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HYCROFOIL HANDBOOK

| YOLUME II
HYDRODYNAMIC CHARACTERISTICS OF COMPONENTS

INTRODUCTICK

The hydrodynamic characteristics of the various components ihat
make up & hydrofoil craft must be known in order. to prepares a design ‘i
or to analyse a given design or craft., It is intended in this volume

to pressnt such information in the form of concise uﬁiauﬁna
formulatiens and msthods, with some background material to give an
understanding of the underlying hydrodynamic relationships, the scops
and adequacy of available theory and data, and the general state of

knwl‘dgo .

!

Material was extracted from existing reports ea hydrefoil theory,
analyses and experimental dats and frem partinent estabiiilied saro-'
dynamtc and marine informséien. Vaere sufficlent referenss Spteetil
was lssking, it was necsssaey o derive eertain m-ﬂ% Giiog W
preparation of this text. 1In cther instamces, whers genesdl iRt
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CONFIDENTTIAL ' INTRODUCTION

means of analyses and derivation are given, 1In order to maintain this
work a3 a readily usable handbook for direct engineering use, hydro-
dynamic fundamentals and derivations are kept to & minimum, consistent
with clear exposition of tha various relationships. For those
interested in reviewing the basic fundamentals or exploring further
into the various subjects, comprehensive references are given on each

’ubjcotn

In all cases, a conscientious sffort was made to provide pertinent
engineering information on all components of hydrofoil configurations,
seven though some of the proposed formulas may be tentative and sven
conjectural; so that there would be a definite basis on which to pre-
pare & design and on which to make comparison when additional
information is forthcoming,

It was felt that the hydrodynamic characteristiocs should be
presented witheut qualifications 28 to what conbmtion of orvonents
provids the best hydrofoil configuration. There is & wide variety of
configuratiens, eash of which may have soms particular advantage wwiir
particular requirements; and to atiempt to introduce such cperaiienai
fastors would m.m any presentatisn of basis M‘ﬂomum.

For similar reasens, only the "stesdy-stape" emmtm of
mmum«m :mmwwm
Cshavior in waves, turning characteristics, ete. should be m

L2
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CONFIDENTIAL INTRODUCTION

oily after a complste configuration has besn chosen tentatively on the
basis of specified functional requirements.

Although treatment of the "best" foil size, "optimmm" number of
struts, ''most effeciive" cuuiigurations, etc. has therefore not been
included in this volume, some praetical limitations as to sise, speed,
goometry, =ic. were considered so that effort could bes concentrated on
deriving more exact properties in the range of applications considered
to be most frequently employed. These limitations are based on
evaluations of existing craft and analyses of gensral design studies,
such as are indicated in Volume I, In most instances, it is stated in
this text where: such limitations are used an? the procedure for obtain-
ing information for cases beyond such limits is shown or inferred.

l;hc material containad herein is presented vwnder chapter headings,
as indicated in the table of contents, with the chapters so sequenced
as to £-11 iel0 three main grompings. GChapiers 1-6 contain the basic
hydrodynamic characteristiocs of the foils, including the effects of
the varicus other influences on the foils. Chapters 7-11 desal with
the ehaructaristios of struis, hulls and the various other sgpurtensnaes
in a comfigurstisn, Minally, Chapter 12 indicates the influeuss of
cevitetion on the shAractaristies of the varicus componstits. Osvitesien
is sepusately m %o stress its importanss, to show ﬂumd
eraft » . - amd sise in whieh it is aMr-aﬁtM!nMi%m

CONFIDENTIAL
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CONFIDENTIAL INTRODUCTION

be neglected, and possibly of greatest importance at the present time,
to indicate the dearth of necessary information for predicting the
hydrodynamic effects of cavitation on a foil configuration with

sufficient accuracy.

Design examples have been distributed throughout the text to give
ready indication of how to apply some <f the importent formmlas and
methods. An appendix showing the detail calculations of the lift and
drag of a chosen design is also included to serve as a summary of the

proposed matsrial and its application.

3ince ‘he basic principles (and geometry) of hydrofoils are the

same as those of airfoils, most hydrofoil properties have been derived
from airfoil theory and data, with airfoil nomenclature being generally
adopted. Chapter 1, an introduction to airfoil prineiples, has there- |
fore been included to familiarize the reader with this subject, whish |
is necessary to the proper under:tanding of hydrofoil hydrodynamios.

On the other hand, the hydrodynamics 'of hulls have not besm com-
prebensively presented in the text, Information on hull draz is resitly
available from many published sources, most of which are known te thw
naval architect, and the detailed coverage of such informatien in thds

work would be nsedless duplication. In this particular case, a shiord
discussion herein with refsrences to the more basis werks has basen

considered sufficient,

CONFIDENTIAL
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CONFIDENTIAL INTRODUCTION
(

The oriterion for presenting information in this volume has been,
tharefore, to elaborate on subjeczts that are new to the naval architect,
but to abridge the treatment of more famili:r subjects which ara amply
treated in general marine texts,

{

e e < b s e« e © .
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CHAPTER I. AIRFOIL PRINCIPLES

1, Introduction

2. Airfoil Netation

3. Iifting-Line Alrfuil Theory

h Modifications to Iifting-Line Thwony
S, The Influbmce of Fluid Deundaries

an
e

Fitching Nomeitt Characieristicvs
7. Airfeil Drag
8. Airfoil Data

W sesentisl prineiples of foll ssctiane and vings o b
as the busic materisl used in developing hydrefoil

!uudmma.l airfoil thsory is outlimd, énulud:mc thon va M
are most applicable to hydrofeils. Viscous drag sunsiderstions ere '
siven, e the evallavility of airfoll date for m woe 44 pobntid .
vk,
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CONFIDENTIAL ATRFOIL PRINCIFPLES

Introduction

Basically, a hydrofoil is an airfoll operating in water.
Aerodynamic foil principles can therefore be utilized in developing
the hydrodynamic characteristics of a hydrofoil.

In some instances, suzh 2» where the foil operates at large
distances below the water surface, established airfoil theor, {(in
incompressible flow) and pertinent airfoil data can bo used directly
for determining the hydrodynamic characteristics of the foil. In
more practical cases, the airfoil methods must be corrected by suit-
able factors to take account of the surface effects, supporting struts,
high speeds (cavitation) and other factors associated with practical
hydrofoil configurations.

In any case, aerodynamic foil principles form the basis for the
development of hydrodynamic characteristics of hydrofoils. Therefore,
this chapter is presented to familiarize the resder with the airfoil
notation employed, the underlying airfoil theory that is most
applicable to hydrofoils, and the availability of pertinent airfoil
dsta for use in deriving hydrofoil characteristics.

B :‘._AW -
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CONFIDENTIAL AIRFOIL PRINCIPLES

2.

Airfoil Notation

Foil Section Geometry

Figure 1.1 shows the typical airfoil section notation.. The
chénd C of the foil is the distance from the leading edge to' the
trailing edge, and the angle of attack o¢ 1s the angle between the

chord line and the direct.ion of advance, as indicated.

