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The hydrodynamc characteristics of the various conponents that
make up a hydrofoil craft nust be known in order to prepare a design
or to analyze a given design or craft. It is intended in this volune
to present such information in the form of concise engineering
formilations and nmethods, wth sone background naterial to give an
understanding of the underlying hydrodynamc relationships, the scope
and adequacy of available theory and data, and the general state of

knowl edge.

Material was extracted from exfsting reports on hydrofoil theory,
anal yses and experimental data and from pertinent established aero-
dynamic and marine information. Were sufficient reference naterial
was lacking, it was necessary to derive certain properties during the
preparation of this text, In other instances, where general relation-

ships could not reasonably be established, available data and suggested

e
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neans of analyses and derivation are given. In order to mintain this
work as a readily wusable handbook for direct engineering use, hydro-
dynamc fundamentals and derivations are kept to a mninum consistent
with clear exposition of the wvarious relationships. Fe those
interested in reviewng the basic fundamentals or exploring further
into the various subjects, conprehensive references are given on each

subj ect .

In all cases, a conscientious effort was nade to provide pertinent
engineering information on all conponents of hydrofoil configurations,
even though sone of the proposed formulas may be tentative and even
conjectural; so that there would be a definite basis on which to pre-
pare a design and on which to make conparison when additional

information is forthcom ng.

It was felt that the hydrodynamc characteristics should be
presented wthout qualifications as to what conbination of conponents
provide the best hydrofoil configuration. There is a wde variety of
configurations, each of which nay have sone particular advantage under
particular requirements; and to attenpt to introduce such operational

factors would conplicate any presentation of basic infornation,

For simlar reasons, only the "steady-state" characteristics of
the conponents are considered, Investigations of dynamc stability,

behavior in waves, turning characteristics, etc. should be undertaken

II had 002
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only after a conplete configuration has been chosen tentatively on the

basis of specified functional requirenents,

A'though treatment of the "best" foil size, Gptimun nunber  of

n

struts, "mst effective" configurations, etc, has therefore not been
included in this volume, sone practical limtations as to size, speed,
geometry, etc. were considered so that effort could be concentrated on
deriving nore exact properties in the range of applications considered
to be nost frequently enployed. These limtations are based on
evaluations of existing craft and analyses of general design studies,
such as are indicated in Volume |, In nost instances, it is stated in

this text where such limtations are used and the procedure for obtain-

ing information for cases beyond such limts is: shown or inferred,

The material contained herein is presented under chapter headings,
as indicated in the table of contents, wth the chapters so sequenced
as to fall into three main groupings, Chapters 1-6 contain the basic
hydrodynam ¢ characteristics of the foils, including the effects of
the various other influences on the foils. Chapters 7-11 deal wth
the characteristics of struts, hulls and the various other appurtenances
in a configuration, Finally, Chapter 12 indicates the influence of
cavitation on the characteristics of the various conponents. Cavitation
is separately treated to stress its inportance,, to show the ranges of

craft speed and size in which it is a factor and those in which it can

II - 003
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be neglected, and possibly of greatest inportance at the present tine,
to indicate the dearth of necessary information for predicting the
hydrodynamc effects of cavitation on a foil configuration wth

sufficient  accuracy,

Design exanples have been distributed throughout the text to give
ready indication of how to apply sone of the inportant formulas and
methods,, An appendix showing the detail calculations of the [ift and
drag of a chosen design is also included to serve as a summary of the

progosed material and its application,

Snce the basic principles (and geormetry) of hydrofoils are the
same as those of airfoils, nost hydrofoil properties have been derived
from airfoil theory and data, wth airfoil nonmenclature being generally
adopt ed. Chapter 1, an introduction to airfoil principles, has there-
fore been included to famliarize the reader wth this subject, which

Is necessary to the proper understanding of hydrofoil hydrodynam cs.

Oh the other hand, the hydrodynamcs of hulls have not been com
prehensively presented in the text. Information on hull drag is readily
available from many published sources, most of which are known to the
naval  architect, and the detailed coverage of such information in this
work would be needless duplication, In this particular case, a short
discussion herein with references to the nore basic works has been

considered sufficient.
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The criterion for presenting information in this volume has been,
therefore, to elaborate on subjects that are new to the naval architect,
but to abridge the treatnent of nore famliar subjects which are anply

treated in general narine texts.

il s
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[ ntroduction

=

Arfoil Not ati on

2
3. Lifting-Line Airfoil Theory

4. Mdifications to Lifting-Line Theory
5. The Influence of Huid Boundaries

6. Pitching Mnent Characteristics

7. Arfoil Drag

8 Arfoil Data

"The essential principles of foil sections and wings are presented
as the basic material used in developing hydrofoil characteristics.
Fundanental airfoil theory is outlined, including those factors that
are nost applicable to hydrofoils. Viscous drag considerations are
given, and the availability of airfoil data .for design use is pointed

out

II I Eﬁ:: gl =t
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1 | ntroduction

Basically, a hydrofoil is an airfoil operating in water.
Aerodynamc foil principles can therefore be wuti:Lized in developing

the hydrodynamc characteristics of a hydrofoil.

In some instances, such as where the foil operates at large
distances below the water surface, established airfoil theory (in
inconpressible flow and pertinent airfoil data can be wused directly
for determning the hydrodynamc characteristics of the foil. In
more practical cases, the airfoil nethods nust be corrected by suit-
able factors to take account of the surface effects, supporting struts,
high speeds (cavitation) and other factors associated wth practical

hydr of oi | configurations.

In any case, aerodynamc foil principles form the basis for the
devel opnent  of hydrodynamc characteristics of h;ydrofoils. Therefore,
this chapter is presented to famliarize the reader wth the airfoil
notation enployed, the underlying airfoil theory that is nost
applixable to hydrofoils, and the availability of pertinent airfoil

data for wuse in deriving hydrofoil characteristics,

’I;I - 102
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2. Airfoil Not ati on

Foil Section Geometry

Figure 1.1 shows the typical airfoil section notation.. The
chord c of the foil is the distance from the leading edge to'the
trailing edge, and the angle of attack ec ig the angle between the

chord line and the direction of advance, as indicated.

MAX WA /\ 80 ¢, .
— THICKNESS, x I
v —— : —CAMBER LINE
= S \,’f\~
ANGLE OF ATTACK o o) . Y
HoRp ’ CHoRp
(a) Uing~ (b) LiNg

GEOMETRY OF AN AIRFOIL SECTION

a.. SECTION WITH THICKNESS, t

b~ THE SECTION'S"SKELETON'. THE MEAN LINE
(CAMBER LINE) HAS A MAXIMUM CAMBER,
AT A DISTANCE x FROM THE LEADING EDGE

FIGURE |I.I

The mean line of the section is called the canber line, the canber
being considered the maxinum separation between this line and the
chord line. For sinple circular arc sections, the nean line has
symetrical camber with the maxinmum separation and maxinum foil

thickness at the md-chord position, but for typical airfoil
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sections the shape of the camber line and the chordwise |ocation
of maximum canber and maxinum thickness vary, depending on the type
of section enplcyed. A description of nodern airfoil section

shapes enployed by NACA is given by Abpottl’z.

Wng Geonetry

Figure 1.2 shows the typical

wing geonetry and notation. Dm

ensions are characteristically

Y
ANGLE OF SWEERP, A v

TIP CHORD

taken about the quarter-chord g =
¥ oy P, —
line (1/4 of the chord from the EL‘ i m_
By L ;
leading edge of the foil). Thus, T PL ANFORM
MALF- SPAN, b/2 |

the span is the projected distance |
¢

between the tips of the quarter- - '
' nv.—-c.aoﬁ""‘
chord line, and the sweep and +'__“‘ ANGLE 05 DIHEDRAL, P

dihedral angles are measured \
FRONTAL VIEW

from the projected quarter-chord
WING GEOMETRY

line in the horizontal and

transverse planes respectively FIGURE 1.2

as indicated. Two inportant
"parameters" in dealing wth

wings are2

IT - 1.h
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the plan form area, S « the projected area of the wing
in a horizontal plane

the aspect ratio, A - the ratfo of span to nean chord,
or b%s

The difference between "displacement bodies"
and '"lifting surfaces ® in the selection of
reference areas should be noted here. For
ships and simlar bodies the total wetted
area is wusually chosen as the reference area,
whereas for wings the projected area of one
side of the wing is taken,

Force Notation

The force system acting on a foil (or any body) nay conveniently
be referred to the conponents along and about the three co-ordinate

axes of the body, These are identified, for the foil, ass

Iift « force in the vertical direction
Drag Force -« force in the fore and aft direction
Side Force « force in the transverse direction

Pitching Mment « about the transverse axis
Rolling Mment = about the fore and aft axis

Yawi ng  Monent about the wvertical axis

IT - 1.5
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Considering the forces in
LIFT

the plane of symmetry for

straight forward flight, the

forces on the foil section

"MOMENT

are shown in Figure 1.3. AERODYNAMIC CENTER
(The transverse axis is taken '

to be at the "aerodynamic ’
center", which is discussed FIGURE 1.3

bel ow.)

In many applications, pressures and forces fim fluid flow are

proportional to the "dynamc pressure"
— 2
4G = MV (1b/£62) (1.1)

where @ = nass density of the fluid (#sec,z/fth)
V = speed of advance (ft/sec)

The mass density of the fluid varies slightly with temperature.

A the standard 59°F (15°C),

L = 1.9k (#aecz/fth) for fresh water
P o= 1.99 (#sec?/rtl) for salt water

Thus, wusing these units, /"/z may be considered equal to 1.0

and g% V2 in vater.
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,0
V2

Example

Wiat is the dynamc pressure in sea water at

= 1.99 #sec’/pth

= 2570 £t2/sec?

V = 1.69 x 30= 50,7 ft/sec

g = 1.99/2 x 2570 = 2558 1b/f1?

30 knots?

The forces on the foil

dinensional coefficient f

orm by referring them

pressure and the f/;;L area.  Thus

Lift  Coefficient, o

Drag  Coefficient, Cp

may readily be represented in non-

to the dynamc

L/‘?,S
EZé}S

Pitching Monent  Coefficient, %YT/*— M/:Ez.Sc

of the foil

of the foil

pitching noment on the foil
chord - taken positive when tending to

increase the foil angle of

where L = [lift
D = drag
M =
the foil
S =
C = foil

planform area

chord

q, = dynamc pressure

The pitching nonent

monments are taken about

coefficient is essent

the aerodynamc center.,

II = 1.7

" skt s T i

about some point

attack

ially constant

(Theoretically,

when

on

this
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o

e

op

poi nt is"\a _quarter-chord distance behind the leading edge and is thus

d

a good reference point for wng geonetry,

For such nonent center,

as Cmac .

Summary

The basic aerodynamc notation and

the pitching nonent

as shown in Figure 1.2.)

coefficient is identified

the wunits wusually enployed

are as follows:

A aspect ratio J/J ' non-di mensi onal

b projected foil span ft.

¢ foil chord ft.

D drag | bs.

f foil canber ft.

L 1ift | bs.

M  pitching noment ft.lbs.

G dynamic pressure, 1bs/ft>

S projected foil area ft.g\

t foil  thickness ft,

\/ speed of advance ft/sec
angle of attack radi ans

P mss density of the fluid lbs.sec2/fth

L
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A angle of sweep

" angle of dihedral

Cp drag coefficient, D/gs

C. lift coefficient, L/q,s

Cw, pitching nonent

coefficient,

- 19

degrees

degrees

non-di mensi onal
non-di mensi onal

M4 se non-dimensional
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3.

Lifting-Line Arfoil Theory

Gener al

Classical airfoil theory originally developed by scientists
such as Prandtl, Lanchester, Glauert, Munk, et al, 1is available for
study in many treatises on aerodynam cs 3’h’5'. These works are
based on the concept of a single lifting line,. which is sufficiently
accurate for wngs of large aspect ratio. Athough in recent vyears
advances have been made in the development of a Ilifting-surface

theory (most applicable for foils

of small aspect ratio), the lifting-

. . . (a) CIRCULATION(F)
line theory is still of forenmost v
| = -
| por tance. ADVANCE

LIFT L
Two- Di mensi onal Theory S S

(b)) ———
The basic theory of lift is
LIFT L

derived from the concept of a

rectilinear vortex advancing in “/ .y
g (&) %\\\:

a fluid 4n a direction normal to
‘ORIGIN OF LIFT

the vortex axis. The super-
SUPERPOSITION ~ OF C|RC\LIJ|_ANT|(%N)
- , AND SPEED OF ADVANCE VY |

position of the circulatory LEADS TO THE LIFTING VORTEX
(b). A FOIL SECTION(C) PRODUCES

m)tion Of the Vort ex Upon the THE SAME KIND OF FLOW PATTERN.

free stream velocity, as shown

FIGURE 1.4

in Figure 1.k, results in an
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increase In velocity on one side of the vortex and a decrease on the
other side. According to Bernoulli's theorem therefore, the static
presaure is decreased on the "guction®™ sSide and inecreased on the
"pressure" side. The resultant |ift force is perpendicular to the

free-stream direction, and has the magnitude:

L = bf’v@ (Ibs.) (1.3)

where 0 is the mass density of the fluid (#secz/fth)
V is the fluid velocity (ft/sec)
@ is the circulation of the vortex (the integral
of the vortex velocity over a closea p%th
encircling the vortex center) (£t4/sec)
bis the foil span in ft. (assumed to be infinite
in the considered two-dinensional flow pattern)
The relationship between circulation and the |ift coefficient of

a foil section can then be expressed as

® = CeVy, (1.1)

The value of the circulation around an airfoil of known geonetry

can be determned by fluid potential theory. Thus, for a "thin air-

foil'l sectiony
G = TeVe (due to angle of attack, and applied
at the quarter-chord position)
(1.5)
™, =2 2TV (due to camber and applied at the
O?‘ f hal f-chord  position)

II = 1»11

G, crmrn
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Then combining equations (1.h) and (1.5) we get
CL = ZTr (d-o -+ Zf/c)
} (1.6)
Cn, = -% (Ko +4FL)

where CL is the [ift coefficient

Cmg is the monent coefficient taken
about the leading edge of the foil

Ao is the angle of attack in two-dimensional flow

f/e is the camber ratio of the foil.

From equation (1.6) it is seen that for a canbered foil, the
lift is not zero at zero angle of attack (as neasured in Figure 1.1).

Rather, the angle of zero lift is seen to ber

Lo = - 2 (1.7)

However, zero angle of attack does have a particular significance
in canmbered sections. In two-dinensional flow it approxinately
indicates the flow pattern where locally there is no flow around the
leading edge of the section from one side to the other. For this
condition of "smooth entrance”, the Msymmetric" or "optimum" |[ift

coefficient is approxinately

C"°Pf = -4 ¥, (1.8)

II - 1012
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Exampl e
What is the lift coefficient of a "hin" foil section
(in two-dinmensional flow) having a canber ratio of

f/e = 3% at an angle of attack of o€ = 5° 2
Comsining Eguarions (1.6) Ao (1.7),
C = 27 (9(6"0(1.0)

Now, o, = 5° = 0.09 BADIANS
o, 7 ~2x0,03 = -0,06 RACIANS (£, 1.7)

Twen, C;, = 27 (0,09 +0.06)
= 0.94

The optimum |ift coefficient of this section is

_theoretically (equation 1.8)¢ Czopt = 41r+0.03=038

In practice, airfoil sections are not "thin®, but have a finite
thickness, as indicated in Figure 1.1 above. Properties 0% practical
airfoil sections can also be determined by fluid potential methods.
The ¢alculations involved are arduous, however, and the results are
not; really applicable due to viscous basses in the boundary-|ayer
flow, Experimental data on the properties of airfoil sections, as
di scussed below should be enployed in engineering applications.
Hovever, a review of the data for modern airfoil sectionsts?

indicates that the values given in equation (1.6) for the lift

IT - 1.13
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and noment coefficients are reasonably accurate, and may be used for

prelimnary  purposes,
Wing Theory

A wing, wth chord ¢ and span b, is the equivalent of a lifting
line having finite (linmted) length. As illustrated in Figure 1.5,
around the ends or tips of this line, a flow is caused from the
pressure side of the foil to the suction side. The circulation of
the bound vortex, therefore, finds continuation in the form of a
pafr of tip vortices, one originating from each wng tip, approxi-
mtely as sketched in Figure 1.5. In other words, the single vortex
(as visualized in Figure 1.4) is replaced by a vortex system which is
remotely simlar in shape to a horseshoe, (thus, sonetines called a

horseshoe  vortex).

Within the space between the two tip vortices, their circulations
conbine, thus "inducing" a downwash velocity and causing as a con-
sequence a dowmerd deflection of the basic stream from its undisturbed
direction. This deflection reaches a final angle at some distance

behind the wing, as a conponent part of the vortex pair in Figure L.5.

At the position of the foil or lifting line, the deflection of
the fluid (one-half the final downwash angle) results in the "induced

angle of attack". Because of this angle, the [ift force is now

IT - 1.1!
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V (aovaNGING FLUID)

t% SPAN b -—~————-'
(Y
( ) CHORD C
) — LIFTING LINE -
O ¢
(b)
T IP VORTICES
PLAN VIEW
o _ _SUGTION.
@ 5
4+ 4+ + + + + +
PRESSURE
DOWNWASH
@ (O

,"— bﬂ/a.

FRONTAL VIEW

FLOW PATTERN PAST THREE-DIMENSIONAL WING
(d) W I NG PLANFORM

(b) EQUIVALENT VORTEX SYSTEM
(Cc) ORIGIN OF TIP VORTICES
(d) VORTEX PAIR FAR BEHIND WING

FIGURE 1.5

II - 1.15
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displaced from its direction
normal to the free-stream
fler and is tilted backward

by the induced angle oC;,

as illustrated in Figure

1.6, The lift (defined as

ORIGIN OF THE INDUCED
the vertical component of RESISTANCE. Cpy® € tandy

the foil force) is accordingly
FIGURE 1.6

C - C"Ln cos ££ ~ CuLu (1-9)

L

and there is now a conponent of drag or resistance (defined as the
force conponent in direction of the motion) - the induced drag

corresponding to

Cp, = Cuestnee =Ctanat; = G o (1.10)

Since within the scope of application of vortex-line theory, the
induced angle is conparatively small, it is usual to assune
cos o; = 1.0

sinoc; =~ tano; = of;

as indicated in equations (1.9) and 1.10)

Il - 1,16
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For an actual foil, the loading (or circulation) is not con-
stant along the span as was assumed for the sinple horseshoe vortex
but varies depending on the section geometry at each point along
the span and on the downwash at that point due to the trailing
vortices (for instance, the horseshoe vortex system leads to an

infinite downwash at the tips, an untenable assunption).

The classical treatment of

this consideration by Prandt1’

! SPAN, &
r

indicates that an elliptic, ™
; ELLIPTIC
distribution of [lift along the / LOADING
, , CONSTANT
span of the foil as shown in DOWNWASH

Figure 1.7, results in a con-
stant value of downwash along ELLIPTIC LOADING

the span (constant value of
FIGURE 1.7
induced angle) and a mnimm

value of induced drag.

For the case of elliptic lift distribution, the derived values
of induced angle and induced drag are, in coefficient form
ol{ = C‘-/TI'A

where A is the foil aspect ratio.
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The expression for the 1ift coefficient based on the angle of
attack in two-dinensional flow equation (1.6), mist be nodified f'or

the finite wing by taking the induced angle into account. Thus,

C, = 2T (o€ +o o - Cufra ) (1.12)

where o is the geometric angle of attack

oe 1is the angle of zero 1ift, from equation (L.7}.

The 1ift curve slope is an inportant concept in airfoil (and
hydrofoil) analyses. Rearranging the terns of equation (1.12) and

taking the derivative, the slope is

~

d( ' - e

rme —— =
= & == 1
27 WA |

-
P -3

da (1o13)

=y

It is frequently nore convenient and useful, to finvert equation
(1.13) and deternmine the angle of attack necessary to produce a

desired 1ift coefficient. Thus, the "inverse slope® or Wi if4

angle * is
de | (da) , [dx )
d_CL dCL o d.CL [: .
(Loih}
- L 4. .
- P -+ '!rA

where (é%? L is the lift angle dye to the lifting-line wortex
&

é@) is the 1ift angle due to the trailing vortices
dé /.

I = 1,18
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which

G
Example
Wat is the angle of attack of a wing with elliptical
loading, having A = 5, needed to produce a |ift
coefficient of € = 0,57
From EquATion (1.14),
é_;‘_ « < + L 20722
dCL r 57
For A SYmmeTRICAL FOIL (Mo Camesr)
o = 022x:05 = 6.3°
Foe THE 3% CAMBERED SkcTion (PRECEOING EXAMPLE)
o, ==0:06 =-3.4°
“ - 603 - 3»4 . zoqo
-
It should also be noted that, from equation (1.11):
dlp  dai L (115)

d(@) a6 TA

is also a useful relationship in airfoil analysis,

II i lol9
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ko

Mdifications to Lifting-Line Theory

Effect of Planform

The lifting line theory as outlined above is exact for wngs of
large aspect ratio, having elliptical lift distribution.  Considering
wings of sinple geometry (i.e., straight, non-twsted, constant
section shape), elliptical distribution is found only for wngs of
elliptical  planform It is therefore necessary to determne the

effect of other planforms on the induced oharacterfstics.

The nethod proposed by Gauerth can be used to determne the

corrections to be applied to the induced angle and induced drag terns

for wings of various planforms, The induced terms of equation (1.15)

now hecome
dai | 17
dc, TA
(1.16)
dCp, - _,_.,.j
d (¢2) TA

wher e T;J are the corrective terns for the induced
angle and induced drag, respectively.

Figure 1.8 gives the T and J corrections for wings of

rectangul ar planform in terns of the aspect ratio.

II - 1.20
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0.4
/‘/
0.3 _ T ]
//
!—
< 02 =
/ . J—,*/—’.r
X -
/)/
- ASPECT RATIO
06 ) 5 10 1] 20 25

T&S FOR RECTANGULAR PLANFORMS

‘FIGURE LI.8

Hueber® has cal cul ated the correction terns for wings having
straight taper frommidspan to tip, for several aspect ratios as
a function of taper ratio, as shown in Figure 1.9. The value of
T can be read off directly fromFigure 1.9(a), interpolating as
required for other aspect ratios. The value of d for any aspect
ratio can readily be determned from the function

d=d'A
where s given in Figure 1.9(b) for any aspect ratio (as

suggest ed by Hoerner7).

I - 121
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The above planform corrections are derived on the basis of the
lifting line theory, wthout consideration of the finite chord. In
the practical case, there is sonme advantage to be gained from hating
square wing tips (both in planform and in l|ateral section) as they
prevent the flow from "getting around™ the wng tip, thus increasing
the effective span and aspect ratio, It wll be shown, in the dis-
cussion of [lifting surface theory below, that for wngs of low aspect
ratio the rectangular planform is nore effective (has less induced

angle and drag) than those of rounded or tapered form

Effects of Sieep

The effects of sweep on a foil have been investigated theoretically

in several references®?, A sinplified method of approach is presented

herein.,

For a swept wing (as illustrated in Figure 1,2), the reference
angle of attack is that of the foil section at midspan. Thus, for the
flow normal to the quarter-chord line, the nominal angle of attack is
increased by Yzosa but the dynamic pressure is decreased by cas’A .

The net effect is to decrease the section |ift curve by the factor cosA .

Equation (1.1Lk) may then be witten for the swept foils

de) . dec
) - (%) =z 5@, (1.7
k

' + =
2T Cos I\ TA
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where gl_et) do\ are the section and induced lift angles
a6 ), (Er.)i. for the unswept foil

A is the angle of sweep

R is a factor to be deternined.

For elliptical lift distribution, the factor R = 1 and the
induced term is the sane as for a straight foil wth elliptic
distribution. However, the low taper ratios required for swept-back
wings to nake the lift distribution elliptical (as shown in Figure

1.1l below) are not practical, because of wng-tip stalling,

From an analysis of test data of swept wings, Hoerner! shows

that R varies approximtely as ‘“cosA, Thus

da. = [dey o 8

(m . " (4 )ama (1.18)

wher e (dd is the lift angle of the foil without sweep,
a0

The induced drag term may also be expressed approximately as

dép, _ dC _L
TRy 1) "cos A (1.19)
a(q}) d(q') e

Tests conducted by NACALOs1l on various swept wings indicate that
the lift curve and induced drag do not obey these sinple formulations

in all cases, particularly at large sweep angles. Wngs wth

e————
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sweep forward have different characteristics than those with sweep-
back, and in sone instances the induced drag increases wth increase
in aspect ratio., Therefore, the above relationships should only be

used in the absence of specific test data,

Effects of D hedral

According to a sinple theorylz, each panel of a dihedraled or
V-shaped wing has an induced angle (in the direction normal to the
panel) equal to that of a conplete wing wth an aspect ratio which

is twice that of the panel,

Referring the lift and drag forces to the projected area and
span (see Figure 1,2 above), and noting that the reference angle of
attack is that of the foil section at midspan (in a vertical plane),

the lift angle my be sinply expressed as

d_.g_') = L + L
dl /p 2Tcs? TA

(1.20)
dCDp - dCo . _L

4(q) d(q) TA

where I Is the dihedral angle.

A
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Exampl e
Wiat are the induced characteristics of a wng,

having A = 25° and 7 = 25°2 According to

equation (1.18)

d 4
dCy ~ Cos/\ .

For A = 25" (cos 25° = 0,91), the induced
angle and induced drag are roughly increased by'

108, The angle of dihedral does not affect the

i nduced characteristics,

Lifting Surface Consfderations

The theory of lifting surfaces has been pronoted in recent years
to determne the aerodynamic characteristics of wings of small aspect
ratio, Weinig13 and Vi ssinger14 have produced theories capable of
being applied readily for engineering purposes. Lawrencel® has more
recently produced generalized functions that agree with Weissinger's
results and further allow the determination of the chordw se |oad

distribution.

The conplete formula for the lift of an airfoil my be expressed

as8
CL = E_'a__ SinC + 2 Sin*k cosK (1.21)
7w T wA /

I I " 1026
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where e includes the angle of zero lift, for canbered foils
E is the correction factor applied to the hasic lift-
ing line theory. Values of E are! given in Mure
1. 10.
2si¢ is a normal force coefficient, which can be derived
rigorously for zero aspect ratio by any of several
concepts. The sinplest concept is that it represents
the viscous drag coefficient normal to a two-
dimensional flat plate (Cp= 2,00 with a fluid speed
of Vsink ,

Equation (1.21) is thus seen to represent the corrected lifting
line theory (with swmg¢ substituted for o« for greater accuracy at
high angles) plus a non-linear term which is actually derived for
zero aspect ratio but which appears to be valid throughout the range

of low aspect ratios (A & 2).

The drag.due to |ift may be given approxinately as:

2
Co, = S + G, tana (1.22)
A

where €y, is the first term of equation (1.21)

G, is the second term of equation (1.21).

Values of E can be derived from Figure 1.10, where Y is
plotted against aspect ratio for rectangular foils. It is seen that
Weinig and Weissinger show different values in the range of A>»} .,

A enpirical factor E = | +%A%* for A>2 falls between the two

theoretical val ues.

1] = 1.27




- ARFOL  FRINGIFLES
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VALUES OF ‘/E FOR RECTANGULAR FOILS
AS A FUNCTION OF ASPECT RATIO

FIGURE .10

Lawrence (and Weissinger) also derived values for triangular

wings. TFigure 1.11 gives a conparison between the rectangular and
{
triangular values of the conplete factor ET and the 1ift-
I T WA
ing line theory (E = 1), for small aspect ratios.
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Various test data for rectangular foils have been analyzed by
Hoerners#, and tke results are also shown in Figure 1.11. 1t is seen
that the characteristics are dependent on the edge shape of the
sectionss those having square edges showing slightly greater [ift
than theory indicates while those having rounded edges and rounded

corners are close to the theory for foils wth triangular plan forns.

# in an unpublished nemorandum
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For foils of aspect ratio larger than 2.0, the angle of attack
is usually small so that the second or non-linear term of equation
(1.21) may be neglected, and the equation nay then be rewitten:

:_‘é'.‘. - .% A (For A>2) (1.23)
L

to which the planform sweep and dihedral corrections can readily be

applied,  Thus, for the conplete wing:

de . 1 ey
d¢  CosA | 2WcosP VA
} (1.24)
dCp . 1+4
d(q?) A cos A '

where E is the lifting surface correction, l[»%z For A >2]
A is the angle of sweep
[ is the angle of dihedral

T, are the respective planform corrections.

| T - 1.30
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S. The |Influence of Fluid Boundaries

Wien the wing is operating close to a fluid boundary, its "free-
flight" aerodynamc characteristics are nodified, to an extent depend-

ing on the type of boundary and the distance of the wing from it.
- B
There are two main types of boundaryd r——es adrh sfppphe. s s

(a) the rigid boundary = the walls of a wind tunnel in which a
wing is being tested, and the ground
when an airplane is in the process of

taking off or [landing.

(b) the free boundary « the boundary of an "open=-jet™ tunnel,
where a wing is being tested in a jet of
air that is freely surrounded by the
at msphere. As will be shown below, this
is also equivalent to the effect on one

wing of an equal biplane.

The influence of fluid boundaries ‘4g treated in detail in nany
classical works3?> and will only be discussed briefly herein. For
convenience, the term “ground effect" is used for the effect of a
rigid boundary, and "biplane effect® for that of a free boundary.

