD)Y WITH o= 0,8 MEANLINES

S
(DERIVED FROM DTMB REPORT 1780, BY TERRY BROCKETT)
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The method of =He nowever, glves no clue t0 the chord-
e

vise lozd distrivution, , ; cedure
- - . o 4
of de Young and Harve 2 £V '

which it

i
Kuchemanm5 for th

chordwise load distribution. The method continues to be used
beczuse of the ease of computation, and gives culte sztislectory

results for the spanwise loacing”.

- U o s . - N e .
ftne 1mporvaence of the chordwise load distribution in the

center region depends on the spanwise loading or, more perticularly,

on the spanwise variation of the 1ift coefficient Thus, if the
foill is not twisted and similar sections are used over the whole
spal, then the minimum pressure will not occur at the center butb

-

at the tip . The center region of the foil will be shirking its
job, but there need be no concern over the chordwise tonding, If
on the other hand, the foil i1s twisted t0 achieve a more nearly
uniform spanwise distribution of the 1ift coefficient, then the
chordwise load distribution in the center region must be carefully

considered.

. . \ . Ao - c
This problem has been extensivel] studleg by COﬂenﬁU
. o - 8 . -
{uchemann59 Breoner7 and Weber .and reviewed in consideraole

“

detail by Thwaites . Cohen has given a parﬁioularly illuminating
illustration of the effects, but her calculation method is 1
and probably impossible to computerize since it involves several
graphical steps. Kuchemann's method depends on the use of se
interpolation functions which were le rgely antujulvc7y derivec.
His results have been experimentally verified for symmetricel

by Br ~ebner. !

sections and the method extended to cambered sections
The results of primary interest here are shown in Figures 20 anc.

21 of Reference 5, Briefly, it is shown that, if symmetrica

.3,-(_

see, for example,

eference 1, Figure VIII.18 for flat foils and
0il

™ma " YT T “ P - < o - .
Pigure VIIT .31 for foils with parabolic camber,

ITI~81



-~ sections are used, then it 1s nrecessary to use both twist and
(negative) camber to preserve the two-dimensional chordwise

load distribution at the center of the foil., When the uniform-
load camber line (NACA a = 1.0 mean line) is used, then the use
of twist alone is nearly adequate to maintain the two-dimensional

chordwise loading. It seems safe to assume that, when using the

NACA a = 0.8 mean line, the chordwise load distribution at the foil
center will be quite satisfactory if twist is used to acquire the

desired spanwise load distribution.

eeo Near the tip of a swept foll the span loading is increased
compared with an unswept foill, The chordwise loading is moved
forward as 1s the velocity distribution pattern due to thickness.

. . . 1 -
These features have been likened by Thwaites (p. 325) to the

situation at the center of a foil with forward sweep. This does
not mean that the span loading is the same at tip as in the center

of a foil of opposite sweep, but the change from that on an
unswept foil is comparable, as has been noted in Figures
III,2~6(a) and (c¢). The influence of sweep on thickness effects
is extensively discussed by Thwaites | (p. 284) who proposes that
a factor of 0.7 be applied to the velocity increase calculated

for the center of a swept forward foil.

S0 far as the chordwise load distribtuion is concerned, the
analogy between the tip of a swept back foil and the center of a
foil with forward sweepq? 2 1s not clear to this writer, since the
configuration of the vortices by which the lifting foll is repre-
sented are so different in the two cases., If this is a true
representation, then the loading is distributed nearer to the
leading edge and the minimum pressure point will alsoc be nesrer
the leading edge. | '

It is important then to avoid excessive spanwise loading
near the tips, which 1s the reason for twisting the swept foil
in the sense to unload the tips. With twist, and with a camber
line such as the NACA a = 0.8 mean line, it appears‘reasonable

to expect that the pressure distribution will approximate

S’
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reasonably well to the two-dimensional distridbution for the

0
section chosen, at the design speed.

In order to delay cevitation at reduced speed, where

increased azgle of attack must be used and the added load is

dietributed disproportionately near the +tips, the camber may
be somewhat increesed —- and also the twist —- so that the

tip sections are opera‘t‘ed7 2t design speed, at a lower point

*o QJ

in the minimum pressure envelo] Bven with constant camber
ci

the reduction of 1ift coefficient toward the tip has this effect.

ITI-83



. , e o e e oo s - .
“he shave of the Toil Tip involves cdeteils of trne plenform

e
ceonetry of streamwise sections nesr the tip is 2lso necessarily
& 3

involved,

Variations of tip shave can affect the foil éraz, the
strength of the tip vortices and the inception of cevitation on
the foil,

. Drag
Cle SSlOal wing ‘theory5 indicates what an ellivitical span=—

wise load distribution will lead to a minimunm of d
and that this will result from an elliptical planform =ndé spanwise
uniform sections on a straight wing. Approximetions are made in

N

” - ¢ i ey Lo el s . . R P ‘- T N -+ b
the development of this theors however, which sre known t0 be
I g ¥

increesingly inexact near the tips. In fact, the elliontical

loading is not mainteined &ll the way to the tip of = wing with
st the loading falls off more repidly
the span were smaller than the actual

span, The use of sguared off tips == in plan —— with shar

N
—A

corners has bheen shown 2

O
$o in01ease the effective span and, hence
edge shoul

to reduce the induced draeg. In particular the trailing
be carried straight out to the tip. Thinning of the tip +to a shar

edge appear to contribute to thi

L.l
9}
g

urpose, though a flat end is

gl

almost equally effective,
. Wake

As has been noted in Section 2.1.4.c the pattern of the wake
and downwesh Tield behind e foil is characterized by o distribu~
tion of trailing vorticity WLth e concentration of stren
tip vortices at the edges. The degree of concentration, at any
downstream position, is influenced by the spanwise load distribu-—
tion. Consequently the use of sgquare cornered, sharp edged Tils
ed above for drag reductian, will increase the str

e
tip vortices and meke itv more

‘é
ol

ment on an after strut or foil.

portent to avoid their inpinge-



necessary at reduced speed tends to b cncentrated toward the
tips as is shown in Figure I11.2-6(b). Under these conditions
a tip detail which further concenirates the span load in the

tip region may not be desirabl

end at takeoff should therefore be exemined wit

The possibility of the development of +ip vortex c
under high 1ift conditions is illustrated in Reference 22, =

with cavitaetion over a considerable part of the foil nesr the tips.

(D

o}
Since such operation would be only transient, this is probebly not

e serious consideragtion unless control- difficulty is experienced.

Model tests appear to be the only possible method of exsminstion
and should include tests at a yaw angle to induce asymmetricel
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