(a)

GEOMETRY OF AN AIRFOIL SECTION

6. SECTION WITH THICKNESS, ¢

b~ THE SECTIONSB"SKELETON" THE NEAN LINE
(CAMBER LINE) HAS A MAXIMUM CAMBER,
AT A'DISTANCE X FROM THE LEADING EDGE

: FIGURE 1.1

The mean line of the section 1s cdlled the carber line, the camber -

being considered the maxiwm separation between this 1ine and the
chord 1ine. For simple ciroular &rc sections, the mean lins has
symetrical camber with ths maximum ssparation and naximm £o11
thickness at thé mid-chord position, but for typical airfoil

CONFIDENTIAL
II - 1.3
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CONFIDENTIAL AIRFOIL PRINCIPLES

sections the shape of the camber line and the chordwise location
of maximum camber and maximum thickness vary, depending on the type

- of section employed. A description of modern airfoil se.ction
shapes employed by NACA s given by Aubott1s2,

Wing Geometg

Figure 1.2 shows the typical

wing geometry and notation. Dim- : . }
ensions are characteristically g

. ’ &
taken about the quarter-chord 4 g et o twsn ) v
1ine (1/L of the chord from the E[r i Ko sne B
leading edge of the foil). Thus, PL ANFORM
the span is the projected distance uare-seanbfy |

t

between the tips of the quarter- |
. \ — ‘
chord line, and the sweep and ~ET1 avoce ok DivedRaL, P
dihedral angles are measured

ERONTAL VIEW
from the projected quarter-chord

1line in the horisontal and WING GEOMETRY

transverse planes respectively

as indicated. Two important
"parameters® in dealing with
wings are:

CONFIDENTIAL
II - loh

_FIGURE 1.2 j

2 : . -
ot A e

o e i e et




R

PWLC pre, et o e ity

P P LT UG,

CONFIDENTIAL AIRFOIL PRINCIPLES

the plan form area, S - the projected area of the wing
in a horizontal plane

the aspect ratio, A =~ the ratio of span to mean chord,
or b¥s

The difference between “displacement bodies"
and "1lifting surfaces" in the selection of
reference areas should be noted here., For
ships and similar bodies the total wetted
area is usually 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) may conveniently
be referred to the components along and about the thres so-ordinate

axes of the body., These are identified, for the foil, as:

it - force in the vertical direction
Drag Force - force in the fore and aft direction
Side Force -~ force in the transverse direction

about the transverse axis

Pitching Moment

Rolling Moment about the fore and aft axis

Yawing Moment about the vertical axis

II - 1.5
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CONFIDENTIAL AIRFOIL PRINCIPLES

Considering the forces in
the plane of symmetry for
straight forward flight, the
forces on the foll section

are shown in Figure 1.3.

(The transverse axis is taken

’

to be at the "asrodynamic
center®, vhich is discussed FIGURE .3
belowc)

In many applications, pressures and forces in fluid flow are

proportional to the "dynamic pressure"
q = AV (/162 (L)

where 0 = mass density of the flrid (fsec?/rul)
V = epeed of advance (ft/sec)

The mass density of the fluid varies slightly with temperature.
Al the standard 59°F (15°C),

P = 1.9k (#sec?/tl) for fresh water
P = 139 (#sec?/tel) for salt water

Thus, using these units, I‘/l may be congidered equal to 1.0
and $= V: in wvater. ‘

CONFIDENTIAL
II - 106
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CONFIDENTIAL ATRFOIL PRINCIPLES

Example
What is the dynamic pressurs in sea water at 30 knots?
V = 1,69 x 30 = 50,7 ft/sec
P =199 #ucz/ﬁ;h
V? = 2570 ££2/s6c2

g = 1.99/2 x 2570 = 2558 /142

The forces on the foil may readily be represented in non-
dimensional coefficient form, by referring them to the dynamie

pressure and the foil area. Thus
Lift Coefficient, CL= Lgs

Drag Coeiiicient, CD = D/q,s (1.2)

Pitching Moment Coetficient, Cm : M/9 Sc

wvhere L = 1if5 of the foil
D = drag of the foil
M = pitching moment on the foil sbout some point en
the foil chord - taken pcsitive when tending to
increase the foil angle of attack
S = planform area
C = foil chord

q. = dynamic pressurs
The pitching moment coefficient is essentially consiant when

momonts ars toicen about the asrodynamic center. (Theorstically, this

CONFIDENTIAL
II - 1.7
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AIRFOIL PRINCTPLES

point is a quarter-chord distance behind the leading edge and is thus

a good reference point for wing geomstry, as shown in Figure 1.2.)

For such moment center, the pitching moment coefficient is identified

Summary

The basic aerodynamic notation and the units usually employed

are as follows:

A

<+ WP T M " O o

© A&

aspact ratio
projected foil span
foil chord

drag

foil camber

11fe

pitching moment
dynamic pressure,
projected foil area
foil thickness

speed of advance

angle of attack
nass density of the fluid

CONFIDENRTIAL
II - 10 8

non-dimensional

1bs.
ft.1bs.
1ba/1¢%

.

.
£t/sec

redians
1bs.e00d/eeY
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AIRFOIL PRINCIPLES

angle of sweep degrees

angle of dihedral degrees

drag coefficient, D/qS non-dimensional
non-dimension.l

11ft coefficient, | /1»5
Pitching moment coefficient, "%“ non-dimensional

OONFIDENTIAL
II - 1.9
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ATRFOIL PRINCIPLES

Lifting-Line Airfoil Theory

General

Classical airfoil theory originally developed by scientists

sucﬁ as Prandtl, Lanchuster, Glauert, Munk, et al, is available for

study ir many treatises on aarodynamic53 ,h,S-. These works are

based on the concept of a single 1ifting line;. which is sufficiently

accurate for wings of large aspect ratio. Although in recent years

advances have been made in the development of a lifting-surface

theory (most applicable for folls
of small aspect ratio), the 1ifting-

line theory is still of foremost
importance.

Two-Dimensional Theory

The basic theory of 1lift is
derived from the concept of a
rectilinear vortex advancing in
a fluid in a direction normal to
the vortex axis. The super-
position of the ciroculatory
motdon of the vortex upon ths
fz;ee stream velouity, as shown

in Figura 1.k, resulte in an

%) — émcu.nnéu@
v — et
SRS '

} LIFT L

“{p) B S ——

LIFT L

(¢) _/\
P
‘ORIGIN OF LIFT

!RPOSITION orF GIROULATIO
% E V IN(B) -

0 TO THE: I..l"l'mﬁ VORT(X
& FGil SECTION (C) PRODUGES
THE SAME KIND OF FLOW PATTERN,

FIGURE 1.4
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CONFIDENTIAL ATRFOIL PRINCIPLES

increase in velocity on one side of the vortex and a decrsase on the
other side. According to Bernoulli's theorem, therefore, the statisc
pressure is decreased on the "suction" side and increased on the
"pressure" side. The resultant 1ift force is perpendicular to the

freg¢-stream direction, and has the magnitudes

L =bpV® (1bs.) (1.3)

vhere is the mass density of the fluid (#uoz/ﬁ.h)

V is the fluid telocity (£t/me0)
(@ 1is the circulation of the vortsx (the integral

of the vortex velocity over a closed p!th
encircling the vortex center) (££%/sec)

o

is the foll span in ft. (assumed to be infinite
in the considered two-dimensional flow pattern)

The relationship between circulation and the lift coefficient of

a foil section can then be axpressed as

@ 14 CLC V/z (1.k)

The valus of the circulation arcund an airfoil of known gesomstry
can be determined by fluid potential theory. Thus, for a "thin air-

foil" section,

@“ = Me Ve (due to angle of attack, and applied
at the quarter-chord position (1.5)
1.