Wile the biplane effect need seldom be considered in nodern

II - 1o3l
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aerodynamcs, it is basically involved in the influence of the

water surface upon the characteristics of hydrofoils.

The presence of a rigid boundary at the distance h from the
wing, as shown in Figure 1.12(a), affects the motion of the fluid
about the tip vortices originating at the wing. By reasons of

synmetry, this infuence i$

P—>b —o
"mrror image® of the foil EC__—)
. :
and vortex system at the I_ RIGID WALL
h . ~
sane distance h beyond the 4 \:,"
boundary. (That is, the (a) GROUND EFFECT
— b —
boundary can be replaced by C )
the mirror inage, in consider- "_ L EOUIVALENT
] ) b FREE BOUNDARY
ing the effect on the wing.) C )
It is easily seen that the (b) BIPLANE EFFECT
downwash and the induced
angle at the wing are reduced. FIGURE |.12

As a consequence, the [ift
curve slope dcl/dx is somewhat increased and the induced drag

decreased in the presence of a rigid boundary.

The biplane effect, on the other hand, produces the opposite

results.  Consider the bhiplane represented in Figure 1,12(b) with

C—————
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the separation of 2h between the wings. Here, each wng provides the
sane |ift and has identical vortex systens in the sane direction, It
is easily seen that the downwash and the induced angle at one wng
are increased due to the vortex system of the other wng, in direct
apposition to the ground effect discussed above. It can readily be
shown that a free boundary a distance h from a wing can be replaced
by a "biplane image" a distance 2h from the wing, and thus is

equivalent to the "biplane®" effect on one wing,

The influence of either the ground effect or biplane effect on

the fnduced characteristics of the wing my be expressed as a factor,

K, in the equation

dei _ o Co K (1.25)

dC. d (¢3) TA °
The factor K is given in Figure 1.13%, as a function of h/i:,,

Kb denoting biplane effect and Kg denoting ground effect, It is

seen that at a given h/b the ground effect would decrease the fnduced

terns by the sane amount as the biplane effect would increase them

Whenh = o, the induced terns would vanish due to ground effect and

% See Figure 2.7, Chapter 2, for a
mre detailed graph.
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would double due to biplane effect, When Kb= Kg = 1.0, the

"free-flight" condition exists, i.e. no boundary effect.
2
K e
h
- °F
| — ; \l
0 05— _hjho
oo ——k
0
grrsc? T
Kg
)

BIPLANE AND GROUND EFFECT FACTOR, K

FIGURE 1.13

For small values of h/b, corrections to K must be made for
such things as the actual tip clearance of dihedraled or swept
foils. Furthermore, there are the effects of the image of the
lifting vortex which is also present (but which has not been shown)
in the conplete flow system near a boundary. Such inage influences
the foil section characteristics when the distance h is smll as

compared to the foil chord.

—
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Wsually, for aircraft the ratio h/b is sufficiently large so
that these secondary influences are negligible, For hydrofoils,
hovever, h/b is generally small and these effects nust be considered,
Therefore, the treatnent of these secondary influences, as well as
other boundary effects on the characteristics of hydrofoils, is given

in Chapter 2,

IT - 1.35
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Pitching Mnent Characteristics

Foil Section Characteristics

As indicated in equations (1.5) and (1.6) above, the Ilift
originating in a symetrical foil section (due to angle of attack)
can be represented as a single force applied approxinmately at the
quarter-chord  point, The lift due to canber, however, iS centered

at the half-chord point.

Taking the nonents about the quarter-chord point, it is seen that
the nonent is only due to the lift developed by camber, Thus, from

equation (1,6)

Cm, = -Tf (1.26)

and is a constant for any given foil section, {/C being the foil canber
ratio, and is thus approximately independent of the magnitude of the

1ift,

Experimental data on airfoil sectionsls? indicate that the value
of the coefficient and the chordwise position are slightly different
from the theoretical values given above. It is therefore usual to
define the constant noment coeffi ci ent by

Cma.c.
which is taken about the aerodynanmic center, or a,c,

Il - 1.36
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Effect of Planform

The aerodynamic center and the corresponding nonent coefficient
for a conplete wing depends on the geonetry of the line of aerodynamic

centers and the spanwise |ife distribution,

For wings enploying the sane section shape, Cma_c and the a.c.
position are the same as for the foil section when the a.c. line is
straight and normal to the direction of advance. (This applies to
rectangular and tapered planfornms without sweep, and is independent

of lift distribution,)

For other cases, such as when sweep, twist and variations in
section shape are enployed, the effects nust be determned as a
function of geonetry of the foil and the resultant [ift distribution.
Methods for determining the spanwise loading distribution for foils of

arbitrary plan form are given by -DeYoung and Harperg.

In the particular case where the taper ratio bears a certain
relation to the angle of sweep as indicated in Figure 1.1k, the foil

loading is elliptical and the aerodynamc center is given byx

2
0.342 -0.5¢7\- 0.908 X Atan N

el
@c=z7, 10(1+ A + )

(1.27)

where A = taper ratio (tip chord/root chord)
A = sweep angle

from which Cm,. can be deternined.

<“SON—
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ELL IPTIC LOADING

FIGURE I|.14

w

TAPER RATIO,A

Pi t chi ng moment characteristics of wngs of various con-
figurations are, however, nost readily determined from wnd tunnel
tests.  Thus, available test data on wngs of various form (such
as presented in references 10 and 11) can be utilized to determine

the pitching moment of simlar wngs under consideration,

Il - 1.38
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Smal| Aspect Ratio Wngs

In his treatment of [lifting surfaces, Lawencel5 also derives
values of the aerodynamc center for rectangular and triangular
wings of small aspect ratio. (Triangular wings were assumedto have
the apex leading and the base trailing.) The values given in Figure

1.15 are for the linear

portion of [ift (the

first term of equation - 7. o]
M= 24 1%
1.21), nmeasured from the . s N ,\w\*/"?ﬁu’“" W
o2 Q&" e
leading edge. The non- L2 ‘\ </ L3
<'_ z
. . wo -6 Po 6 wd
linear |ift (second term Ou Q% S
22 S <=
of equation 1.21) is 24 f *\ 24
a ) r— (=]
. 08 L5
assumed to be uniformy /
applied over the planform
1 2 3 4 4

so that for the rectangular ASPECT RATIO

AERODYNAMIC CENTER

wing it nter is at -
g Its center Is al mid FOR SMALL ASPECT RATIO FOILS

chord, while for the

FIGURE I.15

triangular wing it is at

the 2/3 chord position.

The effect of canber on the momet of small aspect ratio wngs
has not been investigated specifically. It is aasumed that the'lift
due to canber is applied at the md-chord as for wngs of [arger

aspect ratio.

Il - 1.39
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7. Airfoil Drag

There are three basic types of drag (or resistance) that are

experienced by an airfoil, which are
(a) the induced drag resulting from lift, as discussed above

(b) the friction drag, resulting from the shear forces in the
fluid at the body. As a function of the fluid velocity,
these forces are set up tangential to the contour of the
body, and the sum of the conponents in the direction of

the free fluid flow represent the friction drag

(¢) the pressure drag, resulting from unequal pressures on
the front and rear of the body. In a perfect fluid, the
pressure (which acts normal to the contour of the body)
woul d have conponents in the direction of free fluid flow
which would sum up to zero, However, due to viscous
effects, the pressures on the rear of the body are
reduced, resulting in a net pressure drag. The magnitude
of this drag depends primarily on the shape of the body,

and is thus sonetimes called "form drag".

ITI - 1.Lo




M ATRFOIL PR NOPLES

The basic difference between

friction drag and pressure drag

o
-

W

can be best 4llustrated by con- = = =
sidering the drag on a thin flat FRICTION DRAG

plate, as shown in Figure 1.16.

\then the plate lies parallel to f“’
the direction of flow, the 'drag

i | most tirely frictional _\——
is almst entirely frictional; _L__

when normal to the flow,

i

entirely due to pressure. It PRESSURE DRAG

is common procedure to couple . .
P P FRICTION AND PRESSURE DRAG

friction and form drag together ON A FLAT PLATE

as "parasite drag", which is ‘
FIGURE 1.16

defined as that drag independent

of, or not due to, Ilift.

Parasite drag is the nost important component of the total drag
on a foil in the high speed ranges of aircraft and hydrofoil craft,
and is indeed an inportant consideration in all fields of fluid
mechani cs. A conprehensive treatment of the subject would be ex-
haustive and is not wthin the scope of this work,, Reference should
be nade to standard texts, Prandtl3 for a presentation applicable to
airfoils and to Hoerner! for a detailed treatnent of the parasite

drag of various aircraft conponents.

_
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Snce the standard naval architectural texts explain the concept
of friction drag (frictional resistance of ships) and pressure drag
(eddy naking resistance), it is not considered necessary to dwell on
the general aspects of this subject at this tinme. Particular appli-

cation to hydrofoils is given in detail in followng chapters.

It should be pointed out, however, that there

are slight differences in the procedure of
analyzing parasite drag as enployed in aircraft
and ship design. Arfoil drag coefficients are
referred to the plan area of the wng, and other
aircraft conponents (nacelles, fuselages, etc.)
are referred to on the frontal or cross-sectiona
area, whereas the standard ship practice is to use
the total wetted area of all submerged conponents.
Furthermore, the marine industry has adopted the
"Schoenherr |ine" for turbulent friction, whereas
in aeronautics no standard has been adopted

al though the "Prandtl-Schlichting line" is in
general  favor.

The procedure enployed herein is to use the reference areas
enployed in aerodynamcs (except for hulls, where narine nethods are
retained) but basing the friction drag coefficients on Schoenherr's

function,

II - 1.’-1-2
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Arfoil Data

The aircraft industry has published a wealth of information on
airfoil characteristics.* The evolution of the characteristics of
hydrofoils, as presented herein, has been acconplished by draw ng
heavily on this information, utilizing airfoil theory wth such
corrections as have been indicated by experimental data. This
material has been applied directly or nodified as required for

surface effects, as can be seen in the chapters that follow

Some of the data is of basic nature and is published in readily
usable form so that it can be applied directly to the hydrofoil.
Thus, NACA has published correlated section data on a wde variety
of airfoil shapesl’2’16, from which the basic section characteristics
can be readily ascertained. Figure 1.17 shows a typical set of data

available for one of the NACA series.

# See "Index of NACA Technical Publications”
National  Advisory Committee for Aeronautics,
Vshington, D. C.

NS
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From this particular data, the followng two-dimensional character-

istics can be found:

section [ift coefficient
section lift curve slope

section drag coefficient (smoth and rough-various
Reynol ds  nunbers)

section nonent coefficient (about the 1/L chord and
about the a.c.)

angle of zero [lift

maximum |ift coefficient

II - 1.hh
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Data IS also available on the characteristics of mscellaneous
shapes and bodies, flaps, etc. as nay be required for a detailed
analysis of hydrofoils but which are too varied to allow individual

treatment in the text that follows.

IT - 1.L5
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General Considerations

Hydrofoil Theory

Basic Foil Characteristics

Effects of Struts, End Pates and Nacelles
Effects of Panform Saeep and Dihedral
Foils of Small Aspect Ratio

Pitching Mrment Characterfstics

Sunmary of  Submerged Foil Characterfstics

Formulas are given for the lift produced by a fully subnerged

hydrofoil and for

i nduced drag,

submer gence and

the use of

conveni ent

the formil as.

use

Wave

and

drag, and pitching moment, The effects of

configuration are shown and exanples given

ref erence.

II - 2.1

the effects due to 1ift, such as induced angle and

foil

illustrating

The principal formulas are summarized for



.. SUBMERGED FOILS

Lo General Considerations

The hydrodynamc characteristics of hydrofoils operating in water
are closely related to those of airfoil.3 operating in air. Wen the
hydrofoil is so deeply submerged a3 to be considered operating in an
infinite fluid, it is directly equivalent to the airfoil, taking into
account the difference in density between water and air (and assumng
that speeds are below those at which cavitation in water and compress-

ibility in air would be influential}.

In the practical case, the hydrofoil acts czlose to the water
surface with a consequent effect on its hydrodynamic properties.
This effert can be accounted for to some extent by classical airfoil
treatment of the influence of fluid boundaries, but it also requires
consideration of the gravity effect that is unigue to a body operating
near the water surface {the boundary between two fluids of great
difference in density). This gravity effect produces an increase in
drag on the foil and is represented physically by a wave system similar

teo that produced by # shir. (The wave system is treated in Chapter 6.)

The basic hydrofoil theory, thersfere, takes into account all
surface effects on a simple, fully submerged foil. From the relation-
ships established from the theory, the "airfoil® effect3 and the "wave"
effects can he separated and independently considered for general

engineering appification.

Ir - 2.2




-ﬁ SUBMERGED FOILS

Corrections to the basic hydrofoil. characteristics for variations
in foil geormetry, the effects of struts and other appendages, and the
influence of various operational factors can be readily and clearly
indicated as fumctions of the vairfoil® and "wave® effects considered

separately,

The hydrodynamc characteristics of the fully submerged foil are
treated in this chapter along these liness surface-piercing foils are
treated in Chapter 3. The influence of cavitation has not been con-
sfdered in the derivation of these foil characteristics. The con=-
ditions under which cavitation will occur, and the consequent effect

on the foil properties are treated in Chapter 12,

II = 203
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2. Hydrofoil  Theory

Two- D mensi onal Theory

The concept of a rectilinear vortex advancing in a fluid has been
used in the developnent of airfoil theory, as indicated in Chapter 1,

It can be simlarly used to develop hydrofoil theory, wth the added

condition that the vortex is located below a free water surface.

This case has been investigated by Kotchinl, with the results that
the lift is nodified by the free surface and a drag on the vortex is

produced (in association wth a surface wave), The relationships are

given as8

L= pV®b- bl n (2.1)

47h

Ov = 29 @;b @-zgh/vd (2.2)

where L is the 1ift

Dw is the "wave drag"

b is the span (considered to be infinite
in the two-dimensfonab case)

W is the depth of submergence

V is the fluid velocity

@ 1is the value of the circulation
,0 is the fluid density

g isthe acceleration of gravity

T - 2.1
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and

- 00 %

_ 2gh/e
Q:[r-th e Tendz ]
Vz

Equation (2.1) indicates that the lift of the vortex in infinite
fluid (the first term of the equation, as shown in Chapter 1) is
modified by an image system due to the proximty of the free surface.
This image system changes the nagnitude and direction of the fluid
flow, resulting in a change in lift, indicated in equation (2.1) and
a drag of the "induced" type, equation (2.2). It can be seen from the
equations that both the drag and the change in |ift reduce to zero as
the subnergence approaches infinity, thus reducing to the case for

the foil in infinite fluid.

Values of the factor .Q. are given in Figure 2.1 as a function

+2
|
£l .
: /
n o La/ s T 31 a1 151 6 71 |8
' / Fnl= VA
-2
FIGURE 2.!
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of the Froude nunber, F «Vep . It is seen that in the liniting

cases
N =-140 at F,:o0
{1l = o at Fi' y oo

and thus, from equation (2.1), the inmage system is- seen to be that

of a'mirrort inage at F, 0 and a "biplane" inmage at Fh s 0O , as

indicated in Fgure 2.2 In these

cases, the inage "produces" a P r
- —h
/ /
change in fluid velocity past the S W
v h ‘WATER SURFACE
vortex, but no change in fluid r r
= hl
direction.  Thus, the wave drag C C

mist be zero and is so indicated Frp® O Fpe oo

in evaluating equation (2.2) at VORTEX SYSTEMS AT

these limting Froude nunbers. LIMITING FROUDE NUMBERS

(A R = oo, only when the sub-

FIGURE 2.2

mergence IS not zero.)

For practical applications of hydrofoil craft, the speed is
high and the foil submergence is relatively low so that the Froude
number, Fh . V/J:,T ; is high, Insofar as the effect on fluid
velocity is concerned, the value {l= 1O (from Figure 2,1) may be

generally used without serious error.

Then, equation (2.1) nay be witten

WO
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3]

L. ﬁ@ (V-.) b (2.3)

= C V|2
r 0 -*":zc(v—,,,)

where A -‘-@A'H‘h ; the decrease in fluid velocity at the
vortex due to its biplane image.

CLS L/P/zvls

Thus, the equation for the lift of the vortex near the free
surface can be treated as that of a vortex in infinite flufd wth the
velocity (V-u) instead of V. From Chapter 1, then, the circulation

around the equivalent foil section can be witten

@ = Ted, (V-u) (2.11)

where c is the foil chord
oo is the angle of attack of the foil in two

dimensions (measured from the angle of zero
lift for canbered foils),

From equations (2.2), (2.3) and (2.4), the |ift and drag can be

derived for the foil, in coefficient forns
V-a)\?
CL = 2MMe, (v-) (2.5)
-E? 2
MV e fe )G 2,6
CDw - (\/4‘.) ‘ﬁ'( ZF" ) L (2.6)

II b 2-7
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wher e Cp, = Dwpvis
F, = VAR

-2/E . :

(e 5 ) is given in Figure 2.6 as a function of Fh
2R

Noting that 4=C4rh , the value of ( VT"-“‘)z can be determined

from equatfon (2.4),

(%) = (,,,'Tm) (2.7)

A normally small angles of attack, the effect on the fluid velocity
is negligible for submergences of over 1 chord, and
(\%ﬁ'}" ~ |l.o when h/e >l.o
As the submergence decreases, however, the effect on 1ift becones
important, Furthernore, with a foil of finite chord, the Influence of
the vortex image nust be considered over the entre chord, instead of

only at the lifting line as heretofore assuned,

Finite Chord Corrections

Wen the subnergence is small, the curvature of the flufd flow due
to the vortex inage appreciably affects the lift characteristics of the
foil. seetfon. Thfs can be treated by a sinple approxinate method

famliar in aerodynamicsz, which is to consider the flow conponents at

II - 2.8
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a "controlM point 1/2 chord

Ary
behind the location of the -i';l N
\, SURFACE
lifting vortex, as indicated j_h \
- ¢ r Q
in Figure 2.,3. The downward . "jw
- c/2 |
velocity component due to
both vortices a% this point
is then FIGURE 2.3
urs[_."...b_‘_.’t_] (2.8)
2w = /2 44%.cYy
and the reduction in horfaontal velocity
w » © [..3-;'!_ ] (2.9)
W L ahtecty

Now to satisfy the condition that there is no fluid flow through the
foil, the angle of attack must be equal to the angle of fluid flow,

or

Ko = ML
V= se

which by combining equatfons (2.3) and (2.9) is
vV 12 T 3 .
< (52 Lw ® aT[(enee] ] (2.10)

to which must be added the %"induced" wave angle, From equatfon (2,6)

IT - 2.9
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. Ve re A e (2.11)
G{.w- Ow =(m)-ﬁ(—z—é¢‘—) L

<

Conbi ni ng equations (2.3) and (2.9), and noting that for small

values of «#As, hfgher s can be disregarded,

h
4% _ ¢ = wlvea) < ou (2.12)
27 [(4he) 1] v? v
and
Vo\* 74 - C
(\7-'14) x 128 = v UG (2.13)
where U = 4he
T [(4hc)' 1]

The total foil angle (neasured from the angle of zero lift) and
the total wave drag coefficient can then be found by substitution of
termss

-2

| U ., (e "
o« = (H&CL_)C,_[{T;*gh—,C* h(-—.;—r)] (2.1L)
1o (oK 2.1
Cp,, = (1+UC) G :_2&1) (2.15)

The derivatives d'd/dq_ and d-CDw/d(q‘z) are similar in form except that

the respective factors for the effective fluid velocity are

IT - 2.10
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(H ZUC)

(1+ 2/ we)
instead of

(1+ UC)

Equations (2.1L) and (2.15) are the basic equations for the hydro-

foil in two dinensions* and indicate the following effects of the free

surfaces

(a) The wave effects, as a function of submergence Froude nunber

V/fgr and  subnergence/chord ratio h/fe . A infinite Froude

nunber or infinite hj , the wave effects disappear.

(b) The finite chord effect, as a function of hjf. A values of

h/c>|.o , the value of TL becones negligible,

# Conplete- theories for the two-dinmensional foil with fipite chord
have been advanced by Kotchin3 and Kel dysch-Lavrentievt but the
effects are not as clearly illustrated as in the treatment above,
Krienes> evaluated the case for large Froude numbers (i.e.

negligible wave effects) and the results agree closely wth those
given above.

[ e 211
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The. Foil of Finite Span

For the foil of finite span, there is the additional influence of
the trailing vortex system. In Chapter 1, the induced effects on a

finite wing in the presence of a fluid boundary were shown to be

9!5) - 4G _ K
aq /; d(q?) TA
which were added directly to the airfoil properties in two dinensions,

to give the total wing characteristics,

However, this procedure cannot be used in the case of the hydro-
foil, Both the finite chord and wave effects in two dinensions are
modified by finite span considerations; and the airfoil induced effects
are modified by the influence of gravity, Therefore, the hydrofoil of
finite span nust be investigated as an entity. The concept of separate,
additive terns wll be wuseful however in evaluating the characteristics

of the foil, as till later be shown.

In the developnent of the theory of the hydrofoil of finite
span, the vortex line concept is used, Finite chord effects are not

considered herein, but wll be re-introduced later.

The hydrodynamics of the vortex line of finite span in the vicinity
of the free surface (and in infinitely deep water) have been investi- “

6,7,8.

gated by several authors Reference should be nade to the original

works for the details and proeedure required to determine the theoretical

©OIT - 2,12
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characteristics of the hydrofoil, since the expressions derived are

rather conplicated and do not lend thenselves to sinple formlation

or evaluation.

Qualitatively, however, the characteristics can be shown to be

conposed of three najor conponents, as follows:

(a) The aerodynamc induced effects of a foil in the presence
of a rigid wall, This is identical to the ground effect
discussed in Chapter 1, wherein the induced angle is

mdified by the factor, Kq ,

(b) The lateral wave induced effect, due to the trailing vortex
system (the trailing vortices from the foil tips and their
images above the water surface), The induced factor varies
with Froude nunber, from the liniting value Ogrzo) to

(Kb'l(‘i)(p"a) , where Ky is the hiplane factor,
The total effect of the above conponents added
together results in a function simlar tof
which is given in Ffgure 2,1 above.

(c) The transverse wave induced effect., due to the lifting
vortex system (the lifting line vortex at the foil and its
fmages above the free surface), This is similar to the two-
dimensional wave effect discussed above, but decreases in

magnitude as the submergence/span ratio increases.

“

[f = 2,13
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Bres1in® evaluated the drag of a foil of aspect ratio 10 at a submerg-
ence/span ratio of 0,084, The results for an assumed elliptical. 1lift
distribution are shown in Figure 2.4, with the effect of each conponent

befng indicated,

Practi cal Considerations

As indicated above and as shown in Figure 2.L, the conbined aero-
dynamc and lateral wave effect is similar to the function given for
the two-dinensional, case (conpare Figure 2.,1); and as in that case, it
may be considered equivalent to the biplane effect at high Froude
numbers, That is, the induced angle of the foil in infinite fluid is

modified by the biplane factor, Kb .

However, Figure 2., indicates that the difference in transverse
wave drag between the three-dimensional theory and the two-dinensional
theory is significant. FEvaluation of the three-dinensional formula is
SO arduous that it appears nore reasonable for 'engineering purposes to
use the two-dinensional formula, reduced by a suitable factor.
Arbitrarily the factor (K, -1) is used, which factor has a sinple
correlation to that used for the effect of the trailing vortices.

Thus, the equation for the induced lift angle is in the presence of

T e — w e

the free surface:

b i
T - 2.14
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ddi _ .‘{h ) Kb-\

— = - —

dC, TA TA A

de; dag
= (28 ().0e

and the transverse wave |ift angle is

dow . fddw| (Kp-1)
Z-EI-. - d.CA.),( b

Wnere(zaa)g? is the indueed lift angle in infinite fluid

Aol is the wave lift angle in two-dimensional f|ow
)

From this, the followng concept can be stated:

The induced angle of a foil of finite span in infinite
fluid is increased by two additive terns as the foil
approaches the free water surface, One of these is due
to the effect of the surface on the trailing vortices,
the other on the lifting vortex, Each of these terns
is nodified in the sane degree by a common factor

that depends on the subnergence-span ratio of the foil.

The use of thfs factor (KB-I) for the transverse wave effects nay
have little theoretical justification, but is considered to be of the
proper  magnitude, Applying this factor to the ease shown in Figure
2.4, the total drag is seen to agree reasonably wth that derived by
the conplete theory,

IT - 2.16
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3. Basic Foil Characteristfes

As indicated in the preceding section, the hydrodynamic character-
istics of the hydrofoil are approximately given as the sum of two

distinct  conponents:

(a) The aerodynamc characteristics of a foil operating near
a free fluid boundary. These are identiffed as the basic

airfoil effects, denoted by the subscript @ in the equations.

(b) The additional transverse wave effects (occurring in the
presence of the water surface. These are identified as the

wave effects, denoted by the subscript w in the equations.

The basic airfoil effects are given in Chapter 1. For the hydro-
foil, however, the finite chord and reduced fluid velocity corrections
nmuist be added to account for small foil submergence. The correction
terns involving U (introduced in the preceding section for the two-
sinensional case) nust then be added. For finite foils, the values
of 1L have been calculated along the span, and the average value

det er mi ned. Thus, the airfoil terns can be shown to be:

da re.,.u , ur 2.16
(Z?l),. - (H2UQ) {550t <] %10
dCo _ (1+3UC) 4 K (2.17)
d(G}) t A

I =217



CRNRN SUBFERGFD FOI LS

where U is the factor denoting change in fluid flow and
is given in Figure 2.5

E is the lifting surface correction, 1+ 2/ad

T,d are the respective planform correction terns,
given in Chapter 1

U is the biplane factor, generalized to account for
various foil configurations, as later indicated.
For the basic foil, the factor is i given in
Figure 2.7.

The wave effects are readily determned from the hydrofoil

theory given in the preceding section:

d« _ -2/g*

(;—c:}w = (r2ud) ¢ (e_._...ﬂ; ) (Ky-1) (2.18)
dC - 3 “T/ps ,

Ty = (AUQ) (e R ) (K- (2.19)

- 2/p0
Values of (e;__'.r.:h) and(wb-a} are given in Figure 2.6,
iy

¢.i6
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{ -

Shallow Vater Corrections

Qperations in shallow water affect both the airfoil and wave in-
duced  characteristics. For the airfoil conponents, the induced effects
are reduced by the wusual ground effect, but this involves such extremely
shallow water (depth from foil to bottom of 1/2 foil span or less) that

it is not a practical operating condition and can be ignored,

However, the wave induced conponents are influenced in noderately

deep water by the presence of the bottom depending on the speed at

which the foil is travelling., Thus, when the depth of water is less
t han V’/g (or the craft speed is above the critical value,V"\/gd. )
the transverse wave effects vanish. In the subcritical range, the wave

effects are nodiffed to some extent which has not been determned.*

Tentatively, the followng factor is proposed for correcting the

wave drag in shallow water operations:
" |- ('\\7/;)1 = |- vz/gd. for V< gd
Y o

n - o &r V f\fg_z
by which the wave induced effects, equations (2,18) and (2.19) should

be multiplied.

# A two-dinensional theory of wave drag in shallow water has been
advanced by Meyer”, but' shows 1ittle correlation with nodel tests
of finite span foils. The test resultslO>1l are also obscure in
that, the actual shallow water effect cannot be determned, because
there are no experinental results on the wave drag in deep water
to afford comparison.

m
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Summary of Basic Foil Characteristics

The total effects of the foil are then determned by adding the

two conponents, thus:
dec da doc
- = | +/&%
dC‘,_ = 'dg )a. /dq_)w (2.21)

i_Cj = dcaa. + d Cow

A d(qD) 45 (2.22)

where for the simple, horizontal foil the airfoil effects are given in
equations (2.16) and (2.17) and the wave effects in equations (2.18)
and (2.19). In the followng sections of this chapter, the effects of
struts and other appurtenanoes, changes in foil geonetry, ete. are
considered as they affect the airfoil characteristics of the sinple
foil. The wave induced effects are not considered changed from that
given above (except where specifically noted), The total character-
istics would still be expressed as the sum of the airfoil and wave

effects, but with nodified values as required.

IT - 2.21
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DESIGN EXAMPLE NO. 2. SH10F 2

DETERMINE THE CHARACTERISTICS OF A
FULLY SUBMERGED FOIL

THE FOIL IS RECTANGULAR, WITH A SPAN OF 20FT.

AND A CHORD OF 2 FT., OPERATING' AT A SUBMERGENCE
OF 3 FT.

DETERMINE THE EFFECTS AT SPEEDS OF 30,35 8 40KNOTS
AT AN AVERAGE WATER DEPTH OF 200 FT.

PARTICULARS A =10
hfe = 15
Mo = 0.15
Y = 50.7 B9.2 67.6 |(ft/sec)
Fh= VAR © 5.16 rs.oz 6.89
Vod : 040 | 0.54 0.71

AIRFOIL EFFECTS

E =102
U = 0.04 (Fiqure 2.5)
K:=Kb=1.37(Figure 2.7) .

T 0.228
§ : 0078 (Figure 1.8 0Of chapter I)

From Eguetion (2.16):

do IO'Z L0-04, 1228%137

.o.2t9(1+o.oa CL, |
From Egquation (2.47)

dCpa 1.078 X1.37
dfa?) = (1+0-06 < )( o
2 0.047(1+0.064)
y ]

IT - 2,22
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DESIGN EXAMPLE NO. 2. t

SH 2 OF 2

WAVE EFFECTS

Kp-1

d ()

From Fiqure 2 . 6
e '
2 Fn?