@, e 27 Vf (due to camber and agpnod at the
half-ghord position

SerpBITIAL
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Then combining equations (1l.L) and (1.5) we get
z oy, + 2 %
CL zZr ( + /c ) } (1.6)
Crmye ® -lfi (Ko +4%L)
where CL is the 1ift coefficient

Cm,_. is the moment coefficient taken
about the leading euge of the foil

A, 1is the angle of attack in two-dimensional flow
f/c 1is the camber ratio of the foil.

From emation (1.8) it is seen that for a cambered foil, the
1ift is not sero at sero angle of attack (as measured in Figure 1.1).
Rather, the angle of zero lift is seen to be:

‘LO ® - Z‘F/C (107)

However, sero angle of attack does have a particular significanse
in cambered sections, In two-dimsnsional flow, it approximately
indicates the flow pattern where locally there is no flow around the
leading edge of the section from ons side to the other. For this
condition of "smooth entrance", the "aymmetric" or "optimum" lift
coefficient is approximately

C""P‘ x -4ri, : (2.8

CONFIDENTIAL
II - 1.12
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Example
Wh’at is the 1ift coefficient of a "thin" foil section
(in two-dimensionsl flow) having & camber ratio of
f/e = 3% at an angle of attack of o€ = 5° ?

Comsining Equarions (1.6) Auo (1.7),
CL = 20 {%'x‘o)

Now, o, = 5 = 0.09 RADIANS
) oo = ~250.08 = -0.06 RANRNS (£,1.7)

TweN, C, z 27 (0,09 +0.06)
* 0.94

The optimum 1ift coefficient of this section is

theoretically (equation 1.8): G, ff- * 400035038

In practice, airfoil seections are not “thin® s but have a finite
thickness ,' as indi'.cated in Figure 1.1 sbove., Properties of practical
airfoil sections can also be determined by fluid potential nethods,
The calculations involved are arduous, however, and the results are
not really applicable due to viscous losses in thc boundary-layer
flow, Experimental data on the properties of airfoil sections, as
discussed below should be employed in engineering applications.
AHowovor, a review of thy data for modern alrfoil ncti.onll’z

indicates that the values given in equation (1.6) for the 1lift

CONFIDENTIAL
II - 1,13
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CONFIDENTIAL AIRFOIL PRINCIPLES

and moment coefficients are reasonably accurate, and may be used for

preliminary purposes,

Wigg Thoogz

A wing, with chord ¢ and span b, is the equivalent of a lifting
line having finite (1limited) length. As illustrated in Figure 1.5,
around the ends or tips of this lins, 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
pair of tip vortices, one originating from each wing tip, approxi-
mately as sketched in Figure 1.5. In other words, the single vortex
(as visualised in Figure 1.L) is replaced by a vortex system, which is
remotely similar in shape to & horseshos, (thus, sometimes called a

horseshoe vortex). .

Within the space between the two tip vortices, their circulations
combine, thus "inducing’ a downwash valocity and cauliﬁg a3 a con-
sequence a downward deflection of the baeic stieam from its undisturbed

direction. This deflection reaches a final angle at some distance

‘behind the wing, as a componsnt part of the vortex pair in Figure 1.5.

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

angle of attack", Because of this angle, the lift force in now

CONFIDENTIAL
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(a)

(b)

(c)

(d)

V (apvanciNg FLUID)

[——— sean b -~
~ [cHomro ¢

—1,

— LIFTING LINE -
/

TiP VORTICES

PLAN VIEW

—-—— SucTioN

C/+-|--0-++++-4-
PRESSURE

Sy —

FRONTAL VIEW

FLOW PATTERN PAST THREE-DIMENSIONAL WING

{Q) WwiNG PLANFORM

(D) EQUIVALENT VORTEX SYSTEW

(C) oRieIN OF TIP VORTICES

(d) VORTEX PAIR FAR BEHIND WING
FIGURE I.5
CONFIDENTIAL
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CONFIDENTIAL ATRFOIL PRINCIPLES

displaced from its direction
normal to the free-stream
flor and is tilted backward

by the induced angie «;

as illustrated in Figﬁra

1.6, The 1ift (defined as ‘
ORIGIN OF THE INDUCED

the vertical component of . RESISTANCE. Gy » G tonw

the foil force) is accordingly
FIGURE 1.6

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

corresponding to
Cm s C“L" sme; =C tanoy = (o '(1.10)

Since within the scope of application of vortex-line theory, the
induced angle is comparatively small, it is usual to assume

snoc; == tane; = o

as indicated in equations (1.9) and (1.10).

CONFIDENTIAL
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For an actual foil, the loading (or circulation) is not con-
stant along the span as was assumed for the simple 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 én

infinite downwash at the tips, an untenable assumption).

The classical treatment of

this consideration by Prandt1’ —

| SPAN b 4
indicates that an elliptic

distribution of 1ift along the

ELLIPTIC
LOADING

apan of the foil as shown in

CONSTANT
DOWNWASH

Figure 1.7, results in a con~
stant value of downwash along
the span (constant value of

induced angle) and a minimum

ELLIPTIC LCADING

FIGURE 1.7

value of induced drag.

For the case ol elliptic 1lift distribution, the derived values

of induced angle and induced drag are, in coefficient form:

i = CifgA
cDi = C, & = C:/WA

where A i3 the foil aspect ratio.

CONFIDENTIAL
II - 1.17

} s



CONFIDENTIAL ATRFOIL PRINCIPLES

The expression for the 1ift coefficient based on the angle of
attack in two-dimensional flow, equation (1.6), must be modified for

the finite wing by teking the induced angle into account. Thus,
C, = 2T (€ 4+t = Cofyrp ) (1.12)

where of is the geometric angle of attack

oo 18 the angle of zero lift, from equation (1.7).

The 1ift curve slope is an important concept in airfoil (and
hydrofoil) analyses, Rearranging the terms of equation (1.12) and

taking the derivative, the slope is

d o
PES—— - J‘-. _L’ (1013)
d« ax WA

It is frequently more convenient and useful to invert squation
(1.13) and determine the angle of attack necessary to produce a

desired 1ift coefficient. Thus, the "inverse slope" or "1lift

angle" is
dec (i‘i’ + (i‘;}
dc dé o de /{
(1.1k)
= .J- -+ L
2w TA

vwhere ( g.?.l is the 1ift angle due to the 1ifting-line vortex
L.

( glg) is the 1ift angle due to the trailing vortices
dc. /.
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Exuample
What is the angle of attack of a wing with elliptical
loading, having A = 5, needed to produce a lift

coefficient of £ = 0.57

From EQuATion (1.14),

g i L ] 0.22
4c, *iv '8

For A Symmetrica. Foi. (Ne Camear)
« s 022205 = 6.3°

For THE 3% CAMOERED SBCTion (PRECEOING EXAMPLE)
o, = =006 = -3.4°
o+ 6.83-34 29°

T+ should »'so be noted that, from equation (1.1l):

d,  dai, L
d(¢}) ag A

which is also = useful relationship in airfoil analysis.

CONFIDENTIAL
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Modifications to Lifting-Line Theory

Bffect of Planform

The 1ifting line theory as outlined above is exact for wings of
large aspect ratio, having elliptical 1ift distribution. OConsidering
wings of simple geometry (i.e., straight, non-twisted, constant
secticn shape), elliptical distribution is found only for wings of
elliptical planform. It is therefore necessary to determine the

effect of other planforms on the induced characteristics.

The method proposed by Glauorth can be nsed to determine the
gcorrections to be applied to thie induced angle and induced drag terms
for wings of various planforms. The induced terms of equation (1.15)

now beccme
dai | bt
dc, ¥A
1.6
dln . 1ud .
dct)

vhere T'd  are the corrective terms for the induced
angle and induced drag, respectively. .

Figure 1.8 gives the T and J ocorrestions for wings of
rectangular planform in terms of the aspect ratio.
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II - 1020




CONFIDENTIAL ATRFOIL PRINCIPLES

0.4 =
V'
0.3 . - T ==
~ =
. : 0.2 7/
vo . ‘;___’__,k
Ot T . )—i -
o | ) RATI *
‘Taf FOR RECTANGULAR PLANFORMS
*- | 'FIGURE 1.8

Husber® has calculated the correction terms for vings having
straight taper from midspan 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 from Figure 1.5(s), interpolating as
required for other aspect ratios. m valus of & for any upict
ratio can readily be determined from the functien

dsd'A |
where J' is giver m.uguro 1.9(b) for w aspact retio (as
nggeatod by Heorn-'r7). 'A |
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The above planform corrections &re derived on the basis of the
lifting line theory, without cons!deration of the finite chord. 1In
the practical case, there is some advantage to be gained from having
square wing tips (both in planform and in lateral section) as they.
prevent the flow from "getting arcund" the wing tip, thus inoreasing
the effective span and aspect ratio. It will be shown, in the dis-
cussion of lifting surface theory below, that for wings of low aspect
ratio the rectangular planform is mores effective (haa less induced

angle and drag) than those of rounded or tapered form.

Effects of Sweep

The effects of sweep on a foll have been investigated theoretically
in several referencess'9 o A simplified 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. Thvs, 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 dcéruu the section 1ift curve by the factor cosA .

Equation (1.1L) may then be written for the swept foil:

de) . 1.17)
4G A (dq mA (aq ¢ )
P
2% cesh ﬂ’A
CONFIDENTIAL
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g

a’>,§f§

= (4]

are tiie section and induced 1ift angles
)1 for the unswept foil

is the angle of sweep

is a factor to be determinad,

For elliptical 1ift distribution, the factor R = 1 and the
induced term is the same as for a straight foil with elliptiec
distribution. However, the low taper ratios required for swept~back
wings to make the lift distribution elliptical (as shown in Figure
1.1 below) are not practical, because of wing-tip stalling.

From an analysis of test data of swept wings, Hoorncr7 shows
that R varies approximately ss !casA . Thus

(&%. )A ( d%_)cfsl (1.18)
where (# ) 1s the laft angle of the foil without sweep.
L

The induced drag term may also be expressed approximately as

i , 46 . L
I?'q*‘) 3??5") s A (1.19)

Tests conducted by nacal®l on various swept wings indicate that
the 1ift curve and induced drag do not cbey these simple formmlations
in all cases, particularly at large sweep angles. Wings with
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sweep forw~rd have different characteristics than those with sweep-
back, and in some instaences the induced drag incresses with increase
in aspect ratio, Thersfcre, the above relationships sheould only be

used in the absence of specific test data.

Effects of Dihedral

According to a simple ’cheory:"2 » each pansl of a dihedraled or
V-shaped wing has an induced angle (in the direction normal to the
panel) equal to that of a complete wing with an aspect ratio which
is twice tha of the panel.

Referring the 1ift 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 1ift angle may be simply expressed as

QQE ) HY . + L
(1.20)

o |, dG | L
d(G}) d(@) TA

.

where [' 1s the dihedral angle.
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Example
What are the induced characteristics of a wing,
having A = 25° and M- 25°7 According to
equation (1.18)

de . L
dl. ~ cos A

For A\ = 25° (cos 25° = 0.91), the induced
angle and induced drag ars roughly increased by
10%. The angle of dihedral does not affect the

induced characteristics.

) Lifting Surface Considerations

The theory of 1ifting surfaces has been promoted in recent ysars
to determine the aerodynamic characteristics of wings of small aspect
ratio. inlo:!.n:l.g]'3 and weiu:lngoru‘ have produced theories capable of
being applied rudily. for enginsering purposea. I.awroncels has more
recently produced generalised functions that agree with weiasirng;r'l
results and further allow the determination of the chordwise load
distribution,

The complete formula for the 1ift of an airfoll may be expressed
ass ‘ )

CL i wmnaal L SN0 A It cos K (1.21)
v ¥ A '
CONFIDENTIAL
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where o  includes the angle of zero 1ift, for cambered foils
E is the correction factor applied to the basic 1lift-
ing line theory. Val.es of € are given in Figure
1.10.
28X is a normal force coefficient, which can be derived
rigorously for zero aspect ratio by any of several
concepts. The simplest concept is that 1t represents
the viscous drag coefficient normal to a two-
dimensional flat plate (Cp= 2.,0) with a fluid speed
of Vsink , .

Equation (1.21) is thus seen to represent the corrected 1ifting
line theory (with Sinol substituted for & for greater accuracy at
high angles) plus a non-linear term which is actuslly derived for
zero aspect ratio but which appears to be valid throughout the range

of low aspect ratios (A  2).
The drag due to lift may be given apprcximately as:
2
Co, = Su + G, tanx (1.22)
TA

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

G, 1is the second term of equation (1.21).

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

An empirical factor E =)+ %A for A>2 fslls between the two

theoretical values,
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1.0
N
o8 / . rwnssmqm
] WEINIG
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' 0.4 EMPIRICAL [ s 1+%4t (FOR A>2) | .

0.2 /
)

o ) 2 3 4 5 ] 7 8 9 10

VALUES OF % FOR REGTANGULAR FOILS
AS A FUNGTION OF ASPECT RATIO

FIGURE .10

Lawrence (and Weissinger) also derived values for triangular

wings. Figure 1,11 gives a comparison between the rectangular and
{

triangular values of the complete factor & " L and the 1ift-

R WA
ing line theory (€ = 1), for small aspect ratios.
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Various test data for rectangular foils have been analyzed by
Hoerner#, and tke results are also shown in Figure 1.11. It is seen
that the characteristics are dependent on the edge shape of the
sections; those having square edges showing slightly greater 1ift
than theory irdicates while those having rounded edges and rounded

corners are close to the theory for foils with triangular plan forms.

# in an unpublished memorandum
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For foils of aspect ratio larger than 2,0, the angle of attuck
is usually small so that the second or non-linear term of eguation

(1.21) may be neglected, and the equation may then be rewrittens

3%" = _i% + (For A>2) (1.23)
L

to which the planform, sweep and dihedral corrections can readily be

applied. Thus, for ths complete wing:

de . L [ _E_ , ¥
dg  cosh [Zﬂ'ml’ * 'n'A]

deo . s
d(q*) WA cos A

E 1is the lifting surface correction,[w 2fr For A>ZJ

(1.2L)

vhere

A is the angle of sweep
I is the angle of dihedral

T,d are the respective planform corrections.
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For folls 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 may then be rewritten:

:Tlg, - 7251? . (For A>2) (1.23)
L

to which the planform, sweep and dihedral corrections can readily be
applied. Thus, for the complete wing:

da . 1 [_L R .:.r]
Cos/\ | 2Wcosh wA

(1.2k)
dC 1+d

d(q*) WA cos \
where E is the 1ifting surface corroction,{w 2t For A?ZJ

/A 1is the angle of sweep
" 1is the angle of dihedral

T,d are the respsctive planform corrections.
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5.