= 0.37
From Equations (2.18),(2.19), and (2. 20)

(.,k

CJW: (H 008G, )

TOTAL EFFECTS

0.017, Q.013,Q.0105

0.013(1-0.54)=0.0015(1+0.08 Ci)
0.0105(1-0.71)=0.00075(1+0.08 CL)

Y 2 0.6025 (1+0.06 CL)
0.0015 (1+0.06 CL)
0.00075( I+ 0.06 C,)

Assume a design (.= 0.50 at 30 Knots

ToraL
V dd dd d(pa dCow || dA | d¢
| KNOTS CL (Et)a (J_CJW a(CY) ;l(&}) dC. Hfi"}
30 o.50 | 0.228 | 0.003|0.049 | Q.003|0.231 |0.052
35 10.368 |0.225 |0.002 {0.048 | 0.0021/0.227 |0.050
40 0.288 | 0.224 | 0.001 [0.048 |o0.001 |[0.225 |0.049
S

Il « 2.23
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L, HEfects of Struts, End Plates and Nacelles

The changes in induced effects due to struts, end plates, nacelles
and other simlar attachments to the foil can be #considered due to two

Separate  causes:

First, a favorable effect due to the retarding of spanwise flow
This is the comonly known "end plate effect"™ and may be
considered as a redistribution of trailing vortices along the
surface of the attached nenber rather than the foil, result-
ing in a reduction of induced angle and drag. Theoretical
anal yses have been nade for airfoils and the results are

readily adapted to hydrofoils,

Second, an adverse effect (generally) which is a function of the
thickness (spanwise extent) of the attachment. This effect
is generally identified as "interference" and is due to the
interruption of spanwise [ift distribution and/or due to the
constriction in flow past the body,, Analysis of test data

is the nost suitable means for evaluatfng this effect.

End Struts and'End Pates

Analysis of the biplane, boxplane and end plate effects on airfoils
have been made by several authors, and are as given by Dur and!2,

Hoernerl3 has shown these effects referred to a hydrofoil, and the

m,
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functions are reproduced in Figure 2.7 in terns of the factors, K, by

which the basic airfoil induced effect must be modified, Thuso

Kb IS the hydrofoil "biplane" effect, a function of

Kpo is the hydrofoil with end struts, "boxplane" effect,
a function of

Ke is the end plate effect, a function of

The followng relationships are seen to exist, approxinately%

- |
Koo = Ky — (2.23)
| (2.24)
Ke = [+ 2 helh

The end plate effect,& is derived for a foil in infinite fluid

with a pair of end plates of actual height, he . However, for the hydro-

foil, the end plate effectiveness is nodified by the presence of the

free surface and an effective end plate wefght nust be substitued for

the actual height in equation (2.2L4).

LY
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h/b and he/b

BIPLANE AND END PLATE FACTOR, K

FIGURE 2.7
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SURFACE

FIGURE 2.8

From Figure 2.8, considering the upper portion of the end plate
only, the end plate effect approaches the boxplane condition when
the ratio h% approaches 1.0, and the effective end plate height
is then 1/2 that of the actual height, from equations (2.23) and
(2.24). For the lower portion of the end plate, the effectiveness
IS increased as h/ﬁ‘ approaches zero (due to the influence of its
inmage), so that at h/h'l. = 0, the effective end plate height is

twice the actual height.*

Thus, depending on subnergence, the effective height varies
between 1/2 and 1,0 for the upper end plate and between 2.0 and

1.0 for the lower end plate. An enpirical formula to determne

# This can be visualized as follows! the biplane inmage of the trail-
ing vortex reduces the spanwise flow of fluid on the upper foil
surface (inward) and increases the spanwise flow on the [owver
surface  (outward),  Therefore, the upper end plate is less effect-
ive, the lower end plate nore effective than In infinite fluid.

11 - 2.27
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the total end plate effectiveness at a subnergence, h , is as follows
he - haf2h-he) | hg 2(h+hg
(b)eFF b5 2h ) > 2h+hg (2.25)

Effect of Struts and Pates Inboard of Foil Tips

The effectiveness of struts and end plates is reduced as the
menber is nmoved inward from the foil tips. Manglerlh calculated the
effectiveness of end plates in various spanwise positions on an air-
foil and the results are shown by Hoernerl3 to be a function of the
spanwf se  posi tion, a'/b , and the end plate height, h'/b . It can be
shown that a good approxinmation for any he/b is that the effective

height is reduced in the ratio
3
($)
<
where @/ is the distance of the plate from the midspan of the foil.
Assuming this correction to apply for both plates and struts for the

hydrofoil, the total K factor can then be determined for the hydr o-

foil. Thus, for a foil of the configuration shown in Figure 2.9t

SURFACE_

T1T
&

FIGURE 2.9
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K = Kb[l+(‘£§)’% " lz(_a.ge)’(he J (2-26)

Y )eff

he) o - o0 (2.25).
where (_&)e“ is determined from equation (2,25)

[l = 2.29



SUBMERGED FO LS

DESIGN EXAMPLE NO. 2.2 [ s« o

DETERMINE THE K FACTOR FOR THE
FOLLOWING CONFIGURATION .

: ]
SURFACE ! !

3 5 AVERAGE GHORD = 1.5
FOR FOIL,STRUTS &
, END PLATES

BT
T

T 7T
o

B/IPLANVE FACTOR

From F/gure e.7
K, =/183 (atb=03)

END-PLATE EFFECTIVENESS
From Eguatior (2.25)

A 1.2 .
(e)/‘f‘/O + 35Xz = 0./36

7O0TRL K FRACTOR

From Eguation (2.26)

K =1/./83 [ /. 183
/*/03) 03 + 2X0 1363 /- 280

= 0.924

ARSI
Il - 2.30
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End Pate Effect of Nacelles

It has been shown by Hoernerl5 that a nacelle (wing tank) of
cylindrical shape has an effective end plate height of 1/2 the
diameter of the nacelle., Wen located at the wng tip, however, this
effect is counteracted by the rolling up of the trailing vortices nore
readily due to the round tfp, wth a consequent reduction in effective
span equal to 1/2 the nacelle diameter, Thus, in this case, when con-
sidering the overall span to the outside of the nacelle, there is no

end plate effect,

However, in order to formulate the end plate! effect for all span-
wise locations of the nacelle, the nomnal span nmay be considered to
be between centers of the tfp nacelles., Then, adding the end plate
effect, the same net relationshfp is derived. As indicated in Figure
2.10, the total end plate effect of nacelles can be estinmated by

considering:

(a) the height is equal to 1/2 the rounded part of the nacelle

plus the full height of any flat sides

(b) the spanwise location is neasured to the center of the

nacel | e,

Wth these dinensions, the effect can then be calculated on the basis

of the end plate formulas derived above.

|| - 2431
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| — 4
I O ‘{:::} ____{_d/z

(0,, CONSIDERING FULL SPAN -NO END PLATE EFFECT

b lAb
i <:§-»—— <I;_;I ___§d/4

{(b) consIDERING $PAN TO ¢ NAGELLE -
PLUS END PLATE EFFECT

! Jl_f;i\ | :[}c&d/z

| NS

{¢) NACELLE INBOARD OF TIP
(D) TYPICAL END PLATE VALUES

FIGURE 2.10

Effect of Lateral Area on End Plate Effect

The above fornulations for struts, end plates and nacelles have
been derived on the basis of these nenbers having a chord (Iongitu-
dinal extent) equal to that of the foil. However, depending on the
total lateral area of the menber, and the shape of that area, the
effect my be greater or smaller than indicated above. There are no
definite formulas available to account for this effect, but

tendencies can be noted, as in Fgure 211. Generally, where these

Il «2.32
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nenbers are full at the foil and tapering towards the upper and/ or
| ower ends they are nore effective than those (such as struts) that
are full at the ends and taper towards the foii. For rectangul ar

or near rectangular nmenbers, the effective height my be considered
to vary directly as the ratio of the mean chord of the lateral area

to the chord of the fofl.

@ l I EW i

L =

LESS EFFECT STANDARD EFFEGT GREATER EFFECT

EnND PLATE EFFECTIVENESS AS INFLUENCED By LATERAL AREA & SHAPE

 FIGURE 2.1

Interference

The "interference" effects arise due to the disruption of flow
at the foil caused by the superposition of other bodies on the foil,
Such interferences cause additional viscous effects (as treated in

Chapter L) and additional induced effects

IT - 2.33
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The lift induced effects are due to disruption of spanwise dis-
tribution of 1ift; i.e. the superinposed body removes a portion of 1ift-
producing foil area, causing a reduction in lift and a redistribution of
lift along the remaining span of the foil. Qpposing this effect, the
constriction of fluid flow at the sides of the body results in super=
velocities of the fluid and thus a local increase of foil lift at the

intersection.

Test datal3 indicates that the overall effect of afoil-strut
intersection is to reduce the lift (or increase the induced angle and
induced drag for a given lift). A eimple analytical expression can be
derived for this effect by assuming the |ift to be [ost over that
portion of the foil span occupied by the struts, ts . and negl ecting
the effect of super-velocities, By further assumng the upper foi
surface devel ops 2/3 of the total lift, it can be shown that the inter-
ference effect on the lift angle slope and the induced drag may be

approxi matel y expressed as

C’i_x_ = (HT]) [dé,%:_]

G
46 (2,26a)
dCo . (Hmz[ai.f_o
d() d(q)

where [dnt] [éﬁe] are the values derived wthout inter-
ded, Ld@ ference effects

Il = 2434
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n s a factor which depends on the strut thickness,
foil span and spanwise location of the strut, This
s given by

n=08ty [1- (%]
fs/b is the maxinum strut thickness to foil span ratio

@4, is the strut location ratio, as given above.

The above relationships are given for each strut on the upper
surface of a foil, where the junction is well-filleted, and as such
agrees well wth experinental data. For other conditions, the value

of W given above nust be miltiplied bys

(a) the nunber of struts
(b) 1/2 = for lower surface struts

(e) 2 « for unfilleted junction8

It should be noted that the above relationship represents
the interference effect of a foil-strut junction as a
function of Ilift (or angle of attack). It is not known
exactly whether this effeet is indueced oOr parasitic in
nature; for convenience it IS represented herein as

induced, The interference effect at zero |ift is essentially

parasitic and is given in Chapter L.

The induced interference effect8 of nacelles are nore difficult
evaluate, being sensitive to nacelle size and position. Theoretical

16 indicate that the effect8 of superinposed

investigation812'
nacelles of small extent on the induced characteristics of wngs are

small. Test datal? on wing-fuselage intersections indicates that,



e R RIS

an increase in induced drag is acconpanied by an increase in |ift,
both effects being mnimzed by appropriate fairings at the junctions.
Therefore, in the absence of specific test data for considered foil-
nacelle  configurations, the interference effect of nacelles may be

negl ect ed.

M

IT - 2.36
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.

DESIGN EXAMPLE NO. 2.3

DETERMINE THE K FACTOR FOR THE FOLLOWING
FOIL- STRUT -NACELLE CONFIGURATION.

. 15, FOIL CHORD = 2'
9s STRUT CHORD1.8'

| .
! SURFACE :

. ] A
7 \ Ja.s D vj. J

&

BIPLANE FACTOR

From Figure 2 . 7 ; K,= 1.42 (at h/p =0.125)

END - PLATE EFFECTIVENESS

struts = The strut effect we h¢’-"ji"t s 2.5 « LZ-S- : 1.875

Nacelles
Assume an effective nacelle 'ensfh of 3.5 ft. Then
the effective heights are

hu 205 (35 - I.S)/z * 0.50 (de Juctmg strut chord)
l\! +1L0x35/2 , 175

Then, from equation (2.25)

k » 050 , 45 , 175 .85 ., 0.133
Celyp B 05 850

TOTAL K FACTOR

From Equatncn (2.26)

K = 1.42[ ; l__ ] . 142
| +(0.7) 1‘375 0+ (077" x 0133 %2 1234
: 115

IT - 2.37
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Effects of Planform Sweep and D hedral

Effects of Pplanform

Corrections to the induced angle and induced drag for a wng not
having elliptical [lift distribution have been indicated in Chapter 1.
The corrective factors are (1+7T) and (1+8) respectively, T and &

being derived from the methods indicated,

In the presence of a free surface or in an equivalent biplane,
the value of the planform corrections and their relationship to the
biplane factor are not exactly known., Glauertls proposed that T and
d derived for the nonoplane be added directly to the biplane factor
to give conbined factors (¥+ K) and (d+ K) . It appears nore con-
venient to apply each factor independently, so that the conbined

factors are

K (1+7T) and K(1+§8)

with little loss in accuracy. This latter nethod is used herein, as

indicated in equations (2.16) and (2.17) above.

In regard to the wave induced effects, it has been shown by
Breslin® that uniform Iift distribution results in less wave effects
than elliptical distribution. Dependfng therefore on the relative
magnitude of airfoil effects and wave effects,, the optimum planform

is probably sonewhat between the elliptical and rectangular, However,

IT - 2.38
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the difference is small at high Froude nunbers, and in view of the
enpirical correction already applied to the wave effects of a finite
foil, equations (2,18) and (2.19), the effect of planform may be dis-

regarded in numerical conputations of wave effects,

Effects of Saeep

As shown in Chapter 1, the effect of sweep may be expressed as
d-“ __l_ da k g
(d.CL )A ® cosA dC‘_)o v (dC,_ )(_’ (2.27)

where A is the angle of sweep

(45) is the section lift angle, a function of
aG./o the 1ifting vortex

(g_l_e() is the induced |ift angle, a function of
d¢ )i the trailing vortices

R is a factor, determined from specific test data.

It was also shown that K = !/cesA generally, and so in the
absence of specific test data,
), - ot (%)
ZE;_)A_ T cosA \dc,
(2.28)

dCpa _ _L_ dC
d(q))  csh A(@Y)

where(ﬂ)and 4Co are the conplete airfoil functions
acq d(q')in the absence of sweep.

II - 2-39
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For deeply subnerged hydrofoils, the above relationships can be
used, substituting the appropriate values of [&2 and 20 given
; o (%), ™ i °
in equations (2,16) and (2.17) for the airfoil effects. The. wave -
effects are unchanged, the average submergence of the swept foil being

used in equations (2.18) and (2.19).

However, at small submergence, the above relationships are not ex-
pected to be accurate when large angle of sweep are enployed. The
biplane effect derived from the relatively sime lifting line theory
is considered inadequate to show the influence of the swept geometry
and the variation in submergence (between the midspan and tip of the

foil at angles of attack).

The wave induced effects would also be mdified 'by these factors, con-

sidering the interference in the waves generated along the span.

It is therefore necessary to obtain test data on hydrofoils of
large sweep and |ow submergences before accurate characteristics can

he determ ned.

Effects of Dihedral

The effects of dihedral on a fully submerged foil can be estimted
from the two established conditions for which the foil properties are
known.  Thus, as indicated in Chapter 1, dihedral does not affect the

induced characteristics for a foil in infinite fluid while for a foil

II = 2,4
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with the tips touching the surface

(surface-piercing foil), the in-
SURFACE

— I
those of a foil with end struts '
\\A

(boxpl ane condition) at the' sub-
mer gence hos b""‘% s as is

shown in Chapter 3 follow ng.

duced effects are equivalent to :

FIGURE 2.12

The effects of dihedral for any submergence can then be
estimated from the following
Ko = K sehefy (2.29)
te b/
where ff is the dihedral angle
Wefy is the tip subnergence/foil span ratio
- 'Y
Wb is the average foil submergence ratio, }i’ + ‘hm%
Kb is the biplane coefficient (as may be nodified by
other factors given previously) for the average
submergence ratio,,
It is seen that at large values of ke/&,g Kg, approaches 1,0,
At hé/b = 0 (surface-piercing foil); ¥ Es equal to the boxplane

effect given in equation (2,23) for a submergence of b ‘am
4

As indicated in Chapter 1, the effect of dihedral nodifies the

foil section angle by the factor %osﬂ'” ¢ The total effect of

1T = 2,41
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_

dihedral on the airfoil |ift
éﬁ) é&).J_
aa’r i dg /j, cost

- fd
wher e (3%-)0 and: (d_g..)[a

(o4

angle can then be witten

. _alg) (1+ e/p) 2 30
Gl (14 hep s tel) (2.30)
4
are the lift angles for the foil wthout
dihedral (at the nean ’§ubnergence
hshy + hi%"_ )
is the foil angle neasured at the foil

midspan in the vertical plane.

The wave effects can be estimated by using the subnergence

in equations

h =h* + b !45“_"‘

(2.18)

and (2,19).

I - 2,42
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DESIGN EXAMPLE NO. 2.4 sw10F |

DETERMINE THE K FAGTOR FOR A SUBMERGED
FOIL HAVING SWEEP AND DIHEDRAL

]
i __SURFACE 1

DIHEDRAL, N = (8°
4.5 SWEEP, A *30°
FOIL CHORD = 2FT.
|~ STRUT CHORD = = 2 FT.
' / TIP SUBMERGENCE® 2.5 FT.
6' |

DideprAL EFFect

From Equatien (2.29)
hfp = e, « Uhan g = 250240 268/4 2 0.275

me Figur! 2.7

K% = “920
The 2
" p = b20 132502 a9y
i+ 0.218

Sweep ErrecT

From Equahon (2.28), faking Kp as the necessary Kp
KAIW = Kr'/cos 30° = .33

STRUT EFFECT

> Since some “end-plate” effect 15 achieved by dihedral,as above
the actval strvt length 15used (instead o averaqe submerqence)

Thenl hs/b - 1‘!';—.-"!'5-*“"5'.: 0.24

12
Torar K FacToR ,
: . L33
KS,A,F = 3.3%3[“(?){014]-’ 1,100
= 1,193 S

|| - 20,43
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6.  Foils_of Smll Aspect Ratio

For hydrofoils of small aspect ratio operating at a greater
submergence than 1 chord or 1 span (whichever foil dinension is
larger), the airfoil formulas for |ift and drag given in Chapter 1

should apply.

A smaller submergences, the biplane images wll have an effect

as heretofore shown, wth several

inportant distinctions. As in- 6 ————
\
dicated in Figure 2.13, the bound \ h
\
vortex fmage acts on the foil at \\ N
\
a point S%4g behind the lifting \
[ s
QC\J = _—

vortex (as suggested by DeYoung

| £ SN
and Harper19)w Al'so, since angles

BOUND VORTEX IMAGE EFFECT
of attack tend to be large for SMALL ASPECT RATIO FOIL

smal| aspect ratio foils, thfs FIGURE 2.i3

nmust be considered in determining ¢ and w , as shown. Thus, the
imge effects are not linear and nust be determned for each

i ndf vi dual case,

Generally, the expression for the lift would have the follow ng

form:

[ 3
C = {““’)[&’ = SNL + 7 sin'e cosx (2.31)
' E o flw) + = j

‘ e
1« 2,k
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where Jfa) and Flwr) nust be deternined,

Since foils of small aspect ratio are not considered of general
or inportant application in hydrofoil craft, the above factors have
not been evaluated. Testszo have been conducted on foils of A= 1/4
and A= 1.0 at various small submergencea and the data can be utilized
directly in estimting the lift, drag and pitching noment character-

istics 0 similar foils.

¥ II - 2.hY




S B Fas

7. Pitching Monent Characteristics

For deeply submerged foils, the pitching noment characteristics
given in Chapter 1 for airfoils my be used without serious error.
Thus, the pitching noment and the aerodynamic center can be determ ned

from airfoil section characteristics (either theoretical or
experimental) and applied over the foil when the "equivalent wing"

[ift distribution is ascertained,

For foils of shallow subnergence (one chord or less), the piteh-
ing noment characteristics are expected to be affected by the influence
of the vortex images, particularly when'the foil enploys large angles
of sweep and dihedral. It is considered necessary to run tank tests
on the configuration when accurate pitching nonent characteristics are
required (particularly 4n cases where controllable foils are employed,

pivoting around some given axis).

For prelimnary purposes and where sinple planforms are enployed,
the pitching rmonment characteristics can be estimated from the followng

consi derations,,

The biplane image of the lifting vortex has been shown to cause
an increase in section 1ift angle; or, inversely, it causes a decrease
in section lift at a given angle of attack. This is due to the

curvature of the fluid flow at the foil, which may be considered

II - 2.,-16
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*

equivalent to a reduction in effective foil camber. Thus, there is

an increment of 1ift acting downward at the mid-chord position., This

increment of 1ift can be shown to be

- 4G |
ACL = I‘—E Ax‘ .
(2.32)
- - z_ﬂ ._'y—_ 'CL
E 8hlc
where d._-_‘_'l

; 18 the 1ift slope of the foil in infinite fluid
oo

A, 18 the increase in section 1lift angle due to the
vortex image

1L is given in Figure 2,5,

For folls of large aspect ratio Ax 10 , the two-dimensional value

of U can be used without serious error (see equation 2.13), and
equation (2,32) reduces to

CL
[(47e)+1]

N

(2.33)

II - 2.h7
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L5

The forces on the foil can
then be represented as shown in
Figure 2,1he Gy, and the a.c.

position in infinite fluid, and

can be found as indicated in
Chapter 1. The total foil pitch-
ing noment characteristics can

then readily be determned.

FIGURE 2.i4

It is seen that the value of AC_ increases with decrease
of  submergence, and the center of pressure correspondingly moves
forward towards the leading edge. Available test data?® on the
center of pressure of hydrofoils shows qualitative agreenent with

the relationships given above,

T - 2448
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8. Summary of Submerged Foil Characteristics

Angle of Attack

The basic equation for the "lift angle" (inverse lift curve

slope) is
de . (_d.:'!.) + ( ) N“‘j
ac, di’e ‘“i “‘C‘- (2.3h)
)
(HZ'U.C;.)[(N eh/c)cps_Amsf‘ *‘m‘ K*h(e (Kb")]

from which

«-ot = (1tuc) [ same ] (2.35)
where [d« is the foil sectfon lift angle, a function of the

dG’'s |ifting vortex and its biplane inage

( is the airfoil induced 1ift angle, a function of
d¢ /v the trailing vortices and their biplane inages

(‘ﬁ‘." is the wave induced lift angle, a function of the
del)w gravity image system

¥, IS the angle of zero lift, measured in the sane
plane as A , The section angle of zero Iift

mst be corrected: o = (L) igssﬁ
°
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Drag Due to Lift

The "induced" drag is given by

El_cg a d; 4 4Co
d(’ | d (<) d(G) (2.36)

¢
-E
=(|+,%uC|.\HTi:: K + -i'-(ez::" )(Kb-')]

and

o 1 2.37
CD@.,,L.n.u)'(“uCL\CL [ same] (2.37)
where dCx is the airfoil induced drag (as a function of lift)
d(q?)
d.Cp,, is the wave induced drag (as a function of [ift)
(G’

Factors

The various factors in equations (2.34) to (2,37) which have to be
evaluated on the basis of given foil paraneters are as followss
'LL the term denoting a reduction in fluid velocity,
given in Figure 2.5 as a function of Wl
E the lifting surface correction, 1+ 2/ar

K» the biplane induced correction factor, given in
Figure 2.7 as a function of h/p

U the generalized biplane induced factor, which is derived

from the biplane factor corrected for various configuration
effects.  Thus

Ka Ky foo oo

' II - 2.50
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where # is the strut or end plate factor such
as in equation (2,26)

/ is the sweep factor !fees.A , equatioq
(2.28) or as derived experinentally

4 is the dihedral factor given in equation (2. 29)
other factors as may be required.
Fi,  submergence Froude nunber, V/\@T[
( '7‘/&) the wave factor given in Figure 2,6 as a function of

TJ‘ the planform correction factors, from Chapter I

Foils of Small Aspect Ratfo (A £ 2.0)

The followng nust be used for foils of aspect ratio less

than 2.0:

SINK  + 2 Sin‘e cosel (2.38)

TA

T
Smdz 3 L (2.39)
\.‘ TrA[ +-'7 ]4'25"" )

where E is given in Figure 1.10 of Chapter 1.

Equations (2.37) and (2.38) are taken from Chapter 1, and are

appl i cabl e for h/b > 1.0 h/c . For smaller submergences,

surface effects nust be included as indicated previously in

this chapter.

IT - 2.51
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Pitching Moment Characteristics

For foils of h/c ) 1.0, the pitching moment, may be determined as
in Chapter 1 for airfoils. At smaller submergences, a correction must

be applied as indicated in this chapter,

s II - 2-52
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CHAPTER 3. SURFACE-PIERONG FOL  CHARACTER STICS

1, Ceneral Consi derations
2. Characteristics Prior to Ventilation
3. Ventilated Characteristics

i, Design Considerations

Formulas are given for the [fft and drag characteristics of
surface-piercing foils in non-ventilated and ventilated condftfons.
These formulas are based on a limited series of tests and are
considered primarily applicable only to foils hating similar

geonetry and operating under similar conditions as those tested.

II“’Bol
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1. Gener al Consi derati ons

Foil Geometry and Notation

The characteristics of a surface-piercing foil are referred to
the projected dimensions of the submerged foil area as indicated in
Figure 3.1, and all lift and drag fornmulas can be referred to these

dimensions, after appropriate corrections.

| PROJECTED SPAN = b |

\r L/ SURFACE

FIGURE 3.1

The specific notation for surface-piercing foils is as follows:

b the projected span of the subnerged foil (the
horizontal distance between foil tips)

C the foil chord
( ' the dihedral angle
of angle of attack, measured in the vertical plane

f/e canber ratio, nmeasured on the actual foil section
(in the plane normal to the quarter-chord [ine)

A the projected aspect ratio (b/c for a rectangular foil)

II “'302
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SP the projected foil area (bc for a rectangular foil)

5/5P the ratio of actual foil area to projected.foil area.

Status of Existing Information

Available information on the hydrodynamc characteristics of
surface-piercing foils is limted to prelimnary theoretical in-
vestigationsl and several sets of tests on specific configura-
tions2s3s4. Neither the theory nor the test data is sufficient to
allow accurate prediction of the hydrodynamc characteristics cover-
ing the wde range of configurations that enploy surface-piercing
foil elements. There are many varieties of shape as shown in Figure

3.2 and variation in planform camber, twst, etc. that are con-

sidered to have noticeable effect on the overall foil characteristics.

\\// N %

V-FOIL TRAPEZOIDAL LADDER TYPE

/\ \ ]
/ N N

ANHEDRAL TYPE ARC FORM

TYPICAL SURFACE = PIERCING FOILS
FIGURE 3.2

S
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Sottorf's Experiments

Sottorf? ran a series of tests on various surface-piercfng
V-foils and trapezoidal foils of 26.5° and L5° dihedral angle, with
a varfety of sectional shapes (constant along the span) and sub-
mergence over a range of angle of attack. Reference shoul d be nade
to the original report for the conplete results of these tests;
however, certain representative data are reproduced herein in
Figures 3,3and 3.Lkto illustrate the adequacy of the fornulas

proposed  bel ow.

Application of Data

The data and formulas proposed are considered strictly to apply
to those types of foils tested, although they may be applied generally

in the absence of more specific information for other types,

At this stage, it is recommended that tank tests
be run on particular surface-piercing foils con-
sidered for use, in order to determne nore
accurate characteristics over the range of speeds
and angles of attack described.

H'Boh
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2,

Characteristics Prior to Ventilation

Airfoil Ef fects

The airfoil induced characteristics of a surface-piercing foil

my be given approximately as

those of an equivalent subnerged

foil with end struts (boxplane K |\~
L - . i N g |
condition), as indicated in
Figure 3.5. The equivalent V- FOIL
4
"boxplane" has the sane pro- N {
jected span and encloses the

_ ) ARC FORM
same water area wthin its

perimeter as the foil it re- EQUIVALENT BOX PLANES

places, Thus, the boxplane FIGURE 3.5

submergence is the average

submergence of the surface-piercing foil; for exanple, it is 1/2 the

maxi mum submergence of a V-foil and 2/3 that of a parabolic foil,

The airfoil effects of the surface-piercing foil my then be

given, from the equations in Chapter 2 for the submerged foils

9_('.5) = (Mzucc.)\;_(f?r'ogi/‘)i v T wbo]

c, Sp WA (3.1)
Oa 14+ 3UG) I ¢

dC = 3 o o2

d(Cﬂ ( ¢ = b (3.2)

II = 357
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where h |s the average subnergence of the foil

K is the boxplane fact or, based on the average
be
submergence,  Val ues are given in Figure 2.7

5/5,P is the foil area ratio (equivalent to Veosl
for a V-foil, where /" is the dihedral angle)

other notation as given above and in Chapter 2,

Wave Effects

The wave effects for a surface-pieraing foil may be estimated to

be the same as that for the submerged foil at the equivalent average

submergence,
c
(;J%J . (142UC) F( __é_)(Kb.as
o~ , ,
jc(:bw (”%.uc‘ %( ZF ) (K9 3 (3.3)

where, h is the average subnergence of the foil
other notation as given above and in Chapter 2,

Ef feate of Sweep

The effects of sweep on the airfoil or wave effects of a surface=-
plercing foil are not definitely known. There are no known reports in
the literature dealing with the theory or test results of surface-
piercing foils enploying sweep. Specific tests would have to be nade,

at the present time, to determne such effects.

II b 308
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Comparison wth Test Data

Conparison is made between the test data on V-foils, given in
Figures 3.3 and 3.k, and the formulas as derived above. It is nded that
the test speeds are very high (V/Jg‘c. 2~ 9,0), and therefore the wave

effects, equation (3.2), my be neglected.

For the canbered foil tested, the angle of zero lift nmay be
sinply derived:
o = "2 L .c?lgl"
The lift curve was calculated from equation (3.1) for the foil
tested, and the results are shown in Figure 3.3, Agreenent wth the

test data is seen to be reasonably good.

However, analysis of the drag data given in Figure 3.L indicates

that equation (3.2) holds only at an "optimum"™ 1ift coefficient, Above

and below this value, the drag is noticeably higher.

The theoretical curves shown in the figure are derived
by considering the section drag coefficient .in_ _the order
of 0.01 (at the test Reynolds nunber of 6 x 105) which
leads to the total expression

. ol , (48K, (UGG
D7 cosas5® A

[t is sen that this is valid only at an optimum 1ift
coefficient,

II = 3.9
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From the data shown in the figure, it is seen that above the optinmm
point, the slope of the drag curve is approxinmately twice the theoretical
value, while below the optimum the slepe is roughly one-half the
theoretical value. What signffciance this relationship has, and over
what range of configurations it can be applied is not presently known,
Qualitatively, however, this increase in drag appears to bhe due to two

consi derations:

(1) The interference effect at the surface which causes
spray and replaces circulatory flow at the tips by

less efficient "planing™ flow

(2) The section pressure drag (see Chapters 1 and L).
For airfoil shapes, this drag increases according
to the factor (1 + AGY ), vhere AC_ 4is neasured
from the optimum point. However, for the sharp
nosed, circular arc sections at the low Reynolds
nunber of 6 X 105 enployed in the tests it is
considered that the pressure drag is nuch higher

than this value.

The relative magnitude of these factors could be deternfned by

further test data.

ITI - 3,10
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DESIGN EXAMPLE NO. 3.1 SH 1 OF I

DETERMINE THE LIFT CURVE FOR THE FOLLOWING
SURFACE = PIERCING FOIL (PRIOR TO VENTILATION)

CHARACTERISTICS | 1 = 30°
N d AcS
' RECTANGULAR PLANFORM
30° SECTION 10 % THICK, ARCFORM WITH
FLAT PRESSURE SIDE

T he Equwa.(en‘f "box-P'ane" ratios avre:
h/b = -:‘-' tan 30° = 0. 144

hle = 6 x0.144 = 0.72

L1FT ANGLE

From Chapters [ and 2 :
U= 0.07 (Fiqure 2.4)
Ky = 122 (Fiqure 27)
T = 0.14 (Fiqure 18]
E =1+ ‘2/5: r |.O8
Then, using equation (3.1

d« o8 ,o07 )L 114 x1.22
a—EL B [ T *8'0.12 )COS 30° + _E;—“-:— J(H' O-M'CL)

= 0.301(1+0.14C)
ANGLE OF ZERo Lier

= - ‘F . = - .
Lo 2% “cas300 ™ T 9% gcc = = OIS vadans (-6.¢%

ToTaAaL Curve

oC = -0.115 + 0,301 G + 0.021 G

‘ “

II - 3.11
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3.

Ventil at ed Characteristics

Inception of Ventilation

The phenonenon of ventflatfon occurs when air from the atnosphere
displaces the low pressure water on the upper surface of the foil.
Sone accumulation of boundary layer fluid at the water surface is
necessary to "trigger" such air entrance, which condition is nost

readily nmet at large angles of attack,

From a study of the existing test data for surface-piercing
foils (and for wvertical struts as shown in Chapter 7) the fnoeptfon
of ventilation appears to be a local condition, depending on the foil
geometry at the water surface, An empirical expression has been found
that agrees well with the data of Ffgure 3.2. In terms of the foil.

angle of attack,ol , the fneeptfon pofnt is

dv = ﬂ 1L¢n FW (3oh)

where p is the angle between the chord line and the upper
surface of the foil section at the leading edge

[ is the dihedral angle at the water surface,

Equation (3.4) can only be applied when the speed
of advance is large enough for the foil to normally
devel op sub-atnospheric pressure on the suction
side over the entire span,

II - 3.12
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The angl e,,e, is easily

determined for a foil wth

sharp leading edge, but has no
exact definition for an airfoil
section. It appears reasonable

to use the angle formed by a

circular arc tangent to the AIRFOIL SECTION
section at the point ¢f maximum MEASUREMENT OF ANGLE B
thickness and passing through FIGURE 3.8

the leading edge, as indicated

in. Figure 3.6,

Wien the foil angle exceeds that given in equation {3.k)
above, the lift of the foil falls off nmore or less rapidly until
the fully ventilated condition is reached, as indicated in Figure

3.3 (and as further indicated in references L and §),

It is not apparent why, in some instances, the
lift falls off imediately after.& is exceeded,
whereas in others the |ift falls off gradually
with angle of attack. In the fatter cases, there
s some evidence of instability wth the [|ift
alternatively assumng non-ventilated and
ventilated values for different test runs under
seemngly identical conditions. Further tests
and analyses are required to resolve this
phenomenon,

II - 3.13
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Lift and Drag Characteristics « Fully Ventilated

The lift and drag of a

fully ventilated foil (wth

use of Rayleights formia’

flat pressure side) can be -WL;WTY AT

. : ATMOSPHERIC

readily determned by the § PRESSURE.
=>

for the lift of a flat plate | %o N
Thi s
FIGURE 3.7

in discontinuous flow

formula is expressed for the

normal force on the plate as

CN = ZWS\l\ﬁ.

4+ W aind, (3.5)

which strictly applies only to a two-dinmensional flat plate,,

However, since for a foil wth both ends piercing the surface
the actual flow across the tips is limted (in a spanwise direction),

it is expected that this formula should approximately hold,

Therefore, referring this force to the case of the surface-

piercing V-foil, we get for smll angles

C_L = 2We cosl
v 4 4ot cosl” (3.6)

which is in excellent agreenent with the data shown in Figure 3.3,

The angle of zero lift is dependent only on the shape of the |ower

IT - 3.1k
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surface of the foil. In particular, it is apparently that angle at

which the trailfng edge of the pressure side is in line with the flow

The drag of a fully ventflated foil having a flat pressure side
is evidently a sinple function of the angle of attack. Including
one-half of the conventional friction profile drag (since only the
lower surface of the foil is wetted) the total drag coefficient for

a V-foil is then

Cp. = L So + C & cosP

v = 2 cesl (3.7)

where Cg, is the basic section drag coefficient
(see Chapter L)
CL, is the lift coefficient of equation (3.6).

Note: \Wve drag considerations have not been included in the
fully ventflated condition. In practical applications,
such ventilation is expected to occur only at high
speeds where the wave drag is negligible. Were con-
sfdered to be a factor, the wave effects may be
calculated in accordance with equation (3.3) given

for the non-ventilated condition.,

II bl 3915
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DESIGN EXAMPLE NO. $.2 W ovo

ESTIMATE THE VENTILATING CHARACTERISTICS
OF THE FOLLOWING SURFACE-PIERCING FOIL

M= 30°

Az:S

(0 % THICK, ARGFORM SECTION
WITH FLAT PRESSURE SIDE

AS IN EXAMPLE 3,1

InCCPt'on o f Ventilation /%\

For the section employed, B . 0.385 radiens (22'/.'o.ppnx)

From Equatien (3.4)
X, £ 0.385 xO.S??Jo.SOO = 0.157 radians

= 90°

Lift
From E(iua'tvon (36)

C, = 2Mecos30” , 362
Y7 4 4+ T cos 30° 4 +] 8l

II - 3.16
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L.

Design  Considerations

The various correction factors for struts,: planform etc. can be
applied to the airfoil effects of a surface-piercing foil in a manner
simlar to that for a fully subnerged foil, the principles of which

are given in Chapter 2.

However, it is necessary to re-enphasize that the formulas given
herein for the surface-piercing foil are tentative, being based on a
mnimum of test data and theoretical investigation, and should be
checked by tank tests where the configuration is different from those

on which the formulas are based.

IT - 3.17
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3.

Drag of Small Projections

Gener al Consi derati ons

h the foil surface there is likely to be small irregularities or
projections in the form of plate joints, rivet or screw heads, control
surface gaps, e-tc. that have unique drag characteristics due to their
presence within the fluid boundary layer. (For large protuberances
that extend beyond the boundary layer, see Chapter 9.) The drag of
these projections can he determned as a function of their shape,
height and chordwise location on the foil.

The material which follows is taken alnost entirely

from Hoerner's"Aerodynamic Drag®“ For a nore detailed,
conplete coverage, reference should be mde to that work.

Spanwise Pate Joints and Qher Spanwise Projections

The drag coefficient of continuous spanwise projections can be

represented in the form

Cp, = & 3y"x (4.14)

where CD. is the drag coefficient based on the frontal
area of the projection (or depression)

& 1S an "independent"coefficient, which is a
function of the type of projection.

h/c is the ratio of projection height to distance of
the projection from the leading edge of the foil.

This relationship is valid for WX less than 0.02.

MG ieag
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Values Of@ are shown in Figure 4.6 for various plate joints

and projections.

!i 1.28
{; : s Q.80

~

5ﬁ

0.4

0.04

0.19

0.01

MW

VALUES OF FOR SPANWISE PROJEGTIONS

FIGURE 4.6

Rivet Heads and Other Local Projections

The drag coefficient of rivet and bolt heads and similar "spot-

1ike% projections takes the same form as equation (l,1L) above for

plate joints , except that the coefficient is referred to the plan

area of the projection. Thus

Tabl ,3'-""“ .
CD.@.:°3 h/x

where Cn,o is based on plan area of the projection,.

Again, the relationship is valid for

) "’/u less_than 0.02,

IT = L.17

(L.15)



m FOL PARASITE DRAG

Val ues of @ for various rivet and bolt reads are shown in

Figure l.7.
. h=0.054d
HEXAGONAL m 0.80 SCREW ... 0012 (AVG)
¢ OL { N 2 f
hr0.24
GYLINDRich | 30 42 FLAT _———___0.025 (aVG)
' g | 3

|

ROUND m 0.22(av6)

) | b}

FIGURE 4.7

FLUSH 0.002

VALUES OF |Co] FOR LOCAL PROJEGTIONS

Control  Gaps

The drag due to the gap
between a foil and a control
flap can be estimated on the
basis of the gap (neasured
as indicated in Figure L.8).

Thus, based on the plan area

of the gap,

DV \\
Py

CONTROL GAP MEASUREMENT

FIGURE 4.8

IT ~ L.18
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Cpy = 0.02 for the pressure side
Co+ = 0.03 for the s=suction side

or for the sinple arrangenent shown in the figure

ACp, = 0.05 & % (L.16)

where &k is the gap/chord ratio
4 is the spanwise extent; of the control flap

b is the foil span.

A(p, is then added directly as a component of foil parasite drag.

II “ hu ]9
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DESIGN EXAMPLE NO. 4.2 SH 1 0F

DETERMINE THE EFFECT OF A BUTT STRAP
ON THE PARASITE DRAG OF A FOIL

FOR THE 24" CHORD FOIL GIVEN IN EXAMPLE 4.1

THERE IS A 2" X 3/|6 BUTTSTRAP ON THE EXPOSED

UPPER 8 LOWER FOIL SURFACES ,LOCATED AT MID-CHORD,
EACH SECURED BY A DOUBLE ROW OF |/4" DIA. COUNTERSUNK,
OVAL HEAD MACHINE SCREWS SPACED 5 DIAMETERS.

For the STrap
From eq UaT\on (4.14) and Fl ure 4. 6
h/x' "’ oo15(less than 9.02,50 s apphcab!e)
ol =07
Therefore,
Cf)o=07’<3(00|5)'§ =052
and & Cb, = 32’:’

For the Screws
Ui dia. countersunk, ovay heat screws have a dramelers 0.5
ad height + 0.025"
From equafion(4,15) and Fiqure 47
hjx=0.025012 = 0.0021 (aqgain, lessThan 0.02)
- 0.012
ThercFove
Cov * 0.012%3(0.0021)% = 0.0046
The screw Plah area ,per uhiT of span 15
2x’"'( )2' —- 0.314 mz/w_

and ACoo= —253'.3 xo_ooq(, 2 0.0001

ToTa‘
From Examt“e 4|, CDQ(SH)z Q.0086
ThereFove,T e Total s Cpp = ©.Q0B6+0.004) +0.000! = 0.012¢_
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Interference  Effects

Foi | - Strut Junctions

At the junction of a foil and strut, there is an additiorial drag
due to reaction between the fluid boundary layers of the two bodies.
Analysis of test results’ indicates that this drag can be approxi-
mately expressed as a function of the thicknesses of the strut and
foil. Figure 4.9 shows the drag coefficient of various tested con-

figurations in terns of the "thickness":

O
Y (L.17)

Cot z
where t=Jt e

for junctions with and wthout fillets.

~

. / X
Cnt \é’/ t:
&
N i

° Lt
G -
/ FN“\“ b

[
- r'd
0 /J} +=]
0 [oX] 02 ,03 0.4 05
(o}

INTERFERENCE BRAG GOEFFIGIENT

FIGURE 4.9

N
A%
W

el
ik
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These test results are for fofls and struts of the same chord and
are probably not exaet when the respective chords are different. How-
ever, it is felt that the differences would be small and it is suggested
that the data shown can be used for all cases, basing the co-ordinate

I
't/c: on the chord of the foil.

[t is also considered that the fillet should have a radius in the

order of J-t,t,_ for the corresponding location along the chord.

There is an additional interference effect when the foil has an
angle of attack, as indicated by teat datal. However, ft is not know
how much can be attributed to viscous influences and how much to
induced drag (due to loss in lift), For convenience, it has been con-
sidered an induced effect and an empirical relationship is given in

Chapter 2 (equation 2.26a),

Foil Nacelle Junctions

There is a simlar parasitic drag increnent that arises at the
junctions of foils and nacelles. However, since the nacelle replaces
a certain portfon of foil area, the reduction in foil drag (calculated
on the basis of a plain wing, as is usually done) offsets the inter-

ference drag to a large extent.

il

I = L.22
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That is, adding the parasite drag of .a nacelle (see
Chapter 9) to the parasite drag of a foil results in
a drag value that reasonably represents the tota
parasite drag of the conbined configuration, since
the mutual interference drag is offset by the
reduction in surface area,

The actual total effect of the nacelle-foil configuration is
dependent on many geonmetric factors., The shape of the nacelle, the
relative spanwise, fare and aft;, and vertical location Of the nacelle
with respect to the foil, and the type of fairing enployed at the
junction are all inportant considerations and no general relationship

can be found to cover all conditions,

Rather, it is necessary to refer to test data for configurations
simlar to that which is being considered. Reports such as that by
Jacobs and Véard® on tests of wing-fuselage or wing-nacelle configur-

ations can be utilized for this purpose,

IT - k.23
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DESIGN EXAMPLE NO. 4.3, [0

DETERMINE THE STRUT INTERFERENCE .
EFFECT ON THE PARASITE DRAG OF A FOIL

FOR THE FOIL GIVEN IN EXAMPLE 4.1 y A SPAN
OF 12’ IS TAKEN {WITH RECTANGULAR PLANFORM),
SUPPORTED ON THE SUCTION SIDE BY TWO STRUTS

OF 24" CHORD, 10% MAXIMUM THICKNESS.

From exemple 4.}, the fol has 24"chord, 12% thickness

There fore, from equatron(4.17)
t/c =/OIoX01Z = 0.1l

And from figere 4.9
Cog = 022 (without fatring)
0.07(with fillet fairing)

Converting Co¢ tothe proper increase mfol drag coefficient,
aCoo = 2Co, (Y/c)%/A =Coy n 2(011)6
= 0.004€py

Thus, aCp, = 00009 (wmithout faring)
= 0.0003 (with fillet fairing)

11 - 4.24
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CHAPTER 5. FLAP  CHARACTER STICS

1. General Consi der at i ons
2, Lift Characteristics
3. Monent Characteristics

i, Drag Oharacteristics

Rel ationships for plain flaps and ailerons are given for
hydrofoils, derived from airfoil theory and data, Mthods to
determne characteristics of flapped foils wth full or partial-
span flaps are indicated. It is indicated thav airfoil relation-
ships may not be sufficient for flaps piercing or wthin one chord

of the surface, and specific test data is required for such cases.

II - 501
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General Considerations

Flaps and ailerons are applicable

FLAPS

to hydrofoil configurations

for several purposes. Alerons may be used on controllable foil

craft and for assisting turns,

foil configurations for changing

for changes in craft speed or |oad.

Sone of the flaps devel oped for
Figure 5.1. Oh a practical basis,

appears to be tnhe nost attractive

for hydrofoil usc due to its
mechanic and hydrodynamc
sinplicity and its ability to
serve as an aileron or a trim
flap, as desired. Theoretical
relationships and test data are
nmore readily correlated for
plain flaps, and fornulations
nore readily applied to design.
Therefore, the characteristics
shown below are prinarily
applicable to plain flaps or

ailerons,

II - 5-2

while flaps may be used on fixed

trim and 'submergence as desired

airfoils are illustrated in

the plain flap or aileron

<~

PLAIN FLAP OR AILERON

g ——

N

SPLIT FLAP ™

<>\

EXTERNAL AIRFOIL FLAP

SLOTTED FLAP

CD&&-

DOUBLE -SLOTTED FLAP
=
LEADING EDGE SLAT

TYPICAL FLAPS

FIGURE 5.1




RS- FLAFS

For details of flap theory and additional data on

flaps of all types, referencelghould be mde to

pertinent airfoil treatisesl1->,

There is no available data on the characteristics of flaps on

a foil in the vicinity of the water surface. Generally, it is
considered that the effects, of a flap on an airfoil wll apply also
to a hydrofoil, taking into account the properties of the unflapped
hydrof oi | . This concept should apply where the subnergence is
greater than 1 chord, but for smaller subnergences (including
surface-piercing foils) the flap characteristics may well be
different due to the local flow conditions set up by the biplane

image system In this latter case, nodel tests should be enployed

to determne flap effects nore accurately.

The notation enployed for
plain flaps is indicated in
Figure 5.2. The flap chord,

C’c, is measured from the

pivot point and the flap

deflection is nmeasured from

the chord line, as shown.

FLAP NOTATION

Flap hinge nonents are taken

about the pivot point.

FIGURE 5.2
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2. Lift Characteristics

Section Characteristics

The deflection of a flap has an effect on the foil. simlar to
that of a change in canber of the section, expressed as an

increment of effective angle of attack:

Ax. = k}J (5.1)

where Ry is a function of the

flap chord ratio. The theoretical 0 HE el
. . reticald
value of h* , Shown in Figue 53 -8 m‘eoelca/h}'
y
gives results that are somewhat & /
gf A/ Emprrical
higher than those derived from P’ &= 11/l
experiment. For flap deflections 2
of not over 10" to 15°, the

; 4 . . .0
experinental data is well fitted v “ 4c;/c6 s !
by the enpirical formila FLAP-EFFECTIVENESS

FIGURE 5.3
Ry = LiVG/ (5.2)

below the val ue /e = 0.7,

\
The section lift equation-for a flapped foil in infinite fluid

is then

e e AR SRR K SRS NPT ' Wi e -
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Cp = 2T(kp -Ko + Ry d) (5.3)

where o, is the foil section angle
o is the unflapped angle of zero 1ift

§ is opositive downvard,

Foil Wth Full Span F aps

The lift of a hydrofoil with flaps extending the full span can
readily be determizmed from

Cp = (&2 )(t-ctio+ R ) (5.4)

V\here(d(t’ is the lift curve slope of the unflapped foil,
dd ' a5 determned In Chapters 2 and 3.

Foils Wth Partial Span H aps

Wien flaps extend only over a portion of the foil span, the
flap effectiveness must be suitably nodified by an additional factor
4'9 so that the total factor is @@/ » This additional factor
is shown>?> to be a function of the basic spamwise lift distribution
of the unflapped foil, and thus for any but an elliptically [|oaded
foil a function of aspect ratio, An approximate value for the

4 . . . .
factor kf can be readily determned once the basic spanwise dis-

tribution is known, by the ratio of the basic lift over the span

TI - 5.5
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of the flapped foil to the ~BASIC LIFT DISTRIBUTION

(UNFLAPPED)
[ift of the entire foil, as @ %\

illustrated in Figure 5.k(a).

oo+ FLAP SPAN |

For an elliptically Ioaded ) ——ay, o
foil (of any aspect ratio)
the factor h}' can be 10
determined from Figure 5.L(b) 1 K//
in terms of the ratio @4, ,.c." .//
where @fp is the span of the kf.,,, V4

/-‘,\.—eo.uvm WING
flap that extends to midspan, ) / FUNCTION |
For partial flaps at the tips A

0 2 A 6 8 1O

or within the span, the (b) : /g

: be determ ned ‘ * PARTIAL-SPAN
factor can be deternine FLAP EFFECTIVENESS
from FJGURE'SA

\e" z k*' (et a) - k,; (a}‘b)

The elliptically loaded case may be used for all foils W thout

serious error.

A further correction is required for the hydrofoil where
greater accuracy is required, due to the biplane image of the
incremental |ift over the flapped span. This may be determ ned

from the relationships derived for a biplane wth unequal spans

IT - 5.5
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(see Dursnd6). However, for preliminary purposes, such corrections

may be neglected,

Lift of Maps

The normal force on the flaps is given appreximately by the

squation
Cn, s NG amd (5.5)

vhers & is the section 1ift Of the wr{: a‘rény
4 determined for each point lI°ﬂlrgE-|T:n_a£

the flap from the basic 1ift distribution,
M My are coeffioients given i N Figure 5.5,

(4
 F.
Ny
1.8
M 10
8
S core a
FIGURE 5.8
A
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DESIGN EXAMPLE NO. 5.1 | suror.

ESTIMATE THE FLAP EFFEGTIVENESS
FACTOR FOR A PARTIAL-SPAN FLAP

A PAIR OF FLAPS HAVING 4 CHORD EOUAL
FOIL, SHOARD, A N D v N

OVERALL SPAN OF 60% OF THE FOIL
l SPAN ARE INSTALLED OK A 2 %§ TAPERED

FOIL, AS SHOWN ON THE SKETCH

From equation (5.2), the effectiveness of the

flap section is

ke = 11 f0.Z5 = 0.55

The foil has approximately an eil(pﬂc lift distribution,
(as indicated in Chapter i);

Therefore, from Figure 5.4 ,and pages 5.5 and 5.6
ke = k¢ (ot o =.2) -k¢ @t b =.3)
=0.97 - 0.3 =0.59

Then, the total flap effectiveness factor is

k; k;‘ = 0.325
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3. Mbment Characteristics

Pitching Mment

The section pitching noment about the quarter-chord line of
the foil, due to flap deflection is given by the equation
Acml, = (ﬂ%’) d (5.6)
+ d &
where dCm,, is given in rigure 5.6, and is seen to

dg be a function only of flap chord ratio.

For full span flaps,

the total pitching noment

about the quarter-chord /0 R
’ (& 11 radlians )
can then be determned
8
readily by the methods
6 Ty
indicated in Chapter 2. . @
pri
For partial span flaps, N
2 N
the total pitching noment - N
due to flaps nust be de- TTE A e “
Cele
; i THEORETICAL
termned from the basic PITGHING MOMENT CHARAGTERISTICS
lift distribution (span- FIGURE 5.6

wise) of the foil, as
indicated above for the

lift due' to flaps.
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Flap Hinge Monents
The section hinge rnoments on a flap are given by the equation

o Cy 4G
C, * (Z?Z)Cl +(22) S (5.7)

where €, is the coefficient of the noment about the
flap hinge in ternms of the flap chord

Cp is the wmflapped foil lift coefficient

a——

(:‘&-) (dCs. are factors given in Figure 5.7 and are seen

dGl *dad/ to be functions of the flap chord ratio.
The total hinge monent for
a full span flap is readily
10 (dv:hn;dian;)
determined from equation (5.7) o
. TN #
for the section, by the pro- N
N
cedure given in Chapter 2 for ¢ \\
‘ N
foil pitching noments, For 4 : TN %
‘ A “de ™\
the sinple case where the 2 ,>.

o A =T N
flap chord ratio is constant o L )
across the span, the total _ Gyl

‘ . THEORETICAL
hinge nonent is found nerely HINGE MOMENT CHARACTERISTICS
N IGURE 5.7
by substituting €p (for the FIGUR

foil) in place of Cp (for

the foil section).
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For partial span flaps, the hinge monent at each section must
be determned from the basic |ift distribution of the unflapped

foil, as previously indicated,




F_ FLAS

DESIGN EXAMPLE NO. 5.2 e

S - -4

ESTIMATE THE PITCHING MOMENT & HINGE MOMENT
CHARAGTERISTICS FOR A PARTIAL-SPAN FLAP

FOR THE FOIL-FLAP ARRANGEMENT
GIVEN IN EXAMPLE 5.1

From anure 56, the section Pltc}nng moment factor

for Cc/eg = 025 s

( _______.JJC;' '/4) :0.66

From F:gure 57, the section kmse mement factors are .

(‘.Ch) = 0.10
ic,
,«:‘_@_a) . 0.60
dd

Since the Ffoil ciuzo.r'tcr-chora line s strmg’nt (as shown 1n

exa.mpie 5.3)3 the sectnoq Putc%mg mgmen't factor can be
modified by the factor k; (o function of lift distribution
afe.mg the Span), given in examp’e B.i

T")us k;l + 0,59

and ‘“\e totoJ moment -factors for the falar e

\(JCM '/4) . 0.66 x0.59 * 0.389
44

<_;°§_QL.> . 010 x 0§9 2 0059
dC,

(JC" ) = 0,60 x 0.59 2 0.354

Iy,
~sngk.
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Drag  Characteristics

Parasite Drag

The parasite drag of a foil section increases wth deflection of
the flaps, as indicated by experinent2’3. However, such increase is
small, being of the sane order of nangftude as that experienced when

the unflapped foil is given an equivalent angle of attack,

In other words, the sinple relationship of the foil parasite drag
varying as the factor (1 + A‘C:) given in Chapter L appears valid
whether the lift is due to angle of attack of the foil or deflection

of the flap, and no additional parasite drag term need by considered.

Induced Drag

For full span flaps, the expression for the induced drag in terns
of the lift as given in Chapters 2 and 3 is valid, wthout further

correction.

For partial span flaps, however, the induced drag nust be derived
in terns of the redistributed spanwise loading due to the flaps. The
airfoil case involves several additional paraneters (see reference 3)
and the hydrofoil presents the additional consideration of biplane

imges , Qualitatively, partial span flaps increase the induced drag

due to departure of the [ift distribution from an optinum whereas

II - 5913
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the biplane factor is reduced (when considering the effect over the

entire foil. See Durand6 for biplanes of unequal spans).

It is presently considered that such additional factors need not
be considered for prelimnary estimating purposes. Test data on
partially-flapped foils should be obtained for actual configurations

under consi derati on.

Il = 5,1k
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CHAPTER 6. HYDROFOIL WAKE

1. General Consi der at i ons
2. The Wve Pattern

3. Sub-Surface FHow

i, Significance of the Wke

5. Design Data and Procedure

The pattern of the wave produced by a hydrofoil is discussed
qualitatively and illustrated by specific test results. Mthods
to determne the sub-surface flow are given, the significance of
the various flow factors for different types of hydrofoil craft
are discussed, and data is presented on the waves and flow fields

behind a foil.



by HYDROFOIL, WAKE

1,

Gener al Consi der ati ons

The wake produced by a hydrofoil operating close to the water
surface consists of tw distinct flows. First,, the foil produces a
gravity flow, expressed in a surface wave wth its concomtant sub-
surface flow field.  Secondly, the foil also produces a flow simlar
to that of an airfoil operating in afr but which is restricted due to
the proximty of the water surface. This "aerodynamie" flow is
i ndependent of the gravity flow and does not produce a surface

di sturbance.

Al conponents of a hydrofoil configuration that are located in
the wake are affected by the flow characteristics of the wake, Thus,
it is necessary to investigate the effects of the flow field on such
conponents located in the wake ass additional foils, struts and

rudders, flaps, and propellers,
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2. The Wve Pattern

The Wave Produced by a Point Disturbance

The pattern of the wave produced by a hydrofoil is essentially
that produced by a series of point disturbances distributed along the
lifting line of the foil, and the observed characteristics of the wave
pattern can nost readily be explained on this basis, Therefore, the
characteristics of the wave produced by a single point disturbance

wll be illustrated briefly,

The pattern of the wave produced by a point disturbance was
derived by Havelockl and later by Lunde? and is the well-known ship
pattern consisting of lateral and transverse waves, as illustrated in
Figure 6.1. The formilas for the wave anplitudes are only valid "far
behind" the origin and do not represent the conditions close to the
origin. Furthernore, the exact anplitudes are not readily ascertained
and the relative anplitudes throughout the wave region are extremely
difficult to evaluate. GCenerally, however, the anplitude of each crest
is greatest near the "eusp" line, where the lateral and transverse waves

conbine to produce a high, short crested wave, called the cusp.

The anplitudes of successive crests and troughs decrease in

proportion to the distance from the origin, Wth the transverse waves

IT - 6.3
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Lo
\ N=0,2,4-- FOR TROUGHS
9 1,3,5..- FOR CRESTS
x ® \
b & \
> >
N. ~ -
>~ = AN
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WAVE PAT TERN \

CHARACTERISTICS OF WAVES PRODUCED BY
A POINT DISTURBANCE

FIGURE 6.1

Il - 6.b




L HYOROFOIL  WAKE

decreasing at a greater rate. Far aft of the origin, the lateral

waves at the cusps are greatly predomnant.