The Influence of Fluid Boundaries

when the wing is operating close to a fluid boundary, its “free-
flight" aerodynamic characteristics ars modified, to an extent depend-~

ing on the type of boundary and the distance of the wing from it,
There are two main types of boundary:

(a) the rigid boundary - the walls of a wind tunnel in which a
wing is being tasted, and the ground
when an airplane is in the process of
taking off or landing.

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

The influence of fluid boundaries fis treated in detail in many
classicai works>’> and will only be discussed briefly herein, For
convenience, the term “ground effeci" is used for the effect of a
rigid boundary, and "biplane etfect" for that of a free boundary.
While the biplane effect need seldom be considered in modern

CONFIDENTIAL
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aerodynamics, it is basically involved in the influence of the

water surface upon thc 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
symmeiry, this infuence is

.identical to that of a —

"mirror image" of the foil F C—-—-——)

and vbrtex system at the l_‘: R RIGID WALL
same distance h beyond the '::',l \:)

boundary. (That is, the @ ,-GROUND*EFFE—QI
boundary can be replaced by C"— " _—‘{)

the mirror image, in consider- h oo ?ﬁ:g':&:ﬁ:{ﬂ
ing the effect on the wing.) | h C )

It is easily seen that the (b) BIPLANE EFFECY
downwash and the induced

angle at the wing are reduced. FIGURE '.'2

As a conssquence, tahe 1ift
curve slope dc‘-/“ is somewhat increased and the induced drag
decreased in the presence of a rigid boundary.

The biplans effect, on the other hand, produces the orposite
results, Consider the biplane represented in Figure 1.12(b) with
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the separation of 2h between the wings. Here, sach wing provides the
same 1ift and has identical vortex systems in the same direction. It
is easily seen that the downwash and the induced angle at one wing
are increased due to the vortex aystem of the other wing, 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 influencse of either the ground effect or biplane effect on
the induced characteristics of the wing may be expressed as a factor,

K, in the equation

dai _ dCoc , K
dc, a(ct) TA

‘(1025)

The factor K is given in Figure 1.13%, as a function of h/b,
Kp denoting biplane effect and Kg denoting ground effect. It is

seen that at a given h/b the ground sffect would decrease the induced

terms by the same amount as the biplane effect would increase them.

When h = o, the induced terms would vanish due to ground effact and

# See FMigure 2.7, Chapter 2, for a
mors detailed graph.
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would double due to biplane effect. When Kba Kg = .0, the

#free-f1ight" condition exists, i.e. no boundary effect.

BIPL ANE

\ ——— ‘:a.__a
o 08— .hpto
—_—t
EFFECT T

Kg

BIPLANE AND GROUND EFFECT FACTOR, X

FIGURE .13

Por small values of W/p, , corrections to K must be made for
such things as the actual tip clearance of dihedraled or swept
foils. Murthermore, there are the effects of the image of the
lifting Yortex which is «lso present (but which has not been shm)
in the complete flow system near a boundary. Such image influencer
the foil section characteristics when the distance b 1s small as

- compared to the foil chord.
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Usually, for aireraft the ratio h/b is sufficiently lairge so
that thes. secondary influences are negligible, For hydrofoils,
however, hb 1s generally small and these effects must be considered.
Therefore, the treatment of these secondary influences, as well as
other boundary effects on the characteristics of hydrofoils, is given

in Chapter 2,
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Pitching Moment Characteristics

Foll Section chamctoristics

As indicated in equations (1.5) and (1.6) above, the 1lift
originating in s nymmetrical foil section (due to angle of attack)
can be represented as a single force applied approximately at the
quarter-chord point. The 1lift due to camber, however, is centered
at the half-chord point.

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

equation (1.6)
Cm% = - '""/c (1.26)

and is a constant for any given foil section, 'F/c being the foil camber
ratio, and is thus approximately independent of the magnitude of the
1ift,

Experimental data on airfoil sectionsls2 indicate that the value
of the coefficient and the chordwise position are slightly different
from the thecretical values given above., It is therefore usual to
defins the conaunt. moment coefficient by

Cmge
which' is taken about the asrcdynamic center, or a.c,

CONFIDENTIAL
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Effect of Planform

The aercdynamic center and the corresponding moment coefficient
for a complete wing depends on the geometry of the line of aerodynamic

centers and the spanwise life distribution,

For wings employing the same section shape, C’"ac 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 planforms without sweep, and is independent
of lift distribution.)

For other cases, such as when sweep, twist and variations in
section shape are employed, the effects muet be determined as a

function of geoutz"y of the foil and the resultant 1lift distribution.

Methods for determining the spanwise loading distribution for foils of

arbitrary plan form are given by DeYoung and Harper9 .

In the particuiar case where the taper ratio bears a certain
relation to the angle of sweep as indicated in Figure 1.1lL, the foil
loading‘ is elliptical and the aserodynamic center is given by:

< ) 0.342 -0.567)\ - 0.0 X
a.c=z* lo(|+)t+75)_—1_- Atar A (1.27)

where A = tapsr ratio (tip chord/root chord)
A = sweep angle
from which Gy, can be determined.
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Pitching moment characteristics of wings of various con-

figurations are, however, most readily determined from wind tunnel
tests. Thus, available test data on wings of various form (such

as presented in references 10 and 11) can be utilised to determine

the pitching moment of similar wings under consideration.
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Small Aspect Ratio Wings

In his treatment of 1ifting surfaces, Lawrence]'5 also derives
values of the aerodynamic center for rectangular and triangular
wings of small aspect ratio. (Triangular wings were assumed -to have

the apex leading and the base trailing.) The values given in Figure

1.15 are for tha linear

portion of 1lift (the

first term of equation — 9 | tzl -
1.21), measured from the :'g.za p}’cﬂmﬂﬂk ' ,‘;E
leading edge. The non- E? \(179 ‘Eg
linear 1ift (second term ":"? " \.Qx * gé
of equation 1.21) is "3-’” ‘{Q\\ . §'
assumed to be uniformly A‘f

applied over the planform, R

so that for the rectangular Aispec;' RA#GO o
wing its oénter is at mid- 'FOR :::&DXNSAP?:T CRE::,.EORFO,LS
chord, while for tha

triangular wing it is at FIGURE 115

the 2/3 chord position.

The effect of camber on the moment of small aspect ratio wings
has not been investigated specifically. It is assumed that the 1ift

due to oarmber is, applied at the mid-chord as for vings of larger
aspsct ratio,
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Airfoll Drag

There are threé basic types of drag (or raaistance) that are

experienced by an alrfoil, which are

(a) the induced drag resulting from lift, as discussed above.

(v)

(e)

the friction drag, resvlting from the shear forces in the
fluid at the wody. As a function of ihe fluid velocityy‘
these forces are set up tangential to the contour of the
body, and the sum of the components in the direction b:

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)

would have components in tha 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, i

and‘is thus sometimes called "form drag".