In shallow water of depth,d, the characteristics of the wave
are nmarkedly different from those in deep water given above. Above
a speed Vz==a8Jgd the cusp line angle increases from its deep water
value of 19°28t, with consequent spreading of the lateral waves and
decrease in transverse wave anplitude. Theoretically, at the critical
speed Vcs,];?', the cusp line angle is 90° with a solitary wave pro-
ceeding along in line with the origin and no follow ng disturbance.
At' supercritical speeds, the pattern is as shown in Figure 6.2,
where the transverse waves have disappeared, the lateral waves are
concave to the centerline, and the "wave front" is defined by the

angle oL = SN Jad/, -

WAVE AT SUPERGRITICAL SpEED

FIGURE 6.2
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The Two-D nensional \Wave

A continuous distribution of point disturbances along a line of
infinite span would result in transverse waves only, wth the crests
parallel to the line of disturbance. The wave has been shown by
Meyer’ to be a sinple sine wave extending aft with a superinposed
local disturbance in the vicinity of the foil. Figure 63 shows the
wave profile and indicate6 that the local disturbance disappears
approximately 1/l wave length downstream The equation of the sine

wave is given as
-gh/ 2
£ = - C‘_ c ¢ v s 9%/ (6.1)

-]

and the slope of the wave

- ah
é.f.: z €0 z - CL Sf e A cos g#/vz (6.1a)
d x (73 ]

—— T~ «
" = V

[ 9 FREE STREAM VELOCITY

WAVE PROFILE IN TWO DIMENSIONS

FIGURE 6.3

II - 6.6




“ YYDROTOTL, WAKE

The Three-D nensional  \iéve

From the above considerations, the pattern of the wave produced
by a hydrofoil of finite span can be shown. In the region between
the converging cusp lines emanating from the foil tips, there'is a
cancel lation of lateral waves and a strengthening and straightening
of transverse waves, simlating the two-dinensional sinusoidal

pattern.  Qutboard of these converging cusp lines, the pattern

approaches that due to a single point disturbance, and is equivalent
to it at the cusp lines_diverging from the tips. Figure 6.} shows

the pattern, as described above.

WAVE PATTERN FROM A HYDROFOIL

FIGURE 6.4

Wve contours neasured from hydrofoil nodel tests are shown in

Figure 6.5 ~showing the general pattern indicated above.

IT - 6.7
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3.

Sub-Surface  Fow

The sub-surface flow in the wake of a foil is due to tw effects,
namel y:

1 that gravity flow associated with the surface wave

2, that due to the "aerodynamic" effects of the foil.
The relative inportance of these effects is a function of Froude

nunber, as wll be discussed below,

Qavity Fow

The gravity flow at any depth,/’), below the surface is easily

determned from the surface wave by the classical "decay" formula:

_.h/z
£ - £ e (6.2)

where &, is the flow angle at the submergence, /)

&, is the flow angle at the surface.

Aerodynamc  How

The basic airfoil wake wll first be considered, after which the
influence of the surface wll be taken into account, The vortex
sheet emanating fromthe foil waps up into tw distinct vortices
approximately ~ within one span behind the foil, as indicated in Figure
6.6, The separation between vortices, b, and the radius of the
vortex: core, p' , are functions of the foil load distribution, and can

be determned by nethods indicated by DJrandho

IT = 6.9
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FIGURE 6.6
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It is considered sufficiently accurate to assume elliptic |oad-

ing for the foil when determining the flow in the wake far behind the

foil. Then Durand® gives the followng values
[ - I
b’ = b
N 3 0.0855b Y (6.3)
@ = 4 .l"..— = Z C.---———"Vb
?f’fvb T A

The downwash angles in the plane of the vortex lines can be readily

determned from the followng expression

= ol ‘ z CL ’ 6.
where £ s considered positive for upwash

j‘ is a factor depending upon spanwise
location, and is given in Figure 6.6.

Low Froude Numbers

At very low Froude nunbers, FD
the "aerodynamic" effect is that of (

h RI1GID WALL

an airfoil near a rigid wall at the

| - -
L . h
water surface, as indicated in l j@
@ C
——b

Chapter 2, Then the aerodynamc 4

flow angle would be determned by WALL EFFECT

the trailing vortex system and its FIGURE 6.7

mrror image as indicated in Figure 6.7. In the plane of the vortices,
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the downwash angle given in equation (6.4) would be nodified to

the value
£ = & g (2-x) .
°‘~,nA1( (6.5)

where W is the generalized factor determned for
the foil, as Indicated in Chapter '2.

Then the total sub-surface flow angle at low Eroude Nunber is

gh = 6@ + gw (6.6)

Hgh Froude Nunbers

At high Froude nunbers, the wave effects become negligible and

the total effect is that of the "biplane", as indicated in Chapter 2.

Then the total flow angle is

determined by the trailing I C D®

h

FREE SURFACE

vortex system and its _biplane

imge as indicated in Figure hl @ @
6.8, Thus, at high Froude i b’ _:.J

numbers, Ew may be negl ected.

BIPLANE EFFECT
FIGURE. 6.8

In the plane of the vortices, the total sub-surface flow angle

at high Froude numoers is

E = & ;K 6.
hﬁd (6.7)
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Sgnificance of the Wke

The significance of the flow conditions in the wake of a foil as
they affect other conponents naturally depends on the type of hydro-
foil configuration investigated. Thfs in turn depends on the type of
craft to be designed. Generally, it is necessary to evaluate the
influence of the wake although sone aspect which nmay be inportant in

one design is negligible in another, and vice-versa.

How the enphasis on different aspects of the wake changes with
different designs can be illustrated by exanples of two different

types of craft.

(a) The large, slowspeed craft

For a hydrofoil craft of several hundred tons or nore
and a design speed of less than LO knots, the hydrofoil con-
figuration would be of the large span, tandem foil type,
The wake from the forward foil would be essentially two-
dinmensional 4in nature, as in Figures 5.3 and 6.5. Assuning

the two-dinensional case for the purpose of illustration,
the upwash on the aft foil would be, from equations (6.1)
and (6.2):
-9"; 2 - (h,+h,_)
£ =€ /v;i_l_ =C. 9% ¢ I /ozcos 9%z (6.8)
*® i Vz

where the subscripts 1 and 2 denote the forward and aft
foils  respectively,

Since the upwash changes the direction of the lift pro-
duced on the second foil by the angle &, resulting in a
drag conponent, the total drag due to lift would be

Coy = Cow, + Cow, -& G,

Il = 6,13
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which for foils of equal geometry, subnmergence and lift can
be shown to be

Cp,, = 2Cp, (!+cos 3%42) (6.9)

-29h
il for the foil in tw dimensions,

. . 1 '
(since Co, =G, L, e
as shown in Chapter 2).

Thus, depending on the separation between the foils, the

total wave drag could have a value varying from zero to twice
that of the configuration wthout wupwash.

The small, high speed craft

For a hydrofoil craft of under 100 tons and a speed of
over )0 knots, the foils would be small and short in span.
The wave produced would be of the type shown in Figure 6.5
(for high Froude nunmbers), and the wake would have the
following features:

a. neglfgible transverse wave pattern

b, strong "aerodynamic" downwash
c. important lateral wave crests and roaches

For this type of wake, the transverse location of the com
ponents of the configuration is inportant as conpared to
exanple (a) where the fore-and-aft location is inportant.

Foils and control surfaces should be positioned so as
not to be in the strong flow of the aerodynamic wash; and
furthernore, vertical struts and rudders should be positioned
to avoid roaches (particularly when located at or near the
centerline) and strong lateral cusps, O the other hand, it
may prove beneficial to locate propellers directly in the
trailing vortex field to take advantage of the rotary flow

w3
The above exanples illustrate the relative inportance of different

the weke for dffferent types of craft, In any case, all

the effects should be investigated for a given design.
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Design Data and Procedure

Existing design data on the wake of hydrofoils is limted to that

5 conducted wave nmeasurenents

produced in two exploratory tests. Breslin
on a foil of aspect ratio 20, the wave contours o.f which are presented
in Figure 65 ET.T. 65758 conducted a series of tandem foil tests from
which the average upwash angle along the span of the after foil have

been calculated, as shown in Figures 6.9 and 6.10.

Al the above tests were conducted at a subnergence of 1 chord,
with foils of large aspect ratio at relatively low Froude nunbers.

There is a need for additional data, particularly for small foils at
large Froude numbers, in order to make reasonable estfmates of the

effect of the wake for a greater variety of designs.

The existing data given in the figures can be used for such con-
figurations where interpolations or extrapolations are reasonable,

Methods for calculating the wake effect are given, as follows:

(a) We of Vave Contour Data

From the contour map of the wave produced by a foil of
given aspect ratfo at a given Froude nunber, the flow can be
determmned for any point in the wake. Determning the sur-
face flow angle, & , from the contour map, the flow angle at
a given depth can be established by use of the methods
described in Section 3 above,

The determned flow angles along the span of a foil in
the wake can be sinply average over the span for a reasonable
approxi mation,
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e of Tandem Foil Data

The average upwash data can be interpolated for sinilar
configurations to those tested, and is more direct than the
contour data when determining the average upwash on the aft
foil, as long as the subnergence is the sanme as that given
in the data, Wen the submergence (of the aft foil) differs
from that tested, the data nust be corrected by use of the
nethods of Section 3 above.

Location of Lateral Qusps and Roaches

Wiere wave contour data is applicable, the location of
cusps and "roaches® can be readily observed, and the surface
and sub-surface effects readily calculated. (The interfer-
ence between converging lateral crests, behind the foil mid-
span, causes a large upsurge of water, commonly called a
roach,) Were data is not available for the conditions to be
investigated, the approximate locations of crest and troughs
can be determined from the theoretical values given in Figure
6.1 for the wave produced by a point disturbance, The waves
are assumed to be generated at the foil. tips, The theoretical
location of roaches directly behind the midspan of a foil (or
mdway between the tips of port and starboard foils) can be
determned from Figure 6.11., Cenerally, only the first few
waves are of consequence and these only near the cusps and
roaches where the anplitudes are large,, Were nore than one
foil is considered (such as with small foils, P/S), the
effects are conbined, Since the exact amplitudes of such
waves cannot readily be deternmined, care nust be taken in
evaluating the inportance of different cusps and roaches,
particularly when a conbination of foils are under study,
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CHAPTER 7. STRUT CHARACTERISTICS

1. Drag Characteristics at Zero Yaw

2. Characteristics in Yaw Prior to
Ventilation

3. Characteristics in Yaw Wen
Ventil ated

L, Height of Spray

The drag and side force characteristics are given for surface-
piercing struts. Spray drag and ventilated characteristics are seen
to be functions of section shape, while side force characteristics
are shown to be simlar to hydrofoil |ift characteristics. The

hydrodynamc results given include experimental data on spray height,

II - 701
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Drag Characteristics at _Zerg Yaw

Drag  Conponents

The drag of a surface-piercing strut at zero yaw consists of
three conponents: the section drag of the wetted strut and the
localized drag at its two ends. The drag at the upper end where the
strut pierces the water surface is called "spray drag", being assoc-
iated with the production of spray at that poiht. A the-lower end,
the drag is either "tip drag" for a free-ended strut, or "interfer-
ence drag" when the strut is connected to a foil or other body.

A wave drag also exists at low Froude nunbersl, but
becones negligible above V/Jfge = 3. Therefore, at

the relatively high speeds associated wth hydrofoil
craft, the wave drag may be ignored.

\\\l\
SPRAY DRAG T-X\!
. SECTION
DRAG
DRAG
c h »7
SECTION L
ORAG SPRAY
&
. TIP DRAG
TIP DRAG YA

(OR INTERFERENCE }
COMPONENTS OF STRUT DRAG

, FIGURE 7.1
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Section Drag

The section drag of a strut can be treated in the sane nanner as
for a foil, including all considerations of turbulence, roughness, etc.
This material is given in Chapter L, "Foil Parasite Drag'. From

equation (L.9), the section drag of the strut can be given:
Z
Cpsb = 2 C;‘ [|+ 10(1‘—75)s J (7.1)

wher e Cps is the basic section drag coefficient based
* on the side area of the strut

(%), is the strut thickness ratio

¢4 is the flat plate friction coefficient based
on total wetted surface.

The value of Q can be determined as outlined in Chapter k, for
smoth turbulent, transitional, or standard rough conditions as may be

required. *

Spray Drag

The drag arising at the point where the strut pierces the surface

is manifested in the devel opment of spray along the forebody of the

# Tank test results on lamnar-profile strut sections indicate that the
section drag coefficient is in the low drag "bucket®" region at test
Reynol ds nunbers as high as 6 x 106, However, foils of conparabl e pro-
file at lower Reynolds nunbers showed fully turbulent section drag
coefficients, probably due to a higher level of turbulence in the tank
generated by the foil. It is considered that in open waters, the
turbulence level is high and the section drag is essentially that in
turbulent  flow,
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strut, This spray drag is a function of the magnitude and distri-
bution of pressure along the forebody, and thus a function of
fineness or thickness ratio, %/, and the sharpness of the Ieading

edge.

At the relatively high speeds associated with hydrofoil craft
operation, the spray drag coefficient apparently does not vary with

Froude nunber, according to test results.

Correlated, systematic test results of surface-piercing struts
are few in nunber, and the lack of sufficient data prevents the
establishnment of a universal function to take into account the fine-

ness and leading edge sharpness. Figure 7.2 shows the spray drag

coefficient (based on the area,te ) for several strut sections

tested?s3,
SECTION Co.ez DSPRAY |REFERENCE

NACA 66-012 0.031 2

- —
NACA 66-02I 0.023
BICONVEX

< /o 10,15 0.015=0.025

| [

e 3

AQ'4Ta 607 D&AMOND

{ ! /o® 0.15 0.01s

SPRAY DRAG COEFFICIENTS FOR SEVERAL STRUT SECTIONS
FIGURE 7.2
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Generally, it is indicated from these tests that the spray drag
coefficient decreases wth increasing thickness ratio (but the absolute
drag increases, as should be expected), and that the coefficient is
less for sharp leading edges than for rounded |eading edges such as

enployed in airfoil sections.

Tip Drag or Interference

The -tip drag of a free-ended strut (i.e. not attached to a foil
or other body at its lower end) can be evaluated from airfoil data.
Hoerner indicates that for well-rounded tips, there is no tip drag,
while for square tips the drag of one tfp is expressed as

CDt = _D_t_n; = 0, 085S (for square tip) (7.2)
gt

Wien attached to a foil, the strut experiences an interference
drag at the junction as it simlarly inposes an interference drag on
the foil, However, the total interference drag at such a junction
experienced in tests has been ascribed to the foil for convenience

(see Chapter L), and need not be further considered here.

Effect of Foil Lift

For struts attached to the upper surface of a foil, there is an
increase in fluid velocity past the strut due to the circulation

around the foil, and therefore an increase in section drag. (There

II_ - 7.5




S STRUTS

iIs no increase in fluid velocity at the water surface and thus no
increase in spray drag.) This effect is small (being less than 10%
for nost applications) and can be approximated by multiplying the

strut section drag, equation (7.1), by the following factor

1+ JG 2
(r+74&)

where J depends on the spanwise
location of the strut, Wi
a/p, and the subner- I.o b ol
gence-span ratio of the
foil, Wk . Values are ]
given in Figure 7.3. 0.2
N
C. = foil [lift coefficient —
[
A = foil aspect ratio ° af, Lo
FIGURE 7.3

Effect of Rake

Raking a strut either forward or aft wll reduce the section
drag from that value produced when the strut is vertical. This is
obviously due to the reduction in strut thickness ratio in the

direction of fluid flow and thus the thickness ratio to be enployed

in equation (7.1) is

(f'/c), /cos 7

wher e (%], is the nomnal section thickness ratio

Y is the angle of rake.
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It is not fully evident from existing test data whether there is
any real benefit in rake insofar as spray drag is concerned. Generally,
it is felt that there is some advantage, but significant gains have not

been experienced2.

Ventilation of Struts

Ventilation is characterized by an air-pocket that is forned at
the after-body of a strut, which air-pocket is open to the atnosphere
and extends dowward along the strut a distance depending on speed and
configuration characteristics. (Ventilation should not be confused wth
cavitation, which is a condition not directly related to the water

surface,)

The air-pocket is forned only in the presence of some sharp
discontinuity in the flow The discontinuity produces a vortex which
allows the air to penetrate the water surface of constant pressure,
after which the full cavity can be fornmed. Dscontinuities arise due
to abrupt changes in strut section, local protuberances, nonentary yaw

angles, etc.

The effect of ventilation is to reduce the section drag of the
strut, since air of atmospheric pressure replaces water of sub-
atnsopheric pressure at the afterbody, resulting in a forward force
conponent. Quantitative results of this drag reduction are neager

and at present fairly inapplicable for the followng reasons:
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(a) Streamined free-ended strut sections tested at zero yaw
show no tendency to ventilate at noderate and high speeds 2,3
Whether this condition would prevail in practice where
transient yaw angles would be experienced or where |ocal
roughness elements mght develop sufficiently to "trigger"
ventilation is not known., If such were the case, there is

no data available on such a condition,

(b) \Vedge-shaped strut sections which ventilate throughout the
speed range have such a high section drag initially that
the reduction in drag due to ventilation does not appear to

result in a net gain, as far as existing data indicates 3.

(¢) The effect of foil [lift on strut ventilation is not known.
Depending on the foil submergence, the |owpressure region
above the foil may "trigger™ ventilation (which in turn wll

lower the lift produced by the foil).

Further experience wth actual craft or testing of various con-
figurations wunder sinulated operating conditions is necessary to
produce accurate design information regarding ventilation. A present,
it is recommended that for streamined strut sections, the effects of

ventilation can be ignored in normal operations at zero yaw
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Characteristics in Yaw Prior to Ventilation

The vertical strut having an angle of vyaw, W , produces a side
force and a resultant induced drag. For a fully submerged strut, this
is equivalent to the characteristics of an airfoil wth a horizontal
lift force. For the surface-piercing strut, necessary corrections must

be made to account for the boundary effect and for spray-producing drag.

Sur f ace- Pi ercing Strut

The effect of the surface on the side force characteristics of a
strut is a function of Froude nunber, simlar in nature to the effect
on the foil discussed in Chapter 2. A low Froude nunbers, there is
a wave effect and a "rigid wall" effect, the first decreasing the strut

efficiency and the latter increasing it.

At high Froude nunbers, the surface effect is similar to the
"biplane" effect on a foil; hydrodynamcally, the strut is then

equivalent to one-half of an anti-symetrically twsted wng.

There are no theoretical analyses presently known that give the
force characteristics as a function of Froude number. However, as is
indicated in Chapter 2 for foils and in reference 1 for strut wave
drag, the region in which wave and rigid wall effects are inportant
is at Froude nunbers |ower than considered practical for nost appli-

cations,  Therefore, the "biplane" effect is considered to prevail.
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Oh this basis, the aide force characteristics of a surface-
piercing strut are approximately as follows:

d¢ _ E , 2
2‘55' i 211'+er5 (7.3)

d Cog rA (7.4)

A TAs

wher e (o is the side force coefficient based on
the subnerged strut area (one side)

Cpg is the strut drag coefficient, based on
strut  area

(]
Ag is the strut aspect ratio, W/s,
Y is the angle of yaw

E is the lifting surface correction
(see Chapter 2)

Effect of Foil

For the typical case of a strut attached to a foil, the foil exerts
an end-plate effect on the yawed strut. This single end plate has a
"height" equal to the foil span. Equations (7.3) and (7.4) are thereby

nmdified to the expressions:

dy . E , 2 (+2)

Jc, - 2T TAs (1+2bh) (7.5)
b .
dlos . z (1+%) (7:6)

A(a)  TAs (1+2%)
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where {1+ %) is the approximate induced factor for
(1+2b4) a single end plate

b is the foil span

h is the strut length (foil submergence)

Equations (7.5) and (7.6) can also be used for a free strut that has
an end plate at its lower tip, wth the actual end-plate "height™

being substituted for the foil span, b .

Low Aspect Ratio Correction

Strut aspect ratios are generally low for nost hydrofoil appli-
cations, and the E factor becomes inportant, as indicated in Chapter 2.
The non-linear effects, which are based on flow across the tips (as
shown in Chapter 2), are not expected to be present on a surface-
piercing strut supporting a foil, since there is no flow across the
tips in this case, and equations (7.5) and (7.6) still apply. For a
free-ended surface-piercing strut, there is flow across the lower tip,
and in the absence of specific test data, it is assumed that the non-

linear effect is 1/2 that for a subnerged foil with both tips free.

Thus,, rewiting equations (7.2) and (7.3) in different form and

adding the non-linear terms, we get for free-ended struts:

= in o
Cs EL_%_ +  SINY cosy .7
I * TA
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. 2 smP |\ 3
Co, = Coy, *ﬁs(ﬁ) ey (7:9)

wher e Cf?s, is the parasite drag coefficient of the strut
(including spray drag) which is also a function
of yaw angl e, Yy .

Correlation with Test Data

Tests have been conducted on yawed struts at E T.T. 5, and results
for free-ended struts are shown in Figure 7.4. I'n the non-ventilated
region, equation (7.7) is seen to agree closely with the experinental

results for side force.

For the drag, Cpso was estimted to be 0.012 including spray,
for the section at the tested speed. Equation (7.8) was then eval uated

(for A =1/2 and 1, which are identical. A =2 gives slightly |ower
drag). The agreenent is good.
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OF A SURFACE-PIERCING STRUT

FIGURE 7.4
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DESIGN EXAMPLE NO. 7.l | swere

DETERMINE THE DRAG & SIDE FORCE CHARACTERISTICS
OF A SURFACE-PIERCING STRUT,PRIOR TO VENTILATION

A SINGLE STRUT OF CONSTANT SECTION SUPPORTS
A RECTANGULAR FOIL AT MIDSPAN. THE STRUT IS
VERTICAL WITH A 12“CHORD AND 10% THICKNESS,
THE FOIL IS 6'SPANX 12" CHORD,WITH A

SUBMERGENCE OF 2‘, AND SUPPORTS A LIFT OF
6500 Lb. AT 35 KNOTS

SECTION

l ! !

PLAN

REQUIRED PARTICULARZ .
¢ 0k VE =139 % (35x169)% - 3480
Foil Lift Coefficient , (L =£288= = 0,3
Foil Aspect Ratio, A-6
Foil submerqence/span ratio, Wb : I/3
Strut Aspect Ratio, Ag:= 2

Reyrolds number(59°sea water): 35—329“05= 4.6x106

STRUT PARASITE DRAG
Section Drag (From Chapter4)
At R=4.6x10° , Cp,(std) = 0.004)
and (Co,) std = 2x0.0041 [1+10(0:10)2] 01+ €3 ]
7 0.0090(1+C3).
From pege 7.6 and Fiqure 7.3, the factor of additional
dynamic pressure is
(1+0.35%031/g)% = 1.036

Then,
Co, = 1.036%0.0090 (1+ c:;l )
=0.0093(1+C3)

11 - 7.1&
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DESIGN EXAMPLE NO. 7.1

AaC. < (010+%W)x0.020
Dq h

0.001+0.01 Y

SIDE FORCE € _INDUCED DRAG.

From Equa‘fmn (7.5)

dv s + 2 (1+3)

= . 0421
dCS 2m 2T (1)

4¢s . 5375
v

Fram Equatlon (7.6)

éES_ : 2 O +3) = 0,182
dc; T2 (ive)

TOTAL CHARACTERISTICS

Side Force
Cg = 2.375 W

Drag_

2
C, » 0093 + 0.001 + 0.043 (2:375 $Y +o001 ¥ +0.182 (2375¥)

-

= 0.094 + 001 ¢ + /.55 2

‘ SH2 OF 2
*STRUT PARASITE _DRAG (CONT D)
_S_PmX Draj
From Flﬂure 7.2, take the avemg e value
C, =*=a.020 for a biconvex geeh 1on
ct
Then, 055Uming frontal thickness varies directly a s the yaw anﬂle
t rouoc + Yo £ cloio+ @)
and re'perrmﬂ the spray dr&j to t he st rul area
CD_=Dse_ra1:Diw;b_=A Co X"\/t
fa °
qCT qch
Then
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3.

Characteristics in Yaw Wen Ventil ated

Inception of Ventilation

As indicated in Section 1 above, ventilation is due to sone
discontinuity in the fluid flow at the water surface. In the case
of the yawed strut, it apparently occurs when the angle of yaw,{,
exceeds the entrance angle, @, of the strut section at the surface,
as indicated bythe test data of Figure 7.,4.As has been stated in

Chapter 3,the angle, A I's

readily determined for a -

section with sharp Ieading é‘_——\
edge, but has no exact ARGFORM SECTION
definition for an airfoil -

section. It appears reason- =\ p ==

able to use the angle forned
AIRFOIL SECTION

by a circular arc tangent to MEASUREMENT OF ANGLE J

the section at the point of
FIGURE 7.5

maxi mum t hi ckness and pass- -

ing through the leading edge, as shown in Figure 7.5.

Lift and Drag

The characteristics of a fully ventilated strut are simlar to

those of ventilated foils, as treated in Chapter 3, Thus for a flat

Il = 7.16
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plate strut with no flow across the tips, the normal force is

C. = 2 sin ¥ 76
" 44+ 1TsinY (7.9

For a surface-piercing strut with foil attached at the |ower tip
there is no cross flow at the tips and equation (7.9) should apply.
For a free-ended strut, there is cross flowat the free tip and the

resultant normal force is sonmewhat reduced.

In practical applications, strut sections are not flat on the
pressure side. The angle y'i n equation (7.9) nust therefore be
neasured fromthe angle of zero side force, which is indicated in
Chapter 3 for ventilated foils to be the angle at which the trailing
edge on the pressure side is in line wth the fluid flow For
symmetrical struts, this is the angle of run (the angle /5 for the
trailing edge). Thus, the equation for side force in ventilated con-
dition is

Cs, = by sm¥ect' (7.10)

! +Wsiny’

where b, is a factor depending on the conditions at
the strut tips (1.0 for no cross flow

“i's the yaw angle neasured fromthe angle of
zero side force (in ventilated condition).

The drag is not simlarly reduced, however, being mainly dependent
on the frontal area of the strut exposed to the streamflow  Thus, it
is primarily a function of the actual yaw angle, nodified to sone pre-

sently unknown degree by section shape. Tentatively, it is considered
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that the drag conponent of the basic flat plate normal force be

applied (nodified as required for free tips). Thus:

‘ _ 2T sy
(CD5)\v ) Cpso v R 44Tsmy (-4

wher e l,U is the actual yaw angle

Cps, is the parasite drag coefficient of the strut
(including _ spray). The friction drag in this
case is 1/2 that in regular flow since only
one side of the strut is wetted.

Conparison with Test Data

For the 12% double arc struts used in the E.T.T.S tests, the
entrance angle is /5- 13.9° (for leading and trailing edges). The
data of Figure 7,4 indicates the inception of wventilation to occur

between 14° and 15°,

The lift data in ventilated condition shows a reasonable fit with
equation (7.10), using a factor bv = 3/land neasuring from the angle

of 13.9".

For the drag in ventilated condition, C'a,' was taken as 0.006
(1/2 of that for the non-ventilated case). Wsing the factor B, = 3/k
derived above, equation (7.11) is shown in the figure, and appears to

be a reasonable estimate of the drag.

As previously stated, nore test data on a variety of struts under
various conditions is required before nore reliable design formilas

can be advanced and reliable factors established.
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L. Height of Spray

The spray produced by a strut is prinarily a function of the
frontal area of the strut (projected area normal to the fluid flow)
in association with the speed of advance. Hoernert has anal yzed avail-
able data on spray height, for struts at various angles of yaw. His

results can be summarizedl in the following formla.

_2:. = 0.86 F, (*/c), + 0.026 Fq ¥ (7.12)
-

where h, is the maximum height of spray
Cs is the strut chord
Fx is the Froude nunber based on forebody |ength
ch is the Froude nunber based on strut chord
(&), is the strut thickness ratio

‘U Is the angle of yaw

Equation (7.12) must be considered prelimnary, being based on a
minimum of data. In particular, the latter terns which include. yaw is
based on tests run at low Reynolds nunber (R = 105) and Froude nunber
(5:5 = 2,9), and nay not represent conditions at wusual operating

speeds.
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CHAPTER 8. RUDDER CHARACTERI STI CS

1. Description of Types

2., Characteristics of All-Muvable
Rudders

3. Characteristics of Flap Rudders
k. Rudders on Hulls

The types of rudders likely to be enployed on hydrofoil craft
are discussed and categorized. It is shown that rudder character-
istics can be derived frompertinent foil and strut properties

presented in oprevious chapters.

Il = 8.1
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pe

Description of Types

Rudders on hydrofoil craft my be considered in tw broad
categori es: first, as applied to the foil configuration when in flying

attitude; second, as applied to the hull, prior to take-off.

For some sinpler configurations, one rudder or system of rudders
is used for both purposes, whereas in others independent rudders are
used for each type of operation. The choice lies in the selection of
the configuration to be enployed and is a matter of overall design
However, the pertinent hydrodynamc characteristics of the rudder

depend on its relative location and intended function

Thus, rudders that are essentially part of the foil configuration
and are wused in foilborne operations can be treated in accordance wth
the foil principles set forth in previous chapters. For rudders that
are essentially part of the hull configuration (being used primarily
for hull borne operations), the various influences of the adjacent

hull nust be taken into account.

There are two main types of rudders to be considered: first,

the all-novable rudder which is also referred to as a balanced rudder

(since the pivot point can be located at the center of pressure), and
secondly, the flap rudder which is located behind a streamined post

and is essentially a flap pivoting behind a fixed strut (simlar to

II -~ 802
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S

a flap on a foil). The character-

istics of each type also depend on "% -\S\ !J,;—

whether the rudder if fully sub-
ALL MOVABLE
merged or  surfaceé&piercing.

There are variations which _G%\ Z‘fw

combine both types to some degree, FLAP

the characteristics of which can

, BASIC RUDDER TYPES
be reasonably determned from

those of the basic types. FIGURE 8.1
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2. Characteristics of Al-Mvable Rudders

Ful I'y- Subner ged Rudder s

Rudders that are fully submerged are essentially considered to have
the same hydrodynamc characteristics as a foil and thus the lift or
side force, drag and noment of the rudder can be readily determned by

the principles set forth in Chapters 1 and 2.

Snce fully subnerged rudders are wusually of small aspect ratio,

the lifting surface theory should be applied.

Reference should therefore be made to those chapters for the
nmethods and formulas to be wused, wth the following changes in notation
to be enployed:

Cs the side force coefficient, instead of C

Jk the rudder deflection angle, instead of o

h, the mspan" of the rudder (height).

Surface-Piercing Al-Mvable Rudders

All-novable rudders that extend through the water surface are
essentially  surface-piercing struts, insofar as the hydrodynamic
characteristics are concerned. Thus, the nmaterial given in Chapter 7
for struts can apply directly to the rudders of the same type, the

only distinction being that the rudder is referred tot
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J,L , the rudder deflection angle instead of

W, the strut yaw angle.

This applies to ventilated as well as non-ventilated condition,
including the end-plate effect of any foil, nacelle, end plate, etc.

on the lower tip.
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3.

Characteristics of Fap Rudders

As illustrated in Figure 8,1, @ flap rudder is essentially the

after portion of a strut so arranged to pivot (as a flap) behind the

fixed forward portion, As such, it is simlar to a foil wth plain

flap and its hydrodynamc characteristics can be determned from the

principles of flaps given in Chapter 5.

Sde Force of Hap Rudders

Thus, from equation (S.k), with appropriate changes in notation
(and noting the angle of zero lift is zero for symmetrieal sections,
as usually enployed on rudders), the side force can be given for sub-

nmerged or surface-piercing rudders:
- /46 8.1
Cs (27 ) (y+64) (8.1)

where Cg is the side force coefficient, based on
total side area of the strut-flap
(d

J is the side force curve slope of the unflapped

strut, as determned above or in Chapter 7, for
the subnerged or surface-piercing case, as
required.

€O

Is the angle of yaw af the fixed strut section
is the flap deflection angle

is an effectiveness factor.
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The effectiveness is given in Chapter 5 as

by - W feze (8.2)

where Q/C is the flap chord/total seotion chord ratio.
Equation (8.2) is considered valid for flap deflections of less than

15* and flap chords less than 70% of the total chord,

Other Characteristics

Generally, then, all of the flap rudder characteristics can
readily be determined from the principles set forth on flaps in
Chapter 5 in conjunction with the basic strut charaoterfstios set
forth in Chapter 7. Hinge moments, partial-span flaps, drag, etc.

oan all be obtained with the same degree of accurao,y as for foil flaps.

Ventilation

The ventilating characteristics of surface-piercing flap rudders
are expected to be somewhat different from those of struts and alle
movable rudders 4 1t is considered that since the flap rudder gets
its Sift due to change in oamber instead of change in angle of attack;
the flow across the leading edge of the section is not as great as in
the other oases and thus the flap rudder should not ventilate as
readily (i.e. it should be capable of higher side foroe prior to
rentflation). There is no known data available to suprort (or disprove)

this contention, and therefore tests are required before design

formulas can be presented.

'Ju
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- RUDDERS

L. Rudders on Hulls

Auxiliary rudders are sometimes enployed to provide steering when
the craft is hull borne, prior to take-off. Such rudders are attached
to or in close proximty to the hull and usually rise clear of the

water after take-off.

For the type of hull wusually enployed in hydrofoil craft, these
rudders would be located beneath the hull. Thus, no consideration need
be given to surface-piercing rudders for the low speed range (Iow

Froude and Reynolds numbers) prior to take-off.

Hull  rudders may, therefore, be treated as lifting surfaces in
an infinite fluid, and the theory of small aspect ratio foils can be
enployed to determine their hydrodynamc characteristics, taking into

account the influence of the hull.

Theoretically, the influence of the hull is to double the
effective aspect ratio of the rudder, when the rudder is attached
directly to the hull (zero clearance). As the clearance increases
the effectiveness is decreased, so that at about a clearance equal to
1/2 the rudder height the rudder is free of any hull effects. (This
can be shown quantitatively, from the treatment of air gap in a wng,

given by Durandl). To what extent viscous effects influence the

rudder effectiveness (boundary layer effects on the clearance and on

II - 8.8
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itself) is not known specifically and cannot be generalized

to the variety of possible arrangements

Much

vari ous

information on the characteristics

influences and practical approaches
23,

on
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CHAPTER 9. CHARACTERISTICS CF NACHLLES AND SVALL  APPENDAGES

1. Nacelle Size and Shape
2. Characteristics of Isolated Nacelles

3. Characteristics of MNacelles in a Foil
Configuration

L. Dag of Smll Appendages

The typical geonetry of nacelles wused in hydrofoil application
is indicated and data on the lift, drag, and pitching nonent of
isolated nacelles is given. The characteristics of various nacelles
in configurations are discussed qualitatively and procedures for
determning and wusing various data are given. The drags of msc-

ellaneous small bodies are tabulated,
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Nacelle Size and Shape

In hydrofoil applications, nacelles are wused primarily for pro-
pulsion and transmission machinery. Characteristically, nacelles are
streanlined in shape, with cross-sections wvarying from circular to
rectangular (at their largest sections) which generally are faired

into rounded noses and conical tails,

The hydrodynamc characteristics of nacelles are commonly ex-
pressed in coefficient form wusually based on the wetted surface of
the nacelle (in mnarfne applications).

The drag of a long slender nacelle (subnarine, airship,
etc.) with its axis in the direction of flight is pri-
mrily due to friction, and thus the wetted surface is
the nost inportant reference area in this regard.

However, it iS conventient in nost cases to refer the nacelle
characteristics to the frontal area (maximum cross-section), which
is nore readily deternfned in prelfmnary investigations and which
is inportant in evaluating the optimum nacelle geometry for a given

application,

The ratio of the wetted area to the frontal area is approxinately

given' for nmost nacelle shapes as:

Swet - 3[a (9.1)
Sp

f

4
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wher e Z is the length of the nacelle

d is the dianeter (or equivalent diameter for non-
circular shapes) at the naxinmum cross-section

Swet is wetted surface of nacelle

Sy is frontal area (maximum cross-sectional area).




Sl NACELLES

2.

Characteristics of Isolated Nacelles

Parasite Dran with Flow Parallel to MNacelle Axis

The parasite drag of a nacelle in an infinite fluid is conposed
of friction drag and pressure drag. For a long slender body (hfgh l/d)
the friction drag is nost inportant; for a blunt body (Iow Z/d ) the
pressure drag is predomnant, Thus, the total parasite drag is a

function of the various shape paraneters of the nacelle.

Experimental data on a variety of aircraft bodies (airships,
fuselages, etc.) is available in N.A.C.A. reports*, Gertler? gi ves
results for streamined bodies of revolution of high 44 ( LY =
4 to 10)s From such sources, the parasite drag can be accurately

determined,

From an analysis of such data, Hoernerl gives an enpirical formila
which can be used for prelimnary purposes wth good accuracy. In

terms of the wetted area, this formula is

Copet = ¢ [1+% dfy + 6(4/1’)4] (9.2)

and by substituting equation (9.1), the formua in terns of the frontal

area is:

# See N.A.C.A. "Index of NACA
Techni cal Publications", 1949

II = 90)4
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o

_ d/s13 .
s = G L1s+ sl +18(4)°] (9.3)
where  C; is the frictional drag coefficient based on
wetted area (see Chapter L) at. the appropriate
Reynolds nunber based on the length of the
nacelle.

1%; is the length/dianeter ratio, as indicated
above.

Figure 9.1 (taken from reference 1) shows the frontal drag

coefficient as given in \ N
0.10 4+ |
squation(9.3), and as | e e P
derived from experinental \-—lsomso NACELLE
0.06
data.  The optimum £/ is CDn \
A
seen to be close to 2 for N AN P
L
)
such isolated nacelles. (As °'°2‘>/
shown in the followng °0 2 rE— 8 10
i h imm &y of - ba
section, the optimm %z o NACELLE FRONTAL DRAG COEFFICIENT
the nacelle is larger when FIGURE 9. |

in conjunction with a foil.)
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Vve Drag_ of _Nacelles

In his tests on streamined bodies of revolution, Gertler?
also deternined the wave drag of bodies with £z - 7at suo-
mergences slightly greater than 1 dianeter. Prom this data, it is
indicated that the wave drag conponent is appreciatle at |ow Froude
numbers (based on the body length) but is negligible above Froude
nunbers of 1.0 to 1.5. Figure 9.2 shows the results for one of the
bodies tested, from which estimtes may be made for other cases in

the absence of specific test data.
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FIGURE 9.2
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Characteristics at Angles of Attack

Nacelles may be considered to be foils of small aspect ratio in
analyzing the lift, drag and noment character&ics at angle of attack.
However, due to the shape of the body, the large "thickness™ and
different "tip conditions", such analysis would be qualitative only,
and reliable values ean only be determined from experinental data, as
is available in reports on airship and fuselage characteristics (see
NACA Index of Technical Publications). Were the submergence and
Froude nunber are small, tank tests should be run in order to determne

the characteristics nore exactly as influenced by the water surface.

Figure 9.3 gives sonme representatfve data, as shown by Hoer‘nerl,
and as given by Jacobs and Véard' for several fuselage shapes. The
lift and drag coefficients are based on frontal area, The nmonent
coefficient about the quarter length is based on frontal area and

fuselage length,

IT - 9.7
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Characteristics of Nacelles in a Foil Configuraticn

Gener al Consi derati ons

When superinposed on a foil configuration, the nacelle exhibits
somewhat different characteristics than when isolated, There is a
mitual interference effect on both foil and nacelle, which is re-

flected in different values of |ift, drag and nonent for the entire

configuration.

In the analysis of such configurations, the standard
procedure is to maintafn the total foil area, as if
the nacelle were not present, The superposition of a
nacel le which replaces sone of the foil will actually
reduce the foil area, resulting in a reduction in foil
parasite drag from that basically considered, There-
fore, it nust be kept in mind that the nacelle char-
acteristics determined from tests, wherein the basic
foil drag is deducted from the total configuration
drag, consists of several additive conponents (the
basic nacelle drag, the interference drags on both
wing and body, and an induced drag Increment due to
change in foil [lift distribution at the nacelle)

and a deductive conponent (the parasite drag of the
foil enclosed by the nacelle),

The total effect of superinposing the nacelle on the foil cannot

readily he ascertained for the general case, due to the large nunber of

factors involved, Several factors ares

(a) the characteristics and geometry of the isolated nacelle
(b) the characteristics and geometry of the foil

(c) the angle of attack

II - 909
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(d) the relative size of nacelle and foil

(e) the relative location of nacelle in vertical,
horizontal and spanwise directions

(f) the extent of fairing at the fofl-nacelle Junctions.

Qualitative Results of Tests

Examnation of data on wnd-tunnel tests of wvarious nacelle-foil
conbinations does indicate certain trends, which are given for a

general guide in evaluating configurations,

(a) Typical airplane nacelles nounted on a wing are of low
4y , witth an overall length of the same nmagnitude as tﬁe
foil chord, The drag of such nacelles tend to be large®.

(b) NMNacelles and fuselages of higher 4y , and which also have
a length appreciably greater than the foil chord, show small
increases in nacelle drag depending on the vertical |ocation
of the nacelles with respect to the foil. Hoernerl shows
the nacelle drag for various "high-wing" arrangements (the
results of one analysis are shown in Figure 9.1), which
indicates the optimum £ for the nacelle to be nearly
7.0, and the drag for nacelles of larger 4/ to be about
20% higher than when isolated from the foil.

(c) For simlar nacelles and fuselages as in (b) above, but wth
"mid-wing" arrangenent, the net nacelle drag is slightly
decreased according to tests conducted by Jacobs and Ward3,
This condition generally holds true for the range of vertical
positions, where the drag would be generally as indicated in
(b) above, For the conplete characteristics of these "md-
W ng" configurations, Jacobs and Ward (observe that the sinple
adding of the independent foil and nacelle characteristics
(lift, drag and noment) shows very good agreenent with the
data (wthout further consideration of interference, etc.)

Il = 9.10
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(d) The addition of suitable fairings at the foil-nacelle
junction tends to reduce the drag appreciably, particularly
for high or low wng arrangenents.

Recommended Met hods

For accurate determnation of the characteristics of nacelle-foil
configurations, tank tests should be run on the contenplated configur-
ation through the range of speed, attitude, and subnergence anticipated
in the design. Under certain conditions, data taken from pertinent

wind-tunnel tests on sinilar configurations may be Suitable.

However, for prelininary  purposes, a sinple approxination may be

used thatie considered reasonably accurate for hydrofoil applicationss

(a) The parasite dagof the configuration is sinply that of the
isolated nacelle (at zero lift) added to the rest of the

configuration.

(b) The lift and monment characteristics are considered those of
the foil alone, when the nacelle quarter-length is in line

with the foil quarter chord.

This procedure is recommended only when reasonable fairings are

enpl oyed at the foil-nacelle junction,

II - 9011




T NACELLES

4. Drag o.f Small Appendages

In a practical hydrofoil configuration, there is apt to be smll
protuberances or isolated bodies installed for purposes of control,
instrumentation, access, etc, INn prelimnary considerations these nay
generally be disregarded, but where careful estimates of drag nust be
nmade for performance or structural purposes their characteristics

should be noted.

Hoernerl gives a conprehensive coverage of the drag of many
bodies conceivably to be found in hydrofoil configurations, and

reference should be made to that work for the details.

As a general guide, Table 9,1 gofves the drag characteristics of

some of the nore comon shapes.

Where such bodies are isolated from major conponents of the con-
figuratfon, the given values can be used. However, when attached to
a foil o strut, consideration nust be given to nutual interference
effects, boundary layer effects, etc. in accordance wth principles

previously set forth.
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TABLE 9.1

APPROX MATE VALUES CF DRAG
CCEFFIGENT FOR VAR QS BODY FORVS

C
based or
Form of Body L/Q R frontal
(based on D ) area
Circular disk (D = diameter) S 107 1.12
Tandem disks (L = spacing) 0 » 103 1.12
(D = dianeter) 1 0.93
2 1.0h
3 1.54
Rectangular plate (I to flow 1 >10° 1.16
(L=1 engt h) 5 1.20
( D = breadth) 20 1.50
oo 1.95
Grcular cylinder (axis N to flow 0 ):LO3 1.12
(L = length) 1 0.91
( D = diameter) 2 0.85
L 0.87
7 0099
Circular cylinder (axis L to flow 1 100 0.63
( L = length) 5 0.7k
( D = diamter) 20 0.90
oo 1,20
5 > 5 x 10° 0,35
oo 0,33
Hem sphere: Hol low  upstream 7103 1.33
Hol low  downstream 0.3k
( D = diamter)
Spher e ( D = dianeter) 105 O.L7
$3 x 10° 0,20
Hlipsoid (1:3, mjor axis Il to flow) 2 x 10° 0,06
( D = diamter)
<
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CHAPTER 10.  SKI D CHARACTERISTICS

1. Ceneral Consi der ati ons
2, Lfft and Wetted Length
3, Drag and Pitching Mnent

The application of skids is discussed, and data on the |[ift
of skfds of various geonetry is given, Drag and pitching nonment

are shown to bhe obtained from the 1ift val ues.
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Mg@ SKIDS

1. General  _ Consi derati ons

Small lifting conponents that plane on the water surface are
used on certain hydrofoil configurations for the purposes of control
(sensing the water surface) and for the combined purpose of control

and lift (as on the Gunberg

type configuration). Such com W g LIFT

ponents are essentially flat ‘—-—}
plates of small aspect ratio ’

W,

and are comonly known as skids. _%}:’vfﬂsﬁ

2 6777
The main feature of skids as com- Y, \7/
pared to foils is their high

PLANING O F
sensitivity to change in FLAT PLATE SKID
submer gence. FIGURE 10.1
As applied to hydrofoil craft, skids are conparatively smll in

size with consequent high Froude numbers, and operate at large trim
angles.  Since typical planing hull data (referred to in Chapter 11)
is in the range of lower Froude numbers and low trim angles, such
hull data is generally not applicable to planing skids, Therefore,
specif:Lc flat plate data for the appropriate range of operating

conditions nust be enployed.

The notation used in presenting and analyzing planing data is

somewhat different from airfoil notation, although conversion is

IT - 10.2
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readily made. The inportant planing notation (using NACA "seaplane"

coefficients) is as follows:

Cy = \//ng "speed coefficient"

Ca - Wb "l oad coefficient®

Cy, » W/ﬁiv‘b‘ 1ift coefficient based on the square of
) the beam (C‘_b .72 CA/CVI )

A= [’h/b "wetted length ratio"

(the reciprocal of the aspect ratio)

where T is the angle of trim in degrees
Y is speed, ft/sec

lm is nmean wetted length of the plate, ft
(see Figure 10.1)

b is breadth of plate (beam span) - ft.
W is load on plate (lift), 1lbs.

p 1is the density of the fluid

g Is acceleration of gravity

w is the specific weight of the fluid 1b/ft

(w =/0j)
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Lift and Wtted Length

At the present tine there is no conplete‘three-dirrensional pl ani ng
theory available which correctly predicts the 1ift, wetted length, etc.
over the range met in practice. An enpirical equation has been derived
by ETTL which is good within certain limts of trim loading, etc.
Naca? has extended the range of variables for the high speed case
(where buoyancy effects are negligible). Both sources also give the
Influence of certain variations from the flat plate (deadrfse, chine

flare, etc.)

Data based on the NACA tests is presented in Ffgure 10.2, wherein
the "ift coefficient" qb can be determned as a function of trim

angle and A o

General ly, since the wetted length is aifficult to pre-
determne, the normal design procedure is to determine
G, from the trim and balance of the entire craft. Then
for various trim angles, the wetted length can be
det er m ned,

In addition to the flat plate data, Figure 102 shows the 1ift of
skids wth various deadrise and local chine conditions as a percentage

of the corresponding flat plate lift. Thus, CLb must be corrected by

the factor, R , for the pertfnent case as given in the figure,

These values of Kk are average, conputed from the NACA
data for operating conditions expected to be met by
skids, and are considered sufficiently accurate for
engineering purposes. For greater accuracy, reference
should be made to the original reportsZ.
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3. Dag and Pitching Monent

The drag of the skid may be found by calculating the induced drag
and the frictional drag separately, although the latter is seldom
inportant in a practical ease due to the high trim angles (i.e. the

induced drag is predomnant.)

The induced drag is sinply given by
[>£ = Vd +un‘f

since the dynamc pressures act normal to the plate. The frictional
drag is easily deternfned (see Chapter L) once the wetted length is

found, as above.

From test data, the center of pressure is found to be about 70%
of the mean wetted length forward of the trailing edge, This value

my be used for all high speed skids wthout serious error.

II - 10.6
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CHARTER 11, HUL DRAG

1. General Considerations
2, Basic Hil Drag

3. Hul'l  Unl oading
Characteristics

Le Air Drag

Reference is nade to standard nmarine and seaplane data for

determining the basic hull drag. Drag through the unloading range

can be approxinated by a sinplified method, as a function of the

basic drag, as shown. A formula for the air drag is given, as a

function of the hull shape, based on existing data,
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- HULL DRAG

General Considerations

The drag of the hull is an inportant conponent of the total drag

at speeds below take-off. A conparatively slow speeds when the foil

system provides wvirtually no lift (or for controllable foils when set

at zero |ift) the hull supports nearly all of the required weight due
to its displacement and/or planing action (if any). Thus, the drag

of the hull for this condition nust be determned,

Through the take-off range, the hull is gradually ®unloaded" by
the lift of the foils wth consequent raising of the craft and re-
duction in hull drag. The hull drag in this range is nost readily
expressed as a percentage of the drag of the fully waterborne hull,

as is indicated below.

The air drag of the hull becomes inportant at the high speeds

beyond take-off when the hull is conpletely clear of the water.

In an inportant hydrofoil craft design, nodel test data should
be obtained directly for the hull to be enployed. However, for pre-
limnary purposes, the methods and formulas proposed herein should

be adequate.
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2, Basic HIl Drag

Theoretical nethods of calculating the resistance of waterborne
craft are availablel»2, but the calculations are arduous and the

results are not as reliable as those obtained from nodel tests,

There are several systematic series of nodel tests available3’h’5
on various types of hull form along wth sone collections of resul ts6s7
on large numbers of specific designs, Table 11.1 lists sone of these
sources along with a description of the variations' tested and the data
reported.

Since there is a wde variety of hull forns possible
for application to hydrofoil craft, and since all of
the basic data is readily available in the referenced
works, it shall not be produced herein.

The nethods of applying the data in each case is given in the
sources, and are also described in standard references8s9, The main
difficulty in wutilizing the results wusually occurs in the selection
of coefficients in the series to give a hull form as simlar as
possible to the one in question. In this respect!, a general guide
can be given, based on the Froude concept of ship nodel testing, as

fol | ows*

The resistance of the nodel is assuned to bhe separable into two

conponents; the "frictional®™ due to viscous effects and depending on
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TABLE 11.1

SORCES (F EXPERIMENTAL HUL RES STANCE DATA

Froude Number

Systematic

Reference | Description Range Variations Tested | Results Presented B
"Taylor's Standard
Series"
1 Displ acenent  Shi ps Vi//T 0.30 - 2,00 | Fullness, Length- | "Residual®™ and
Ream Ratio, Beam- | "Frictional"re-
Draft Ratio sistance
Series "50"
2 Planing Hulls Vi T 1.6 = 6.5 Center of Gravity, | Total Resistance,
Beam Draft Ratio, Running Trim, Wetted
Lengt h- Beam Ratio Area, Stability
("Porpoising")
Length-Beam |
Ratio Series
3 Seaplanes Cy 0 - 12 Length-Beam Resistance, Trim,
Ratio, Loading Stability
Mdel Resistance Data
Sheets-160  Individual _
N Ship and boat model Vk/ﬁup to 1.7 None Resi stance
Flying Boat Mbdels
5 100 individual sea- Cy 0 =15 None Resistance, Trim
plane nmodels Stability

ovua TINH
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the wetted surface and Reynolds nunber, and the “residual® which
influences the wave resistance and “eddy-making® (separation effects)
depending on the Froude number, The nodel is tested at the same Froude
nunber as experienced by the full sized ship, and the nodel results are
corrected by assumng the frictional resistance to be that of a plank
of the sane area and Reynolds nunber in each case (ship and nodel).

Test data on planks is available for makfng this correctionlO,

The Froude and Reynolds nunbers are defined on the basis of speed

and length as follows;

Froude number =  VAQZ
Reynol ds nunber = Vf/v

where V= speed of advance in ft/sec
a = length in ft.
3 = acceleration of gravity in ft/sec?

9 = kinematic viscosity in ft%/sec

The length "Zn is usually defined as the wetted length of the ship in
the direction of nmotion with the exception of some data on seaplane
nmodel s where (for use in the Froude nunmber only) the beam b of the
mdel is used, In ship parlance the Froude nunber is usually
abbreviated excluding the constant "g" and using the speed in knots

ny, v, Definitions of these quantities are as follows:
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Categorys Shi ps Seapl anes

QJ‘anti tya "Speed-Length  Ratio® "Speed Coefficient”
Symbol : V/JL * Cy
Definitfon: Vi AL = 3.36V/ g v/[gb

The general guide, therefore, is to attenpt to match the hull
form eharacteristics influencing the wave or residual resistance such
as the fullness and Froude nunber, and to nmake corrections for differ-
ences in frictional resistance (especially wetted surface). A
know edge of the basic mechanism of resistance is indispensable in

this respect.

# wgn and "fg v have the same neaning
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DESIGN EXAMPLE NO. II.|

SH I OF 3

LENGTH {(B.P.)

BEAM

DISPLACEMENT
L.

C.G.

SPEED

62.5’
16.0'
50 TONS
4.05" AFT ¥
JOKNOTS =

ESTI MATE THE HULL RESISTANCE OF THE
FOLLOWING PLANING HULL FORM

HULL IS SAME AS THAT
GIVEN IN AF2ENDIX A

NO UNLOADING CONSIDERED

SERIES 50 PLANING DATA (REFERENCE 2)is USED,

DATA IS PRESENTED ON RESISTANCE ,

TRIM, L.C.G.

AND WETTED SURFACE FOR A SYSTEMATIC SERIES
OF 40" LONG MODELS.

A YYPICAL DATA CHART IS SHOWN BELOW. KNOWING THE

HULL CHARACTERISTICS { SPEED ,DISPLACEMENT, LENGTH, ETC.)

VALUES ARE READ DIRECTLY FOR THE MODEL AND
CONVERTED AS REQUIRED FOR THE FULL SIZE CRAFT.

160

wol—/

b

CONTQURS_OF TotAt, Mopel, RESISTANCES, L83/1p .oF Dise..

/

1120

L
'S

B it G

“"{" B (“" T ,_“_;',I!; ,E:/'
\ L ;) “—,,.( »»/.
\ ‘1\~~...___,_..._... ""—T"—’ ] L
B - «»——”;j

b= sv——

60

5# 40

ioo.é A= No?O?.

40

T &) 1(8) '
BEAM DRAFT RATIO

I
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DESIGN EXAMPLE NO, | | |

l SH 2 OF 3

FROM THE WULL PARTICULARS, THE LCG IS 56.5 % OF
LENGTH AFT OF THE FORD PERPENDICULAR. FROM SERIES 50,
THIS CORRESPONDS TO ZERO STATIC TRIM (J:0 ON THE CHARTS)

THE DISPLACEMENT LENGTH RATIO Of THE HULL 1S
: 200

(t/oo?
WHICH IS OUT OF THE MODEL TEST RANGE. HOWEVER,
BY CONSIDERING THIS TO BE 20 7 OVERLOAD CONDITION,
AND THE RATIO TO BE USED IS

Z‘——L?wa < '67
ON THE CHARTS FOR A :N+20% ‘
THE CORRESPONDING BEAM/DRAFT RATIO 18 FOUND ( IN THE
SERIES 50 TEXT) TO BE

B/m:=477

THE SPEED LENGTH RATIO IS

VK/E = 380

THEN, FROM THE CHARTS THE FOLLOWING INFORMATION
| S TAKEN

Co-0" ;A =N+20% 5 %Ly = 166])
% o R T sé

3.0 2.47
3.5 0.175 7.2
4.0 0.180 4.3 2.03

INTERPOLATING
38 0178 7 3 2.12

Note : T, 1S “runmng” trim of the bull

IT - 11.8
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DESIGN EXAMPLE NO. | 1| s 3 oF 3

THE MODEL RESISTANCE DATA MUST NOW BE CORRECTED
FOR REYNOLDS NO.EFFECT-AND A SERVICE ROUGHNESS
FACTOR ADDED TO GET THE CORRECT RESISTANCE VALUE

FOR THE FULL SIZE CRAFT

MODEL LENGTH 3.33"
WEIGHT  16.6™ [FROM A/i.100)%:200]
SPEED  I1.Tfps.  [FROMYKA/T - 3.87
REYNOLDS N0, 3.28x/0° [FW. @ ©9°]

s 0.00354 [TURBULENT]
FULL SIZE REYNOLDS NO. 2.23%108 [SW. @ 59°]
Cs 0.001 86

ROUGHNESS  ALLOWANCE 0.00040
Gz (ROUGH) 0.0022'6

THUS, THE MODEL RESISTANCE MUST BE REDUCED AN
AMOUNT EQUIVALENT TO
(ASz): 0.00128

THIS  CORRESPONDS  TO
(AR) = A< X (%% V2 S (model)
=0.3-P
(AR}’W 7 0.3%¢ 20.022

THEN, THE FULL SIZE RESULTS ARE

R/A :0.1718-0.022
20156

HULL RESISTANCE =0.156x 112,000 :17,500%

HULL TRIM T 1.3°
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3. Hil Undloadine Characteristics

The drag of the hull during the ™unloading" process prior to
take-off is a function of many variables and cannot be readily
determned except when the hydrofoil configuration and operating

11,12 have been conducted

characteristics are specified, Mdel tests
on several hull nodels at various specified unloading speeds and angles
of trim, but the results are not necessarily applicable to general

cases since the trim is difficult to predetermne (except for fully

control | ed configurations),

Therefore, nodel tests of the proposed configuration should be
conducted for accurate determination of the hull unloading character-
isties, For preliminary purposes, hull wunloadfng characteristics can
be approximated by the nethod proposed by VardS for  both i spl acenent
and plating type hulls. Since planing type hulls are generally used
in hydrofoil craft application (for noderate size craft, at |east),
the approximate unloadfng characteristics of the planing hull are

proposed for use.

It is assuned that the hull is an essentially flat hull planing
at an angle of trim and that the foil system unloads the hull at the
center of gravity, Tt is a characteristic of planing that the center
of pressure location relative to the wetted length remains fixed

regardless of the trim and that the lift itself is roughly

IT - 11.10

B —— RIS )




S ML ORAG

proportional to the trim This causes the craft to pivot, about the
forward edge of the wetted area during the process of unloading, as

indicated in Figure 11.1.