CONFIDENTIAL
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The basic difference between

friction drag and pressure drag

s
can be best illustrated by con- - I
sidering the drag on a thin flat - FRICTION DRAG

plate, as shown in Figure 1.16.
When the plate lies parallel to
the direction of flow, the ‘drag

is almost entirely frictional;

when normal to the flow,
DRAG
entirely due to pressure. It PRESSURE
is common procedure to couple . .
FRICTION AND PRESSURE DRAG
friction and form drag together ON A FLAT PLATE

as "parasite drag", which is

FIGURE LI6

defined as that drag independent

of, or not due to, lift.

Parasite drag is the niost important component of the total drag
on a foil in the high speed ranges of aircraft and hydrofoil coraft,
and is indeed an important consideration in all fields of fluid
mechanics. A comprehensive treatment of the subject wculd be ex-
haustive and is not within the scope of this work. Reference should
be made to staadard texts, Prandtl3 for a presentation applicable to
airfoils and to Hoerner' for a detailed treatment of the parasite

drag of various aircraft components.
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IT - 1.1



CONFIDENTIAL

AIRFOIL PRINCIPLES

Since the standard naval architeciural texts explain the concept

of friction drag (frictional resistance of ships) and pressure drag

(eddy making resistance), it is not considered necessary to dwell on

the general aspects of this subject at this time. Particular appli-

cation to hydrofoils is given in detail in following chapters.

It should be pointed out, however, that there

are slight differences in the procedure of
analyzing parasite drag as employed in aircraft
and ship design. Airfoil drag coefficients are
referred to the plan area of the wing, and other
aircraft components (nacelles, fuselages, stc.)
are referred to on the frontal or crocs-sectional
area; whereas the standard ship practice is to use
the total wetted area of all submerged components.
Furthermore, the marine industry has adopted the
*Schoenherr line" for turbulent friction, whereas
in aeronautics no standard has been adopted
although the "Prandtl-Schlichting line" is in
general favor.

The procedure employed herein is to use the reference aresas

employed in aerodynamics (except for hulls, whers marine methods are

retained) but basing the friction drag coefficients on Schoenherr!'s

function,

CONFIDENTIAL
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Airfoil Data

The -aircraft industry has published a wealth of information :on
airfoil characteristics.# The evolution of the characteristics of
hydrofoils, as presented herein, has besn accomplished by drawing
heavily on this information, utilizing airfoil theory with such
corrections as have been indicated by experimental data. This
material has been applied directly ér modified 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 wide variety
of airfoil shapul’z’lé, from which the basic section characteristics
can be rea@ily 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, ;
Washington, D, C.
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From this particular data, the following two-dimensional charscter-
istics can be found:

section 1ift coefficient
section 1ift curve slope

section drag coefficient (smooth and rough-varicus
Reynolds numbers)

section moment coefficient (about the 1/k chord and
about the a.c.)

angle of zero lift
maximum 1ift coefficient
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Data 18 algo avajlable on the characteristics of miscellaneous
shapes and bodles, flaps, etc. as may be required for a detaliled
analysis of hydrofoils but which are too varied to allow individual

treatment in the text that follows,

]
|
|
!
|
|
!
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SUBMERGED FOILS

\

General Considerations

The hydrodynsmic characteristics of hydrofoils operatiug in water
are closely related to those of airfoils operating in air. When the
hydrofoil is so deeply submerged as 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 assuming
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 close to the water
surface with a consequent effect on its hydrodynamic properties,
This effect can be accounted for to some sxtent by classical airfoil
treatment of the influence of fluid boundaries, but it also requires
consideration of the gravity effect that is unique 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 foll and 1s represented physically by a wave system similar

to that produced by a ship. (The wave system is treated in Chapter 6.)

The basic hydrofoil theory, therefore, takes into account all
surface effects on a simple, fully szubmerged foll. From the relstion-
ships established from tbe theory, the "airfoil™ effects and the “wave®
effects can be separated and independsntly considered for general

sngineering arplication.
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Corrections to the basic hydrofoil characteristics for variations
in foil geometry, the effects of struts and other appendages, and the
influence of various operational factcrs can be readily and clearly

indicated as functions of the Mairfoil" and "wave" effects considered

separately.

The hydrodynamic characyeristics of the fully submerged foil are
treated in this chapter along these lines; surface-plercing folils are
treated in Chapter 3. The influence of cavitation has not been con-
sidered 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.
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Hydrofoil Theory

Two-Dimensional Theory

SUBMERGED FOILS

The concept of a rectilinear vortex advancing in a fluid has been

used in the development of airfoil theory, as indicated In Chapter 1.

It can be cimilarly used to develop hydrofoil theory, with the added

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

Thils case has been investigated by Kotchinl, with the results that

the 1ift is modified by the free surface and a drag on the vortex is

produced (in association with a Surface wave), The relationships are

given as:

L=pVOb- &0

Dw . /09_@ e- zgh,‘,z
Ve

where L is
D, 1=

b is

in

h is

V 1s

® 1

P is

9 is

the
the

the
the

the
the

the

the

1ift
"wave drag"

span (considered to be infinite
two-dimensional case)

depth of-subuergence
fluid velocity

value of the ¢irculatien
fluid deusity

acceleration of gravity
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. L)
{l = [ - ‘..'.\97’.: e't,"/vt/" 9'.’.;.;‘.‘.”] .

and

Equation (2.1) indicates that the 1ift 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 proximity of the free surface.
This image system changes the magnitude and direction of the fluid
flow, resulting in a change in 1lift, 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 1ift reduce to zero as
the submergence approaches infinity, thus xoducing to the case for
the foil in infini.e fluid,

Values of the factor ﬂ are given in Figure 2,1 as a function

+2
2l
h .. "M s T BT " B o
- / Fnls VNG
-2
Fiﬁﬁﬁi 2.1
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of the Froude number, F‘ . \VJF o It is seen that in the limiting

cases
..Q. s - L0 G‘t anO
_n_ = 'co at F;lu
and thus, from equation (2.1), the image system is. seen to be that

of a"mirror" image at F, 5O and a "biplane" image at F,» 00, as
indicated in Figure 2.2, In these

cases, thes image “produces" a r dt‘
' /
change in fluid velocity past the . -
v h WATER SUREACE
vortex, but no change in fluid P r
g = h_[

direction. Thus, the wave drag C )
must be zero and is so indicated Fnt 0 i S

in evaluating equation (2.2) at VORTEX SYSTEMS AT

these limiting Froude numbers. LIMITING FROUDE NUMBERS

(At F;. e 80 , 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, F, e V/f,-" , 1s high, Insofar as the effect on fluid
welocity is concerned, the value {)#1.O (from Figure 2.1) may be

generally used without serious error.

Then, equation (2.1) may be written

CONFIDENTIAL
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L = ,o@(\/-u.)b | (2.3)

0 GG

where AL -@/41rh s the decrease in fluld velociiy at the .
vortex due to its bipiane image.

G * Ypvs

Thus, the equation for the 1ift of the vortex near the free
surface can be treated as that of a vortex in infinite fluid with the
velocity (V-,u) instead of V. From Chaptesr 1, then, the circulation

around the equivalent foil section can be written

O = Tea,(v-iu) (2.k)

where [ o] is the foil chord
ol is the angle of attack of the foil in two
dimensions (measured from the angle of zero
1ift for cambered foils).
From equations (2.2), (2.3) and (2.4), the 1lift and drag can be

derived for the foil, in coefficient forms
sz \®

-VE?