NO UNLOADING

)
50 7, UNLOADING

,
NO TRIM OR LOAD 1007, UNLOWDING
o100l

ILLUSTRATING  SIMPLIFIED  UNLOADING

FIGURE | L

It is also evident that the "residual" resistance is equal to the
component of dynamic [ift in the horizontal plane and therefore
proportional to the load on the hull and the angle of trim The
drag (at a fixed speed) may, therefore, be related to the drag at

zero unloading as follows;
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"Residual® "Frictional®
W T R . S
R T W T, e = 75
W . s, =
Wo T,
2 ¥ = |
& - (i) Z
\?v‘ . ]
combiniggs
R = Reo(wy | B (11.1)
/’?o —é: W,) ?"

where R = hull resistance

W = loading on the hull

T = angle of trim

w
a

wetted surface

Subscriptss

r = residual

—h
L}

frictional

o refers to values of the paraneters at zero unloading.

The assuned unloading curve is therefore as given in Figure 11.2
It should be noted that the resistance at zero unloading nust be broken
down into frictional and residual conponents which is wusually standard
procedure in resistance tests on series results, as indicated above for

the basic hull drag. The assunption 5/5°= 1 naturally does not hold

at low values of \'J/W° and in fact 5/50 must be equal to zero when the
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hull is conpletely unloaded. The dotted line on the graph (Figure
11.2) represents this transition. The graph is good only for one

speed Vi since the ratios R"v,/ﬁ. and Kt /o will in general
vary with speed.

©® ET.T. EXPERIMENTAL DATA
- ASSUMED CURVE

1.0Q T I oo T 7 T
Vic/ =20 /" Vi 400
A >
R/Ro S @ R/ Rof—"1
/
’
L
/ !
0 0
e Wwo 100 0 Wio 100

TYPICAL UNLOADING CURVES

FIGURE 1.2

Tests points ae shown on the graph which were derived from
unl oading experiments on a series 50 h112, |t 35 seen that the
assumed characteristic variation of resistance with unloading is
at least approximtely correct and sufficient for engineering

applications.
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L. Air Drag

At the high speeds associated wth foil-borne operations of
hydrofoil  craft, the air drag of the exposed parts of the craft (the
hull and superstructure, primarily) nust be taken into account.
However, while the air drag is inportant, it is generally a small
percentage of the total and nay be approximated by a sinple ex-

pression wth reasonable accuracy.

Thus, the air drag may be expressed as:
D,y = Co 4 NV*S (11.2)

where Daur is the air drag (in pounds)

/o is the density of air (0,00238 # secz/fth,
at sea level)

S is the cross-sectional or frontal area of
the hull and major superstructure, £t2

\V is the speed in ft/sec

CD is the drag coefficient based on the area S,
and is to be determned,

This may be nore conveniently expressed in terns of the speed in

knots (Vi ), or:

Day = K5 \/Kz (where K = 0,003k Cp ) (11.3)
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Eggert3 used a drag coefficient of 1,18 for ships based on an
assuned cross-sectfonal area of 1/2 B (where B 1S the beam of the
ship). However, thfs area is probably less than the actual naximm
including the superstructure, for such cases. Furthermore, there is
no attenpt at streamining in the case of large ships as there is in
the typical fast craft such as a hydrofoil boat, The effect of stream
lining is by far the nost inportant consideration in determning the
drag coefficient, It is proposed that a coefficient of 0.60 (which
would check with Eggertts formula using B? for the area instead of
1/2 57.) be used for blunt ended hulls and superstructuresll‘, and 0.30
for well streanined configurations (seaplanes, with no houses, have

coefficients as low as 0.20). The corresponding ¥ values are there-

fore ,002 and .00l respectively.
The reconmended formula for the air drag is then

Dy, = (0001 tO 0.002) SV, (11.k)

where the choice of the factor depends on the amount of streamining

incorporated in the hull and superstructure,
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CHAPTER 12. ASPECTS AND |NFLUENCE: OF CAVITATION IN
THE HYDRODYNAMIC CHARACTERISTICS OF HYDROFOL BQOATS

Notation
1. Physical Mechanism of Cavitation
2. Pnoeption of  Cavitation

3. Forces in Cavitating Flow

A preferred field of appilication for hydrofoil boats is in
higher speeds . In fact, realization of speeds above some 40 knots is
one reason for the devel opment of these boats. A% such speeds,
cavitation is ho longer avoidable, both in the propeller and in the
hydrofoil system. Consfderation of cavitational effeots upon per-

formance and behavior is, therefore, necessary.

A Dbasic review of cavitation is presented by Ackeretl, a nore
recent and more detailed analysis is given by EisenbergQ, and an

extensive bibliography is available in reference 3. Thfs present-

ation here, reiterates the physical mechanism of cavitation, mentions
delay in the onset of cavitation in certain conditions, nakes
predictions of the critical speed (inception of oavitation) in hydro=

foils and presents sone force data in cavitating flow.
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Not ation

ol bubble or body dianeter
chordwise  distance
foil chord
thickness
height of canber
wing span
submer gence
aspect ratio,
hal f apex angle of wedges or cones
air content of water
angle of attack
wei ght  density
mss  density

dynamic pressure, (0.59\/2)
static pressure
static pressure coefficient, Ap/q,
cavitation nunber, (pamﬁ'pvapor)/ﬂ
critical cavitation number
drag or resistance
drag coefficient, I)/Q;.S
1ift; also subscript for [ift
C, lift coefficient, L/q$

R,  Reynolds nunber on K, (V£/v¥)

X
C
t
f
b
h
A
25
" d"
3
¥
¥ .
vV speed in ft/sec or knots
q,
p
Co
G
<
D
(@
L
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1,

Physical  Mechanism of Cavftation

The conpressibility of water is negligibly snall when conpared
with conditions in air. However, as a function of speed, water flow
reaches a critical condition characterized by vaporization and

cavitation.

Cavitation  Bubbles

Vaporization is the growh of a gas- or vapor bubble. There is

—— o

an equilibrium in such a bubble between a force (proportional to the
, L . .
projected bubble area dﬂ‘/l'.) corresponding to the pressure differ-
ential between inside and outside, and a force (proportional to the
circunference dﬂ) due to the surface tension of the bubble (see
reference 1). For a given pressure differential, thereforea
Suction ., piameter (12.1)
Tension

This function neans that a critical or mninmum dianeter is necessary to

assure growth of the bubble.

In "clean® water, there are no bubbles or other cavities existing,

f 3 A
f /’ylw } TLloAa e

As a consequence, water which has been distilled does n;f'\readily[boil
3

at the tenperature which is comonly called boiling tenperature; and

St does not "rupture™ or cavitate wupon reaching the "vapor pressure”

corresponding to tenperature.

|| = 1243
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If certain nuclei (gas bubbles of mcroscopic or macroscopic
size) are available, however, it is to be concluded from equation (12.1)
that there is a critical (negative) pressure at which the dianeter of
the bubbles is just sufficiently large to permt growh. Upon reaching

critical econditions, the bubble may suddenly increase its dianeter.

In concluding, a certain air bubble content or existence of gas-

carrying particles is a necessary prerequisite of cavitation.
Ar  Content

Wter with a "free" surface has the natural characteristic of
absorbing afr, There is a naximum anount of air which "saturated"
water can retain, Under standard atmospheric conditions, for exanple,
corresponding to 59°F and 760 mm H), the saturated air content is in
the order of 2% by volume, which is only a ratio of 25/106 by wei ght.
It is the content of bubbles, rather than the dissolved amount of air,
which makes cavitation possible?. (ne way of providing such bubbles is
locally reducing the static pressure by placing a body in a flow of
air-saturated water, In certain preferred places;, the water becomes

over-saturated, thus shedding bubbl es,

According to basic experirrentsh, cavitation starts at pressures

close to vapor pressure provided that the air content is close to the

saturated condition, In waves and turbulent water, air is entrained
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and suspended in the form of bubbles, thus raising the total content
above the saturated value. Aso, dirt and organic substances seem to
carry gas bubbles, Therefore, in practical applications, the nuclei
content is always above any critical limts; and ships and hydrofoils

are faced with the problem of cavitation.

The air content also has another nore direct effect. Existing
afr bubbles grow upon entering a lowpressure field, and mnay conbine
with each other, The result is a ":gvi;:,aﬁ;:‘lng"; flow pattern without
any vapor, which is similar to "real", vapor-type cavitation. Two
types of cavitation and two different critical cavitation nunbers can,
therefore, be consfdereds one indicating the onset of air-bubble
formation ("bubble" phase) and the other one definfng incipient

("steady" or "sheet"™ oOr "laminar") vapor cavitation. Naturally, air-

bubbl e cavitation usually starts above the vapor pressure.
Er osf on

There have been considerable discussions and arguments about the
mechanism of erosion, caused by cavitation, The predomnant and
accepted effect is the mechanical hamering or inpact at spots where
vapor-filled bubbles or cavities suddenly collapse upon the surface
(see reference 2), In contradfstinctfon, air-bubble cavitation does

not lead to erosion because there is no sudden ccllapse and the in-

troduction of air (ventilation) into a cavitating water turbine has

TI - 12.5
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been found to reduce the noise (of collapsing bubbles) associated

with vapor cavitation.

As an exanple, Figure 12.1 shows |ift-coefficient areas in-
dicating inception of cavitation and erosion past a certain hydrofoil
section. Inpact and damage only take place within the dotted areas,

where cavity or bubbles end ahead of the trailing edge. There is

"+ DANGER OF EROSION

.
y o

1.0+ g
X\ FROM=50% CHORD
00°\° \\\\ ON UPPER SIDE
FULL GCAVITAT ION BEYOND \

TRAILING EDGE
0.6

50 %

NON-CAVITATING t
C

00- 0.5 1.0 15 2.0
CAVITATION NUMBER §

PHASES OF CAVITATION ON CIRCULAR-ARC SECTION (REF. 5)

FIGURE 12 .|
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only a restrictedinterval of lift coefficient (in the order of AC
= 1 0.1, 4t both sides of Cp o) Where cavitation can be avoided at
& in the order of 0.5  After traversing the phase wth partial,

eroding cavitation, erosion is no longer to be expected within the

fully cavitating region.
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2.

Inception of Cavitation

As a Function of Pressure

Uoon increasing the tenperature or decreasing the pressure, Water
is likely to vaporize, boil or cavitate at the vapor-pressure |evel.
At a standard tenperature of 59°F (15°C) this pressure, Pvapors is

conparatively low (33 1b/ft° or 0.55 ft of water, in fresh vater); it

is less than 2% of the sea-level atnospheric pressure. Therefore, 4n
proximty of the free surface, water is expected to vaporize and to

cavitate shortly before reaching p .. = zero,

O the basis of the available pressure differential (Pambient

Pvapor)s the cavitation, number is

Pambient = 'pvapqs_
4

If disregarding the value of pvapor which is small in mny practical

& =

(12.2)

applications, the cavitation nunber sinply appears to be the ratio of
the wundisturbed static to the dynamc pressure of a considered flow
of water. The cavitation number is a feature of the flow as such it
indicates the "preparedness" of a water flow in respect to cavitation.

The smaller @, the stronser is the tendency of cavitating,

The static pressure in a flow around a body exhibits variations.

Tn certain places, te velocity is locally increased, and the static

II bt 1208
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pressure is consequently decreased. This decrease is indicated by
APrin = Ponin = Famb = G GP/Bin = 4Gormin O (12.3)

wher e 40.5?‘/‘1 denotes the dynamc pressure of the undisturbed
flow, and Cpm‘m indicates a negative static pressure coefficient
depending upon shape and attitude of the body involved. The mninmm

static pressure on the surface of the body

Paink = Cort + Apm'n (12.h)

steadily decreases from Powb approaching zero as the dynamc
pressure Q increases from zero to the critical value. In other
words, at a certain preferred point at the surface of the body, the
pressure reduces to the level of the vapor pressure (Puia = pvapoﬁ-

The critical cavitation nunmber is, therefore, expected to be

G; = ~ Cprin (12.5)
with the subscript ®a.v (incipient) indicating the onset of cavitation.
Qitical . Cavitation Nunber

The onset of cavitation in experiments can be determned by
visual  observation, or by a sharp increase in sound level which is
associated with the collapse of vapor bubbles, or by the divergence
of lift-, drag- or moment coefficients from their undisturbed values.

Proper definition of quoted critical cavitation numbers is desirable.
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Figure 12.2 presents sone experimental results on three-
dimensional head shapes, denonstrating the correlation between in-
cipient cavitation nunber (G. taken from reference 7) and the

Avapor
pressure coefficient (taken from reference 6). The graph also

indicates the influence of the shape upon the inception of cavitation,

i + 3]+ Siar)iowa s
: X Cpminj CONICAL
1.2 ; }»x*{ HEADS
@ OGIVAL SHAPES
1.0 - x ; ® Gpmin l10WA(6)
' ® Gjqjr DITTO
3 Givapor CALTEC(T)
. 0.8
~Cpmin
AND
Gi 0-8; +
x L]
0.4 D
0.2 ;
0 . . .
2 3
0 i 4
THICKNESS RATIO ¥

X
CRITICAL CAVITATION NUMBER OF VARIOUS HEAD SHAPES

FIGURE 12.2

Figure 12,3 presens the pressure characteristics of two-
di mensi onal  streantine shares . rFor statistical analysis, the fore-

body of these sections is considercd only, on the basis of the
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PRESSURE COEFFICIENT - Cp min

0.8

o
)
A

o
E-3
i

0 NACA 0015 SECTION, REF. 10
+ JOUKOWSKY SECTIONS ,REF. 9

A DVL,X/C ={40 TO 501%,REF.i0
[ ] “i OF 66-021 SECTION, REF. 1 |

¥
8 =1
=T
ﬂ—-———‘-x———-lk
2X
, c
o T —
0 10 20 30
t
EFFECTIVE THICKNESS RATIO Ei
MINIMUM PRESSURE COEFFICIENT AT THE SIDES OF
SYMMETRICAL SECTIONS AT ZERO ANGLE OF ATTACK
FIGURE 12.3
length x. It appears that the influence of the afterbody upon the
flow pattern past the forebody is of secondary inportance. Hence,
the mninmum pressure coefficient increases in proportion to the
thickness ratio of the equivalent, approximately elliptical  section.
For symmetrical sections at zero lift, the pressure coefficient is
approxi mtely
Gorein = 2.1 5 (12.6)
<A
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with t and ¥ asdefined in Figure 12.3. The constant is nearly
equal to the theoretical value of 2.0 for elliptical sections.

Unfortunately, there is only one suitable value for G; available for

A
Figure 12.3. General experience confirns, however, that in slender

shapes &; = —Cpmin *

The pressure distribution around a lifting foil section is
basically conposed of a conponent due to thickness (equation 12.6) and
a conponent corresponding to lift. The average and mninum additional

pressure differential at the suction side is simply

_ (A
ACormia = TC,E)L =~ -05C (12.7)
in the first approximation. The [ift, however,, is not uniformy dis-

tributed along the chord and the value of the pressure mnimum is higher
than indicated by the last equation. Dstribution and mnimm coeff-

icient depend upon the section shape.

Canbered sections have an "optimum" 1ift coefficient, defined by
a flow pattern in which the streamines neet the section nose without
flowing around from one side to the other. This condition may be
identified by "smooth'" or "symmetrical entrance". As a function of

canber ratio f/c , smoth entrance flow is existing at

£
Clopt = (o 1O 1) — (12.8)
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Wth respect to minimum pressure and cavitation, operation in the
vicinity :é(r somewhat above CLOP*- is expected to provide the highest

possible critical speeds for a given foil section at the respective

lift coefficient.

Assuming now that the mnimumpressure differential due to [ift
be sinply superinposed on that caused by thickness, it is possible to
reduce experimental results to zero thickness, and to isolate approxi-
mte values due to lift. Available experimental data presenting the
mnimumpressure coefficient at or near the "optimum® |ift coefficient,,
have been evaluated accordingly, by subtracting a value attributable
to thickness as indicated by equation (12.6). The remaining conponent
due to lift is plotted in Figure 12.4 for a number of foil sections.
The experinental points are evidently grouped according to thickness
| ocati on. In each group, cavitation-tunnel results (wth &y defined
by the deviation of drag~ and/or |ift coefficients from the non-
cavitating values) are seen in close agreement wth the mninumpressure

measur ements. The conponent due to |ift is approximately

As; ~ =8 = kCL (12.9)

where Kk is a function of thickness Iocation (and probably of other
shape paraneters as well). Combining the pressure ninimum due to
lift (which is in the vicinity of 25% of the chord, at CLopt) with a

thickness location at 507, provides a factor kK ~0.7. An appreci ably




e g CAVL TATI ON

higher value results for a location at 30%, where the factor k= 0.85.

0 P RINGBUCH [12)
e ¢ MARTYRER (14)p ¥ =30%
4 P GUTSCHE (13)
0.8- b
A P HOLL (15) *?o'
v P outsce U3 | x oo : < 010
0 P RINGBUCH U12)[ C ° /p//’ -
@ C WALCHNER (16) :
0.6 " a _
- “p" &+ PRESSURE DISTRIBUT ION Sy
) “G" s CAVITATION  TEST / )
< ) .
a 0.4 /OV Q/
E el
LEL 0.2 /q‘j T
B % :9/
0 = . , :
0 0.2 0.4 0.6 0.8 1.0
Cropt
INCREMENT OF THE CRITICAL CAVITATION NUMBER, DUE
TO LIFT
FIGURE 124
Exampl e

What is the critical cavitation nunber of a foil

section having %/c, = 10% (at 0.5 chord) and f/c= 3% ?-
According to equation (12.6), the critical cavitation
nunber due to thickness is G; = 2,1°0.1 = 0,21. For
C. = 0.33, equation (12.9) indicates a AG/:- = 0.7+0.33
= 0.23. Hence, the nunber indicating incipient -cavit-

ation is expected to be G = 0,21+ 023 = O.lili.

II - 12.1h
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Delay of Vapor Cavitation

Even on the basis of a sufficient number of nuclei, cavitation
my not exactly start at reaching vapor pressure. Evidently, the
growth of air- or vapor-filled bubbles and the transition from liquid
to vapor phase require some time. This time element my not be
important in mny cases where the flow velocity is small and the
geonetrical size of the lowpressure field is large. In fact, the
results in Figures 12.2, 12.3 and 12.L4 denonstrate that up to —Cemin
=G,~0.8, delay in the onset of cavitation is, in general, small.
Considering, however, as an exanple, conditions at the leading edge
of a foil, where Cpmwn My reach values which are ten tines as high
as those just quoted, and where such values are only existing in
narrow peaks (that is, during very short periods of time)- the

influence of small size and high speed may be inportant.

As an exanple, characteristics are presented in Figure 12.5 of
the NACA 6LA0O6 foil section, tested in a wind tunnel 17 and also in
a towing tank!® The incipient cavitation nunber G; is decisively
lower than the value of the corresponding pressure coefficient Commn
for values between €= 0.3 and 0.5, For exanple, at C, = 0,5,

wher e *C[\ou.,;ﬁS: the incipient cavitation number is only <=2,

i

II - 12.15
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G; AND =Cepmin

=Cpmn IN AIR(17)
6- AT Re = 61106
5| ~==EO T, A0 CHORDY t=0.06e

64-006; NACA T.RPT 824

4

G; (VISUAL) IN TANK (18)
3- AT Re26x105%

\ ALl
2 - \\
1 \
/8’ EQUATIONS 12.6 ANO 12.11
° 0 0.2 of4 0.6 0.8 1'.0
Co
PRESSURE AND CAVITATION COEFFICIENTS OF
64A006 FOIL SECTION
FIGURE 12.5

In the considered foil tests at ¢, = 0,5, the tinme during which
a particle of water travelling past the point of mnimm pressure, is
really exposed to pressures below vapor pressure, is only in the

order of

exposure tine Llength (2)°9022 = 5/100,000 second (12.10)
| ocal

—

This short interval may be responsible for the discrepancy between

-Cp=5and G =2, as observed at G = 0,5,

z
~

IT - 12,18
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Reference 19 presents experfrmental results of another foil section,
the LL12 section, as tested in a cavitation tunnel. Good agreenent be-
tween S; and —Ceniy iS found at pressure coefficients or cavitation
nunbers below one?0. Hovever, at negative as well as at higher
positive |ift coefficients, where pressure peaks are to be expected at
the respective sides of the section, considerable discrepancies of the

sane magnitude as those in Figure 12.5 are evident.

Qutting off the peak of a really narrow pressure mnimm nay not
nean losing mich of the total 1ift produced in a foil section, The
pressure distributions during the cavftatlon-tunnel tests nay not have
been the same as in the wnd-tunnel investigations,, It is suggested
as a possfhilitythat in the water tests very small air bubbles (nuclei)
my have levelled off the pressure peaks to some extent before visible
bubbles could be observed and reported, This levelling-off effect may

be conbined with the time effect, described above.

Wiatever the explanations may be, Figure 12,5 and reference 19
denonstrate that in the case of suction-pressure peaks as nmay occur on
lifting hydrofoil sections, inception of cavitation cannot reliably be
predicted from non-cavitating or theoretical pressure distributions.
This fact also discourages application of the theoretically correct
nmethod (reference 21) of correlating the critical cavitation nunber
with the critical Mch nunber which is available for many sections and
lift coefficients.

Il = 12,17
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The available results on the delay of cavitation (or whatever
the effect nay be) are assenbled in Figure 12.6. It appears that
results of slender bodies, or streanline sections in the vicinity
of zero lift, having by conparison mmom delay, are conpatible with
such extrenme cases as the lifting section in Figure 12.5. 4

statistical conclusions is that

e A o o . 2
AGA ~ (0.0g G 0(2) 6-pm|n (12.11)

8{ X NACA 64A00& SEGTION (i8) yd

O CALTEC 4 4 1 % SECTION{i9) /

® DITTO, AT POSITIVE LIFT COEFF'S

4 BALHAN ARG SEGTIONS (22) 40 -(0.08 TO 0.12)Cpmin
41 3 CALTEC HEMISPHERE (23)

3.
G;
ZW
14
%0 i 3 3 3 3 3 3

'Cpmh
STATISTICAL SURVEY ON THE “DELAY” OF
CAVITATION IN PEAKED PRESSURE DISTRIBUTIONS

FIGURE 12.6

IT - 12.18
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\Vortex Cavitation

The mninum of the static pressure does not always occur on the
surface of an obstacle, Tip vortices, for exanple, originating from
lifting surfaces, have a core with a static pressure on a negative
level , According to Prandtll, the pressure differential in the core

of a wng-tfp vortex is

2 N
Aelq = — LT G /A (12.12)

where 4 = aspect ratio of the wing. Cavitation may start accordingly
within such cores, as has been observed behind the blade tips of water

propel | ers.

Vortices are also shedding from bodies exhibiting a separated flow
pattern, especially in the form of a "vortex street", As an exanple,
cavitation was found starting wthin the cores of such separation
vortices , originating from a blunt, eylindrical head shape (see

reference 6) at <

A

= 1,76, while the mninum pressure coefficient at
the surface of thfs body was only "CP"‘"" = 0,6, Here again, the
pressure distribution would not be a reliable indication for the onset
of cavitation; and the deviation would be in the direction opposite to

that as found in pressure peaks,

In concluding, equatfon (12.5) only seems to hold for slender

bodies (foil and strut sections in Figure 12,3 or three-dimensional

| | < 12019
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shapes in Figure 12.2) and in "smooth" flow patterns (such as near

CLoPt in,Figure i2.4).

Critical Speeds in Hydrofoil Systems

Considering boats with hydrofoils operating beneath the free

surface of water, the anbient static pressure is

Pawbs = Patm T X'h (12.13)

where \ = 62.43 1b/ft3 for fresh water and ¥ = 641b/ft3 for
mAtlantic" sea water. On the basis of a critical cavitation nunber

G-

~ (assuned to be known for the system considered), the critical

dynamic pressure is then

Patm — Pragor + th

S

(12.1k)

2
Oerit = 05’[0 VCrH: =

The standard atnospheric pressure is Patm = 2120 :Lb/f‘r.2 , correspond-
ing to a head of 34 ft.of fresh water. A a standard tenperature of
59°F, the vapor pressure is conparatively low, in the order of 1.6% of
the atmospheric pressure; the corresponding head is roughly 0.5 ft of
water. Disregarding this small quantity the critical pressure reduces
to g =ﬁamL/G}, s and in close proximty to the surface (nore correctly

at h= 0.5 ft), the critica dynanic pressure is

Pat 220 L 12.1
Hevit = g‘m =G (‘f_-t_{) (12.15)

A

IT - 12.20
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Using the standard sea-water density g = 1.99 (Ib secz/ft4), the

correspondi ng "standard” critical speed of hydrofoil systens is

found to be

2120 k6.2 H:)
% T Ve e (12.16)

In knots, the critical speed is

2
it = Tqq

C

Ve ™ 27/\]%';' (12.17)

This function is plotted in Figure 12.7.

2 \
Q100
‘x
]
% EQUATION 17 Ver = 27 («NOTS)
= 0 [
2
o
'—
e
>
Z 60
W
O
4
o 40 [
| nad
% 20
(@]
w
w
Q.
wn
s na 0.4 0.6 0.8 1.0 2 1.4 1.6
CRITICAL CAVITATION NUMBER Gi
STANDARDIZED RELATION OF SPEED 8 CRITICAL
CAVITATION NUMBER
FIGURE 12.7
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Exanpl e

What is the critical speed of a hydrofoil sYsten1
operating near the water surface, on the basis of
a mnimmpressure coefficient Comin = -0.44 (as
found in the preceding exanple)? -~ Using equation

(12.17), Veeit = 27/V0.LL = LO knots.

Introducing the critical cavitation nunbers

i ndi cat ed

by

(12.6) and (12.9) into equation (12.17), the standard critical

favorably designed hydrofoils can be predicted as

shape and [ift coefficient:
27
vcn't ~ T

This function is plotted in Figure 12.8.

a

function

(knofs)

Exanpl e

Wat is the mxinmum permssible [ift coefficient

of a hydrofoil section having t/c = 10% (at 0,5

chord) for a speed of LO knots? - Figure 12.8 in-

di cates CL = 0.36. For conparison, the average

lift coefficient in the blades of a destroyer

propel ler is well below 0.1, to avoid cavitation.

IT - 12,22
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SPEED AT INCEPTION OF CAVITATION Vcr IN KNOTS
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STANDARDIZED CRITICAL CAVITATION SPEED OF HYDROFOILS.

FIGURE 12.8
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3. Forces in Cavitating Flow

Transi tional Phase

At speeds (or lift coefficients) above the inception of cavitation,
lift- and drag coefficients do not immediately change their mnagnitude,
Wthin the "bubble" phase, they remain essentially at their non- |
cavitating level; the [ift coefficient sometimes increases slightly.
Subsequently, as soon as any real, coherent cavity develops, the Ilift
coefficient decreases, the drag coefficient increases. This transition
(see Figure 12.11 for illustration) can be rather extended, reaching up
to twice the dynamic pressure (l.L the speed) at which cavitation first
sets on. No systematic information can be given on this phase as of
this time. Oice in fully-cavitating condition, stable flow patterns are

prevailing, some of which are presented as follows.

Resistance of B unt Bodies

In fully cavitating condition, the resistance of an obstacle
evidently corresponds to the uniform negative pressure at the rear side
(within the cavity) and to the average positive pressure conponent on
the face of the body. For & = 0, the latter one has been calculated

for wedges2h and cones?> as a function Of the half apex angle €.

Upon increasing the cavitation nunber from zero, the flow pattern
past the forebody changes, as explained in reference 26, Accordingly,

the drag coefficient is expected to increase as

Il ='12.24
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G = Gy (1 ) (12.19)

where Gy, = drag coefficient at G =0 F gure 12.9 opresents ex-

perinental results of disks, confirmng this function very well.

1.4 4
/—- - T NON-CAVITATING
1.2.4 . \\
)/‘}nsxs= ///‘(//Afa——“'“{*"“__
/' ® TMB (28) ,
1.0 . O CALTEC(27)AIR

A REICHARDT (26)

CIRCULAR CYLINDER (14):

O AT SUBCRITICAL REYNOLDS NO.
8 AT SUPERCRITICAL R’ NO.
# CIRCULAR CYLINDER THEORY (29}

c / A REICHARDT CONE (L= 45°) (26)
0 + TMB (28) HEMISPHERE

1 ~o 0 ACKERET{ I) SPHERE (SUBCRIT'L)
bey /@' N OENTRANCE J. APPL.PHYS. 1948 P.1109

0.6,-}

EQUATION ~ 2. ’

R e S —— "

0.4 X
Re < 10°
-
0.2:1 1 e
VORTEX STREET
X L-3
X Re>10° t
C, T T v
0 Oh 1.0 LS 2.0

CAVITATION NUMBER O
DRAG COEFFICIENTS OF BLUNT BODIES IN CAVITATING FLOW

FIGURE 12.9
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In the case of round bodies, the mninmum pressure point is

| ocated somewhere on the forebody (and not at the trailing edge as in
wedges and cones). Cavitation, therefore, starts from that pointj and
the starting point nmay nove further forward as the cavitation nunber
is decreased, As a consequence, the CD(G) function is no |onger
strafght as according to equation (12.19). Such characteristics are
demonstrated in Figure 12,9 by results of a hemspherical bod;,v28 and a
Sphere'.  Results of circufrcylinders (in cross flow also show a di-

vergence from the nechanism according to equation (12.19)

Drag in Ventilating Fow

Insight in the drag mechanism of blunt bodies may be anplified by
discussing results of a "streamined" half section tested in ventilating
(rather than cavitating) flow in the dbbs & Cox towng tank at speeds
between 1 and 10 ft/sec. A piece of strut having & chord of 3.1 inches
and an aspect ratio of )L was towed between hollow end plates (connect-
fng the cavity with the atnosphere) at an average submergence k=
1.5 ¢. The cavitation nunber is then sinply

= = pnm&/;; Peayidy  _ X‘A ﬁ.s‘{v\lz (12,20)

At higher cavitating nunbers (above 0.6), ventilation (or cavitation)

does not take place; the drag coefficient is approxinately constant and

practically equal to the base drag coefficient of such body shape.