Cou * G & (e ) & (26
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where pr - D‘”//a'i Vis
F, = VAGR

.V;g;* E
-E_ﬁ,-‘_ ) is given in Figure 2.6 as a function of £,

Noting that «=@4rh , the value of ( !’T?-“)' can be determined

from equation (2.4),

(\-I:\'/#)z v < I+ ’edsﬁh) (2.7)

At normally small angles of attack, the effect on the flui* velocity
is negligible for submergences of over 1 chord, and

(\./..'_‘.")L ~ |Lo when h/c Dl.o
\"

As the submergence decreases, however, the effect on lift becomes
important. Furthermore, with a foil of finite chord, the imfluence of
the vortsx image must be considered over the entire chord; instead of
only at the lifting line as herstoforo assumed.

Finite Chord Corrections

When the submergence is smail, the curvature of the fluid flew due
to the vortex image appreciably affects the 1ift charasteristics of the
toii section, This can e treated by a simple approximate mothod
familiar in aerodynamics?, which is to consider the flow cempsnents st
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a "control® point 1/2 chord
behind the location of the

lifting vortex, as indicated

in Figure 2.3, The downward G.P , w
velocity component due tec
both vortices at this point
is then

weDO[ L. 22 ] (2.8)
tw L S antecly
and the reduction in horizontal velccity
“ b Q [ —zb—v ] ’ (2.9)
L L TAYS Y ‘
Tow to satisfy the condition that there is no fluid flow through the

foil, the angle of attack xust be equal to'the angle of fluid flow,

or
o, = ...m.
Ves

_ which by combining equut:lt;na (2.3) and (2.9) is
VAL U | |
oo (L) L& o] (2.10)

to which muct be added the “induced" wave angle, From squation (2.6)
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II - L9




T

e S —

CONFIDENTIAL SUBMERGED FOILS

L

VIR .
@ GL) (%) a (&.11)

Combining equatic & (2.3) and (2.9), and noting that for small

values of 4-‘/\/ , higher jowers can be disregarded,

b/,
4 ¢ - o alv-a) ~ u 2 12
ar (425 1] - V2 (2 2)

(\-'/-\é-“)z: I+ !.‘.\‘,-. = 1+ WG,

where U = 40
m {(are) 1]

The tetal foll angle (mea:ured from the angle of gsero 1::t) and
the total wave drag coefficient zan then be found by substi’ «ion of

toms;
: o
o * (uu.C..)C._[ + *“,y‘.,-k* f‘(%r)] (2.1k)
1 ..Z\_ﬁi ‘
Co, » (HUG)C ﬁ(g_{?r (2.15)
. \

The derivatives dﬁq and dc.'/@@" are similar in ‘orm, except that

the respective factors for the oftcctivp fluid velocii) are
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( ( + U.C;“)

Bquations (2.1h) and (</.15) are @ “asic equations for the hydro-

"t g we dimensions™ and indicate .3 ‘ollowing effects of the free

(#) The wave elfects, an « one o0 of submergence Froude number
\\///q& W o ibmmrponce oy ratieo h/g o« 4t infinite Froude

number or infinite hg , th wave effects disappear.

(b) ™, finive ot ¢ 2., e & funotion of h,ﬁ > At valves of
i/G >(,0 , the val s of U becomes negligible.

te thecries f: ' the tw-dinap&ml tez!J with fip
been advanced '] xmhu’ and Kal !
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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 2

finite wing in the presence of a fluid boundary wers shown to be
(%) - 4% . X
aq d(q) TA
which wers added directly to the airfoil properties in two dimensions,

to give the total wing characteristics.

However, thir procedure cannot be used in the case of ths hydro-
foil. Both the finite chord and wave effects in two dimensionr are
modified by finite span considerations; and the airfoll indroed effects
are modified by the influence of gravity. Therefore, the h,drefoil of

finite span must bo investigated as an entity. The concepi of separate,

additive terms will be useful however in evaluating the characteristiocs
of the foil, as will later be shown,

In the davelopment of the theory of the hydrofoil of finite
span, the vortex line concept is used. Finite chord effects are not
considered herein, but will be re-introduced later,

The hydrodynsaics of the vortex lins of finite spam in the vislsmity

of the free surface (and in infinitely deep wetiér) heve e investi-

guted by saveral authors® 758, Referense shovld be wedy 30 She originel

works forthod.tdhmdpmcaﬂuunmtﬂh&mﬁ
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characteristics of the hydrofoil, since the expressions derived are

rather complicated and do not lend themselves to simple formalation

or evaluation.

Qualitatively, however, the characteristics can bs shown to be

composed of three major components, as followss

(a)

(v)

(o)

The asrodynamic induced effects of a foil in the presemse
of a rigid wall. This is identical to the ground effest
discussed in Chapter 1, wherein the induced angle is
modified by the factor, Kq .

The lateral wave induced sffect, 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 mimber, from the limiting value Op.o) to

( K'. %) (Few) ° where Kb is the biplans fastor.

The total effect of the above components ﬁbﬂ

together resulis in a function similar tofl ,

which is given in Figure 2.1 above, '
The transverse wave induced effeot, due to the 1lifting

II - 2,13
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Bresiin® evaluated the drag of a foil of aspect ratio 10 at a submerg-
gnce/span ratio of 0.08lL. The results for an sssumed elliptical 1ift
distribution are shown in Figure 2.4, with the effect of each component
being indicated.

Practical Considerations

As indicated above and as shown in Figure 2.4, the combined aero-
dynamic and lateral wave effect is sinil:;r to the function given for
the two-dimensional case (compare Figure 2.1); and as in that case, it
may be considered equivalent to the biplane effect at high Froude
mimbers. That is, the induced angle of the foil in infinite fluid is
modified by the biplane factor, K}, .

Howsver, Figure 2.4 indicates that ihe difference in transverse
wave drag between ths three-dimensionsl theory and the two-~dimensional
theory is significant. Bvaluation of the three-dimensional tqr._;ln is
so arduous that it appsars more reasonable for engineering purpo;n to
use the two-dimensional formmla, reduced by a suitable fastor.
Arbitrarily the factor (K, -1) 1is used, which factor has a simple
correlation %o that used for the effect of the tralling vortiécl.
ﬂmi,, the equation for the irduged 1ift angle is in tle presemce of
the free surface:

CONFILENTIAL
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éﬂ = _Kl‘ J—+ Kb-‘
TA  TA WA

(:-—A'E‘-‘*:L + (ﬁ%: L('(h-')

and the transverss wave lift angle is

'“w - /cld -
Iz (?EE)‘(K\» )

where (%) is the induced 1lift angle in infinite fluid
b g

(d,‘.., is the wave 1ift angle in two-dimsnsional flow.
dii /s ‘

From this, the following concept can be stated:

The induced angle‘ of a foil of finite span in infinite
fluid is increased by two additive terms as the foil
approaches the free water surface. One of these is due
tc the effeot of the surface on the tralling vortices,
the other on the 1ifting vortex. Each of these terms
is mocdified in the same degres by a common fastor

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

The use of this fastor (K| -1) for the transverse wave effects may
have little theoretical justificstion, but is considered %o be of the
propar magnitude. Applying this faetor to the case shown in Pigum
2.li, the totel drag is seen to agree rsasonably with.ﬂ'ut derived by
the complete theory. |

CONFIDENTIAL
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3. Basiec Foll Characteristics

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

distinot components:

(a) The asrodynamic characteristics of a foil opsrating near
a Iree fluid boundary. These are identifisd as the basic

airfoil effects, dsnoted by the subscript 2 in the equations.