II = 12.26
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Wthin the range of small cavitation nunbers (below 0.3), the

coefficient is approximtely ‘
CZ). = G !
(12,21)
Flow pattern and drag coefficient would not be the same, however, in
cavitating flow. There is evidently a line of nininmum pressure sone-
where between leading and trailing edge. Cavitation would start from

there, rather than from the trailing edge as in ventilating flow; and

the drag coefficient would be higher than according to equation (12,21).

Lift in Fully-Cavitating Fow

The force on a flat plate in cavitating flow (at > = 0) has been
calculated by Kfrchkoff and Rayleigh. Using such a plate as a lifting
surface in two-dinmensional flow, Betz predicts in reference 30 that the
coefficient of the force normal to the plate's surface is
_ 2T s

m ;) =
b + qiwme

“notmad

_ -G
+ & = M feosx (12.22)

For & = 0 and for angles of attack o below sone 10°, this function

reduces to

dC, T
ot =-3x- (12, 23)

which is only one quarter of the basic lift-curve slope of an airfoil
section (which is 2 1), Experinental results (see reference 5) of

foils tested in a water tunnel (with a geonetrical aspect ratio of

x

[ = 12.27
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one, between the test-section walls), are plotted in Figures 12. 10
and 12,11. They evidently confirmthe theoretical function = for
eufficiently thin sections (up to and including t/c = 7.5%).

Thi cker sections and sections with rounded noses show 11ift
coefficients, however, which are sometimes higher (because of nose
suction), and at small angle of attack |ower (cavitation shifting
from the upper to the lower section side), than according to the

fully cavitating theory.

SECTIONS WITH FLAT PRESSURE SIDES,

HAVING £/¢2 2.5 10 7.86%,TESTED BETWEEN /
9.2 waLLS OF CAVITATION TUNNEL {REF.8) .
WITH bsCs8OMN. ‘ 7~
;/()e?o( +0.0274 &®
) o

pd
pe

ye

Nl

0° 20 4° 6° 0°
Ol IN 2-DIMENSIONAL FLOW

LIFT COEFFICIENT AT G=0
FIGURE 12.10

Il = 12.28
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LIFT COEFFICIENT AS A FUNCTION OF CAVITATION NUMBER G,
TESTED BETWEEN TUNNEL WALLS

FIGURE 2.1

For a wing of finite span, the induced angle of attack

°<,€ = ke /‘TA (12,2k)

wher e K = bi pl ane factor

A = 575 = aspect ratio

S

II - 12,29
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must be considered; the melm in equation (12.22) is to be replaced

by the effective angle (o(—"(,{). Consequent | 'y

CL 2 COSd[G + 2(‘1-&“1(4—0({) }
J‘f‘*"lrSt‘n(o(’d\f) ,

(12.25)

This equation is conpared (in Figure 12.13) wth points tested in the
Gbbs & Cox Tank on (the flat bottom of) a plate towed in ventilating
flow between-hollow end plates. On the basis of a biplane coefficient
indicating the effect of the free water surface, K = 1, for the tested
"box plane" condition at h/b = 0.25, mgnitude and character of the

function according to equation (12.25) seem to be verified.

Resistance of Hydrofoil Sections

Walchner®s16 is the only source of information available, |ndicating
resistance of foil sections in truly cavitating cendition at or near

zero |ift. The pressure conponent of this resistance at ¢ = 0,

plotted in Figure 12.12 shows sone relation to that of wedges, having

the same forebody-thickness ratio. Between the values at & = 0 and
the non-cavitating phase, the drag coefficient decreases considerably

(hardly without any first-increasing trend as per Figure 12.9).

[ - 12.30
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FIGURE 12.12

In lifting foil sections (with fully cavitating upper side,

the pressure drag is a geonetrical conponent of the total force.
For flat pressure side is

= CL. ‘l':an Mg

%P?ESS'U"E (12 26)

where & is indicating the angle of the |ower side in two-di nensional

flow ~ Wilizing equation (12.23), this angle is
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- ; CAVI TATI ON

: A > 12. 27
Slho{.—.‘—i o G ()

Therefore, 'the drag due to lift of sections having flat |ower sides in

two-dinensional, fully cavitating flow is expected to be defined by
2 .
Co = = C-s) (12.28)

For G = 0, some experinental evidence can be found in references 5
kB

and 15, confirmng the trend of dCD /oQCL =2/¢ , for circular-ard

sections with ‘t/c < 7.5% and « up to 6°.

For higher angles of attack, as in the case of Ngure 12.13,
the conplete equation (12.25) has to be enployed to find G () first,

and then CDpressure as a function of € and o .

] o 12.32
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Canber ed

Secti ons

si des)

condi tions.

For a long time, only circular arc sections (with flat pressure

have been considered, possibly to be .ugsed in cavitating flow

It has been suggested, however, that (cambered pressure

Il -12.33
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sides should provide higher sectional L/D ratios or |ower resistance

ratios, respectively - on account of certain forward conponents of

the forces nornmal to the surface elenents of such cambered sections.

Figure 12,1k presents the characteristics of such a section;

-0.21 0.2

=0.4-

CL = 0.8

FLAT PLATE | FiG. 137
VENTILATING, & = 0.18
-0.8.

CAMBERED SECTION .
=101 -

I

1 1]

. NON-VENTILATING 1.2
1.2

LIFT AND DRAG OF A VENTILATING CAMBERED
FOIL SECTION, AS TESTED IN THE GIBBS 8 COX TANK

FIGURE 12.14
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tested in the same manner-as the plate in Figure 12.13; that is, in
ventilating flow The transitional phases in these graphs would not

be the same in cavitating flow, however: and they should be disregarded
if considering vapor cavitation. For the canbered section, the fully
ventilating-cavitating phase exhibits considerably higher [lift

coefficients and appreciably lower resistance ratios than for the flat

plate.

The performance of fully-cavitating foil sections, in two-
dinensional flow at @ = 0, has recently been investigated by

linearized theoretical nethods (see reference 32). The optinum shape

is found to bhe cambered (at the pressure side) according to

CF/C)opt = 02C; Cl.op y= 5 Fe) (12.29)

Disregarding frictional drag, theory predicts for this canber ratio
that the pressure-resistance ratio will only be =1/6 of that of the
flat plate. The results in Figure 12.14 do not confirm this nuch of

i mprovenent .

Il = 12.35
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APPENDIX A, CALQUATION OF THE LIFT AN\D
DRAG CHARACTERISTICS CF A
PROPCBED 50 TON HYDROFOL CRAFT

1, Ceneral Considerations

2, Characteristics of the
Configuration

3. Design Exanpl es

Design exanples are given for the drag and required foil settings

of = 50 ton "Canard" hydrofoil craft, at two foil-borne speeds.




L LFT_AD [RIG CLOLATIOS

Gener al Consi derati ons

The hydrodynamc characteristics of the conponents of a hydrofoil
craft, as presented in this volume, are used for the purpose of cal-
culating the various performance eharacterfstfcs of a proposed design.
Thus, with this information and having a know edge of the nethods to
be enployed, one can calculate the total drag throughout the speed
range (including take-off), the turning circle, required foil and

rudder angles, etc,

This volume presents only the basic eharacterfstfcs of conponents,
and the methods of utilizing this information is the subject of ot her
volumes . However, for the purpose of illustration, design calcula-
tions are included herein. These exanples are for the drag and
required foil settings of a specific configuration at two foil-borne

speeds.

II - A.2




- ” 3 LIFT AND DRAG CALQULATIONS

Characteristics of the Gonfiguration

The configuration chosen for these exanples is that of a 50 ton
hydrofoil craft, and is based on the design study reported in
reference 1.. Thfs craft is a "Canard" type with automatically con-
trolled, fully submerged foils, and with the power transmtted through
a single nacelle on the main (rear) foils as shown in Figure Al. The
dimensions of the foil system and other pertinent information are given

in Figure 4.2,

For the purpose of these calculations, the craft is assumed to be
at zero trim and normal subnergence under full load condition. Two

speeds (30 knot cruising speed and L5 knot naxinmum speed) were selected.

Reference 1 = Confidential Letter from Bath IZron Wrks
Corp. (by Gbbs & Cox, Inc.) to ONR file
13531/51/3(1-1283) of April 3,1953 -

enclosing

"Design Study for 50 Ton Hydrofoil Craft®

---1i = A3
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LIFT AND DRAG CALCULATIONI3

DESIGN STUDY MODEL
OF 50 TON HYDROFOIL CRAFT

FIGURE A.l




. ] LIFT _AD DRAG CALQULATIONS

.

3. Design BExamples

The overall calculation is broken down into individual design

exanples, included on the sheets following:

Design Exanple - Al Induced Characteristics
A2 ke Effect
A3 Foil and Flap Settings
Al Parasite Drag

AS Summary of Drag and Foil Settings

IT - A.5




g LI FT_a"D DRAG CALOULATI ONS

DESIGN EXAMPLE NO. A.|

SH | OF §

CALCULATE THE INDUCED DRAG & LIFT
CHARACTERISTICS FOR THE S5OTON CANARD.

CONFIGURATION AT 30 AND 45 KNOTS

PeiNciPAL CHaeACTERISTICSD

Quannry SymBoL  MAw
‘ FoiL
FoiL SPAN ' b 24.00'
Foil RRER . s ¢824
MEARN ClorD c:=5h z.83'
Aspect ERTIO A« bYs 8.50
TormL LIFT — 82,300#
Buoyancy ® —_ Z,BQO"‘
DyNamic LiFr L 79,910%
FoiL LaAoiNng | L/s 1180%4
CHoED AT TIP Ce 1.541°
CHoro AT CENTER Cr - 3.083’
TaperR RATIO Ce/e, 0.50
SusMERGENCE AT TiP h, .es’
SUBMERGENCE AT CENTER he 4,00’
MEAN SUBMERGENCE k 2.94'
Di1sTance OF OuTER Stevrs OFF & /2 8.00’
SuBMERGENCE OF OUTER STRUTS hs 2.59’
L1FT CoEFFICIENT@ 30 KorlD | C= L/gs | 0.46!
@ 45 knots | C, ¢« LfgS 0.205

DiHeorAl RAnGLE r 10.0°
ANGLE OF Sweep A | 20.0°(Avg)

@ See Figures A.1 ANo A.2 ; ALse REFERENCE /

@ TorAL BuoYANCY OF Fouw SYSTEM AND NACELLE

@ DywAmic Peissves ¢ = 2560 */th @ 30 KNoTs
=/ 5750 “‘/g @ 45 Knors

C RMRPD
“Foill
14.00’
23,04 8
r1es’
8.50
29,700%
z10%
29,430
1280%4

1167’
2.125'
0.55
1.12°
3,00’
z.06

4.92'
.68’

0.500

0:222
15.0°

28.0°

IT - Asb




eulifimss LI FT_AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. Al SH 2 OF 5
DererminaTION OF "K Facror
Main CRNRRD
o b FoiL FoiL
. Biplane Effect (Eguation 2/&),
hes,, 0.078 0.080
(tan )/4 0.044 | o0.068
h/b 0.122 0.148
Ky 1.44 138
2_Dihedral Effect (Eguation 2.29)
' 1+hs )} ’
Yy 0.96/ O-Q'I-I
3 Sweep Effect (Equation 2.28)
cos A ©.940 0.883
Kea 1.47 1.47
&
4—StrvtEffect (Egvation 2.26)
hs /y, 0./08 0,120
s/, 0.667 0.704
— _
| +(a%)3. hs/b ' | - 0.968 90.960
5—Fotal—K Factor
Kras 1 142 | 141
Note: Subscripts vefer to the K factors
a;'vl:'r umﬁw—ﬁuf—wm

= .

II - A-:7
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LIFT AND DRAG CALCULATI ONS

DESIGN EXAMPLE NO. Al SH 3 OF 5
AIRFoIL FACToRS A EANARD
FoiL
. Planform o! Foll
" Taper ratio, 4/, ©0.50 ©.58
Fram Firgqure I,é,
Y (A:=6) 0.046 0.054
T"(A-.-Io) 0.072 0.084
d 0.0027 0.0032
T (A=8.5) 0.064 0.071%
J :85d' 0.023 0.027
2. Induced E#fects (595 2.34 4 2.36)
VTTA 0.0374 0.03714
K (#rom Sheet 2) 1.42 .41
deific, = (¢ TIK/mA 0.056G| 0.05619
dCo; fy(G) = B+ IIK/ra 0.0543| o0.0541
3 Section Angle ¢ Lifting Surface
Correction (&g 2.34)
h/e 3.5 .04 .25
U (Fiqure.z.«¥ 0.056 | 0.046
U/g hic 0.0067 | 0.0046
E = i+2pnt i.ozg o228
&€/2v 01637 0.1637
dey _ 7/ E
{ZE._).' (S *U/S’%%S_Acasr 0.1844 | o0.197)
4. Combined Effects for Anqle
da dd;
(S5), + (;—Cf_) 0.2387 | 0.2%512




. LIFT AND DRAT GATOILATICNS

DESIGN EXAMPLE NO. Al [ weor

WAVE EFFECTS MAIN FoIL CANARD FoIL
EquaflOl?(? 34_)‘deepwd_ﬂ 30 KMOTS 4 5 KmMaTt 30KnoTs |4 5 KnoTs
h z2.94'| 2.44 || 2.06"| 2.06
vV ( ft/sec) 50.6 | 76.0 50.6 76.0
R = VAR 52 | 782 6.22 | q.34
h/b 0123 0123 0.147 0.147
</h 0.962 | o962 0. 8ol 0.801
(’?7:‘:" Vf )(r,?mnz n) | 0.0075 | 0.0080 || 0.0125 0. 0058
Fﬂ
(K-m»AI) (qum‘@ 2.6 ) 0.43 0.43 0.38 0.38
(éﬁi) - ( N )(I -1) 0.0012 0033 || 0.0030
ac. = S b . a. . 0.00l8
v

ToTaL IMNDUCED EFFECTS

_ (9!—36- ) from sh. 3 0.2387 | 0.2387 0.2512 | 0.2512
A<y
L
f
S ((——'L) above o0.0072 | 0.0033 || 0.0038| c.cot8
N Al -
N©
w S det total 0.2459 | 0.24720 || 0.2550 | 0.2530
::' * dCp
=)
3N 4G
N Pa Pram sh.3 | 0.0543 | 0.0543 || o.0541 | 0.054 1
w9 o
Q
A
$ X, d CDW a bave 0.0072 0.0033 0.0038| 0.0018
S dcar)
L.
U ”~
> L @&y tetal 0.0615 | 0.0576 || 0.0579 | 0.0559
d(C°)

(‘ + U CL) j.o26 | LOIZ 1.028 1012




. - LI FT 4ND DRAGCALCULATIONS

DESIGN EXAMPLE NO. Al [ wnsors

T NDUCED DRrAG & Foit ANGLES

MAIN Fol CANARD. FolL
30 KNoTs|4 5 IKNoTs|30 KNOTs|4 5 KneTs
‘c—fi‘c—"_ sheet 4 0.2459 0.2420|p.2 656(0.2530
o .46l | 02 o] 0. Ses 022
d | 0.1134 0. 04[46 ©.1275 0. 0562
dc.
(1+UG) .ozg | Loz || 1.028 | tLei2
K (radians) 0.1163 5620001311 | 0.0569
d G sheet 4 0.06/5 0.0 576(0.0579 0.0559
d ()
ct 0.212 0.042 0.250 0.049
L
[ 4oy (c._‘)] ks 0. 0130 0.00242 0/[0145 0/00273
1+ UCL) [.026 [.0l2 1028 lhatz
CD(JU! to hft)*® CDL 0.0133 |0.00245 ||0.0149 |0.00276

TOTAL INDUCED DrAg

30 KnNoTs D, = 0.0133x618222560 = 2309
0.0149 22304 x2660<879
3,188+

45 KNoTs D =0.00245 x67.82%x5750 =955
0.00276%x2 3 .0 4 x5750=366
1,321 ¥

IT - A.1C



LIFT AND DRAG CALCULATIONS

__

DESIGN EXAMPLE NO. Al SH 5 OF 5
I NDUCED DRAG & FoiL ANGLES
MAIN FOIL. CANARD. FOIL
30 KNoTs |45 KiuoTs||3 0 KnoT 45 Khsts
de  sheet 4 0.2459| 0.2420 [ 0 . 2 550 0.2530
o) 0.461 | 0.205 0. Bee[0.222
dd o o.1134 | 0.0496|| ©.1275 | o0.0562
dCy
(v+UG) .oz6 | t.o12 || 1.028 | LeiZ
& (radians) 0.1163 | 0.0562|| 0.1311 [0.0569
d Cp sheet 4 0.061% 0.0576 0.0579 o0.055%
aced)
qr 0.z12 0.042 0.15Q o0.049
[dc"/d(q_‘)] C\_z 0. 0130 0.00242|0 .01 45| 0.00273
(1+UC) 1.a26 1.012 1028 Latz
CD(Ju.ﬁl.ftJ‘CDL 0.0133 |a.00245 |D.0149 0.00276
ToTAL INpucep Drag
20 KNoTs DL: 0.0123 3618222560 = 2 3 0 4
0 . 0149x23.04x2560=8 7 9
3188+
45 KNoTs D, = 0.00245 167.82x 5750 = 955
a.00276 x Z3.04 5750 = 366
(321 ¥

II - A.lo




L3

. LIFT AMD DRAG_CALCULATIONS

DESIGN EXAMPLE NO. A2 J

CALCULATE THE WAKE EFFECT ON THE
MAIN FOIL OF THE 50TON CANARD
CONFIGURATION AT 30 AND 45 KNOTS

(ReFer To Curprer ©)

HERODYNAMIC WAKE

The “aerodynamic” downwash duve o the canard for/
can be approximat ed From egquation (6.4) and Fiqore 6.6 .
The main for! can be considered to lte in the plane of
the frailing vortex lines (s50ng From the canard fol.

Then, the dewnwash facter [ can be determmed
From quure G.G aver the span of 24/14 = L7/ (*imes the
canard span). 8¢ in teqrating over the span, the average
valve a}’j 15 found to be

j=0375

DowNwaAsH AT Tue MAIN Foil

The Frovde numbers fsr the (anard Fal are:

\/ = 6.95 at 30 Knots
/'/g_c— 10.44 at 45 Kknots

which are sofficrently high so that the downwash,
at the main fd:/ 15 Jefermmed From Equation (6.7) :
€= Lt 4K
ﬂA
where @, A, and K are for the Canard Farl (See example A.1)

E = g.0070 radwans at 30 Km?‘s
= 0.0031 radians at 45 Knets

I nerERs £ OF Prag On Man FaiL
Uraq 13 Lietr x Dswnwash Dc = 'I‘l ,d10 x 0.0070= 559 030 Knot
x0.063(¢ 248"3 45 Khats

-
-




* LI FT aND CRAG CAICULATIONS

DESIGN EXAMPLE NO. A.3 | SHI0F

CALCULATE THE FOIL ANGLE SETTINGS
AND FLAP DEFLECTIONS FOR THE 50 TON
CANARD CONFIGURATION AT 30 AND 45KNdTS

DESIGN CONSIDERATIONS

The main foil is fixed in configuration with 25%
full-span flaps on a cambered foil section. The
foil is set so that the flap deflection is zero
at 45 knots,

The canard foil has no section camber, and
pivots about an axis thru its quarter-chord.

The main foil setting is referred to fhe section at
mid-span, and is thus the angle derived below, without
correction. The msin foil flap and the canard foil angles
are referred to planes normal to their axes, and the

angles derived must be corrected for sweep and
dihedral.

MAIN  FOIL
45 KNOTS

The main foil 15 set at zero angle to the effective
fluid flow at 45 knots (the fail section camber is
designed to account for the lift at 45 knots).

The induced and downwosh angles are:
di +dw = [g‘é"_ + g‘éﬂ CL(I+ ILCL,)
=1 0.0566 +0.0072 ] x 0.206x 1.01Z (From Example A.1)
= 0.0132
€ = 0.0031 (fron Example A.2)
Then, foil angle at 45 knots:
Li+oyy + €= 0.0163 radians = 0.93"

IT - A.12




. m LIFT_AND DRAG CALCUTATIONS

DESIGN EXAMPLE NO, A.3 SH 2 0F 2

MAIN FOI L(CONT'D)

Requwed foil angle = 0.0501 (Examp’le Al)
Dewed fol seffing = 0.0163
Equivalen! angle due to . 0.0339

foil camber

NOTE: The foil section must be chosen to have
cos10°

30 KNOTS dro <-0.0339 —=—=0.0355 =2.Q°
Required Fail Angle : OM63 (Example A1)
Downwash Angle + 0.0031 (Example A.2)
Equnva)en’f Seffing at 45 knots - 0.0502 _

Requred for flaps = 0.0692

Flap effecliveness (Equalion 5.2)
ks = L1/OZ5 = 055

Required f | a p angle equwalent
©.0692/4 55 =0.1157

Actual flap deflection (a bout own axis)

g* 0.1'257 S35 = 0.1317 raduans
= 755
CANARD FOIL
Required foil angle= Q.1311 @ 30 Knots
‘ E |
0.0569 @ 45 Knots3 (E xample Al)
Required angles about own axis
COs 15°
%= 01311 x === 0. 1434 radians- 8. 22° @ 30 Knots
cos 15°

£ = 0.0569 = 0.0622 radiahs=3.56"@ 45 KNOTS

cos 28°
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LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A4

SH I OF 4

CALCULATE THE PARASITE DRAG OF THE 50 TON

CONFIGURATION AT 30 AND 45 KNOTS

FOIL PARASITE DRAG

(From CLQPTer‘ 4)

MAIN FOIL CANARD K FOIL
30 KNOTS[4 5 KNOTS|[30 KNOTS 45 KNOTS
Mean Chord 2.83 "' 2.83 ' 1.65' 1.65'
Reynolds No 12 x 107 |1.68 =10 [|6.51 x 10%[9.76 x 10
(s.w. at 59°F)
CF(std) ' Equa‘ho*n(q.’Z) 0.00368 0.00350 0.00393 0.00374
Cre 10(%F] (% = 0%)| 110 (10 110 10
2 Coray [1+ 0(%"] | 0.00810 | 000770 | 0.00865 | 0.00822
aC, =0 =0 0.500 0.22 2
CDO(std) Eq (413) 0.00810 | 0.00770 || 0.0108!( 0.00863
/2 V2S & gs 174000 B90,008[59,000 137500"
D 1,410° | 3000 * 638~ |, 143 *
TOTAL FOIL FPARASITE DRAG
AT 30 KNOTS 2048 *
AT 45 KNOTS 4143 7

[l = A1k

[T T T



* LI FT anp DRAGCAICUTATIONS

DESIGN EXAMPLE NO. A4 | svzers

r—
STRUT DRAG
AREAS
Item Lenath | chord Avea | No/| Total Avea
Main Foil- ¢ Steut 2. 58" 308 | 795 @ 1 | 795 24.154
Yt - Pt 2.6% 3.08 | 810§ | 2 | 16203
Canard Foil-¢ Strul 3.00' 212 63169 | | 6.36
" *opfse 9.74 s | 3049 | 2 | 6.00
DRAG
30 KNOTS 45 KNOTS
MAIN | CANARD | cANARD || MAIN | cANARD [cANARD
Plstd | ¢ pls plsgd | ¢ pls
Reyrolds No 122x10" | 837x10° 691 ¥10© ||1.83x107 | 126%107 |1.04x10"
¢ Csid) Eq(4.\2) 000362 | 0.00380} 0.00390 (10.00345 0.0036} 0.0031
Coo (std) Eq (443) 0.00196 |0.00835{0.00858 {[0.00760 |0.00794| 0.00814]

Drag Area (Cox5)sqFt  |0.192 | 0053 | 0052 | 0183 | 005! | 0050
Co spv—ag(ﬁssumcb-ﬂgmcn) 0.012 | 001 | 0o 0012 0012 | oon

txe CSQH) 0924 o2 0350 || 0.924 0212 b.350
Spray Drag Area 0.00 | 0003 | 0.004 || 0.0 | 0.003 0004
Total Dl—aj Nrea Q.20% | 0.056 | 0.056 || 0.194 | 0.054 § .05 4
Total Straf Drag Prea Q.315 0.302
FhN? 2560 5750
JoTAL STRUT 9RAG 80 L, 737

o 1T - A.15



* LI FT AND DRAG GATCULATTIONS

DESIGN EXAMPLE NO. A4 SH3 oF 4
NACELLE DRAG
(Chapter 3)
Nacelle 2-5" dia. x 9-0" long
L/d = 3.72
Frontal Area = TT/A (2.42)*= 4.60 §
Drag %0 KNOTS 45 KNOT5
Reynolds No. 3.56 x 107 5.35 x 10
Cy (std) 0.00318 000302
Cpg (Equation 9.3) 0.0413 0.0392
Drag Area [ (pg » 4.60) 0.190 0.180
plz V7 2560 5750
Drag tp6# 1035 #
| 12’ |
AIR DRAG (HULL) | :
Chapter 11
(Chap ) - +
Cross-Sechional Area of the 1
Hull £ Main Superstructure: 3
S=12x8+16x9 x 0.8=21 b 6 .
From equation 11.4, use a coefficient of 0.0015 ,(for a fair
bow and square stern).
Then,
Dir ay  Dgr= 0.0015 » 21} x 30* = 284% (30 KNOTS)
= 0.0015 x 21l x 45! =640% (45 KNOTS)

»

1l - A 16




” LTFT AND DRAT CATCULATICNS

DESIGN EXAMPLE NO. A4 SH 4 OF 4

SUIMTMARY OF FrRASITE DRAG

/TEST JQHNOTS AEHNOTS

FOILS 268" 47437
STRUTS s057 /7377
NACELLE ae8e” /035 %

| " |
AIR DA 28 6407

s L3 g e L 2
TOTAM. F2fRnst N0 3,604 5,955




L d LIFT AND DRAG CALCULATICNS

DESIGN EXAMPLE NO, A5 | swior

SUMMARY OF DRAG AND FOIL SETTINGS
FOR 50 TON CANARD CONFIGURATION AT .
30 AND 45 KNOTS

FOle SETTINGS

FONNOTS 4SANOTS

MAIN FOIL ANGLE 0.93° 0.93°
¥

MAIN FOI FLAP DEFLECTION 7.55° —

CANARD FOIL ANGLE* 8.22° 3.56°

%
ABOUT OWN RX/S

DRAG
INDUCED DRAG - 3/88 /32/
WRME EFFECT 559 248
PRARRASITE DRAG 3624 7555
TOTRL 737" 9,047
"/.D RRTIO /6.2 /2.3
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PRINCIPAL DIMENSIONS

LENGTH OVER ALL

LOAD WATER LINE LENGTH

BEAM (MAX.)

DRAF T- HULL - DISPLACEMENT CONDITION
DRAF T- MAX - DISPLACEMENT CONDITION
DEPTH

LCB. (AFT OF M)

CHANGE IN TRIM----DISP TO FLYING
DISPLACEMENT

FOIL. DIMENSIONS

MAIN FOIL
MEAN CHORD
SPAN

ASPECT RATIO
SECTION
AREA
DIHEDRAL
SWEE PBACK

LOCATION OF CENTER OF LIFT (AFT OF &)

AUX, FOI

MEAN CHORD

SoaN

ASPECT RATIO

SECTION

AREA

DIHEDRAL

SWEEPBACK

LOCATION OF CENTER OF LIFT (FWD OF )

WEIGHTS
HULL

MACHINERY

FWD. FOIL ¢ STRUTS
MAIN FOIL ¢ STRUTS
FUEL OIL

FITTINGS

EQUIR ¢ OUTFAIT
CREW ¢ EFFECTS

FOT. WATER
STORES
PAYLOAD
MARGIN
TOTAL
CENERAL NOTES
ITEM NAPIER-NAC'LE.
DESIGN SPEED 45K
RANGE (NAUT. ML) 1000
MAX. CONT. SPEED 30K
RANGE (NAUT. ML} 850
CRUISING SPEED 0K
RANGE (NAUT. MI.} 1,440
TAKE-GFF SPEED 20-25K
H.P2 (CONT -2 ENG) 3,500
HP (MAX.- 2 ENG) 6,090
(ABT. 5MIN)
PROR DIAM. R

65'-2%
Gi'-8"
18’0
4 -0
21
10 AT W
4.05

50T

54"

24'-0"

8.5

10% CAMB.
68 9QFT
o°

29" AT TIPS
15° ELSEWHR
16'-6"

93

14'-0°

8.5

0% SYM.
23 SQFT
15°

=0
z0-6"

22.830"
20085
2825
4,500
22,400
7990
2610
1,790
400
450
23120
3,000

112,000 L BS.

PACK DIR.

WOt SHOWN)
a5 K
&30
45K
630
30K
900
20-25K

2,800
5000
(15 MIN)

2-0" EA.
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