(v) The additional transverse wave effecte 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
mst be added to account for small foil submergense. The correction
terms involving U (introduced in the preceding section for the two-
simensional case) must then be added. FPor finite foils, the values
of U have been calculated slong the span, and the anrigo’valuo
determined. Thus, the airfoil terms can be shown to bes

() - oz [A-e ] e

dCq T (2.17)
Nc%‘) « (11 3ua) L«
CONFIDENTIAL

I1 - 2.17 L :

AR T S =

e e =



e A s e A T e e =L

e

CONFIDENTIAL ' SUBMERGED FOILS

where U 1is the factor denoting change in fluid flow, and
is given in Figure 2.5

€ is the 1ifting surface correction, !+ 2/at .

T, & are the respective planform correction terms, -
given in Chapter 1

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

The wave effects are readily determined from the hydrofoil
theory given in the preceding section:

(d2), - (uzuq)%(gf_"f)uq,-o (2.28)
dCo, . . ,
o.., (3ug) e (e "‘l )(lt],.l) (2.19)
Values of (9 '/‘l) and(Kb-l) are given in Figure 2,6.
0.1
0.14
0.12 ; A8 0O
' ! /_‘-:al‘
0.10 %:-..u
U e.0 , -As 10
‘ ///—FA- 9
0.08| —] \ /r-—lt ¢ :
00 | ,: RAL ~ -At\d J i
0.02 T~ —— |
~.0L‘-‘-‘--'-‘~J,< 4 — — -
h/fe .
VALUES OF U AS A FUNGTION OF ht ﬁ
5
] FIGURE 2 i
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Shallow Water Corrections

Operations in shailow water affect both the airfoil and wave in-
duced characteristics. For the airfoil compcnents, the induced effects
are reduced by the usual 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.

Howsver, the wave induced components m influenced in moderately
deer water by the presence of the bottom, depending on the speed st
which the foll is travelling., Thus, when the depth of water is less
than V7§ (or the craft speed 1s above the critical valus,V *Vgd )
the transverse wave effects vanish., In the subcritical range, the wave
effects are modified to some extent which has not been determined.™

Tentatively, the following factor is proposed for correcting the

wave drag in shallow water operationst
noa = (%) 20 VGa fe VCGGE
} oo
n-o for Véqz

by whish the wave induced effects, equations (2.18) and (2.19) should
e meltiplied,

# A two-dimensionel theory of wave drag in shallow water has besn
advarsed by Meyer?, but shows little correlation witi model tests
of finils span foils. The test resuitslO,1ll are also chbscure in
that tie actual skhellow water effect cannot be determined, becsuse
thers w2 2o experimantal results on the wave drag .n desp walsr N
Y] cfteri capntlon,

CONFIDENTIAL
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Summary of Basic Foil Characteristics

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

two compunsnts, thuasi

dx , /du

dé, -dq)a. +(42), (2.81)

3?’) - 28 , dlo (2.22)
L

d(a') dq*)

vhere for the simple, horizontal foil the airfoil effects are given in
equations (2.16) and (2.17) and thie wave effects in equations (2.18)
and (2.19). In the following sections of this chapter, the effects of
struts and other appurtenances, changes in foil geometry, ete. are
considered as they affect the airfoil characteristics of the simple
foil. The wave induced effects are not considersd changsd from that
given above (except where specifically noted). The total charaster-
istics would still be expressed as the sum of the airfoil and wave
effects, Put with modified values as required.

CONFIDENTTAL
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DESIGN EXAMPLE NO. 2.1 | me:

DETERMINE THE GHARAGTERISTICS 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 3FT.

DETERMINE THE EFFECTS AT SPEEDS OF 30,38 & 40 KNOTS
AT AN AVERAGE WATER DEPTH OF 200 FT.

PARTOCULARS A =10
he = 15
hp =z 0I5
Y =507 (592 | 616 |(ft/sec)
Fh= VABR = 5.16 | 6.02 ©.89
Veod - 0401 0541 O

AIRFOIL EFFECTS

E«102
L = 0.04 (Figure 2.5)
K:Kb11.37 (Figuve 2.7)

e 0, _
P og.f:} (Figure 1.8 of chapter 1)

From Equation (2.16):

(%-C—L = (1+0. OGCL)['°z+ g.?;- WJ

20.219(1+0.084 ) -
From Equation (2.7) ) 1
T Q*e.wq)(’m;l,,?

*0.047(140.06% )

CONFIDENTTAL
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DESIGN EXAMPLE NO. 2.1 | meors

WAVE EFFECTS
From Fiqure 2.6

e-‘z/Fh"
TFe " 0.017, 0.013, Q.0i05

Kp-l =037 °
From Equations (2.18),(2.19), and (2. ZO\;

( :é\‘w, (140.08 ¢, ) 32 0.017(1-0.40)=00025(1+0.08C1)
0.013(1-0.54)=0.0015(1+0.08 Cv)
0.0105(1-0.71)=0.00075 (1+0.08C1)

dCow | 00025 (1+0.06C,) '

) 50015 (140.06CL)

0.00075(1+0.06 C,)

TOTAL. EFFECTS
‘ Assunie 3 design (.= 0Q.50 at 30 Knofs

' | ToraL
N c (é_*\ [44) | dCbs | dCow || dk | dCo
KNOTS -t dCu/a | (dcw| d€CY . ml dCo ‘mi.’j

30 | 050 | 028 | 0003|0Q.049 | Q003} 0.231 | 0052

35 | 0.368 | 0225 | Q.002 |0.048 | 0002 0.227.|{0.050
40 | 0281 | 0224 | 0.00l |0048 | 0.00! || 0225 0.049

CONFTDENTIAL

Iro..o2.en
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L. . Effects of Struts, End Plates and Naceliss

The changes in induced effects due tc stiruts, end plater, nacelles
end other similar attachments to the foil can be censidered dus tc two

separate causest

First, a favorable effect due to the retarding of spanwise flow,
Tris is the commonly kncwn "end plate effect" and may be
considered as a radistribution of trailing vortices along the
surface of the attached member rather than the foil, result-
ing in a reduction of induced angle and drag. Theoretical
nnalya;s have been made for airfoils and the results are
1readily sdapted to hydrofoils.

Second, an adverse effsct (generally) which is a function uf +he
thickness (spanwise extent) of the attachment, This effect
is generally identified as "interference® and is due to the
interruption of spanwise 1ift distribution and/or due to the
constriction in flow past the body. aAnalysis of test data

is the most suitable means for evaluating this effsct,

End Struts and'Ind Plates

Analysis of the biplune, boxplane and end plate sffscts on airfcils
have been made by eeveral authors, end are as given by'Du;andlz.

Hoerner!3 has shown these seffects referred to & hydrorfoil, and the

CONFIDENTIAT.
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functions are reproduced in Figure 2.7 in terms of the factors, K, by
which the basic airfoll inducsd effect must be modified. Thuss

Kp is the nydrofoil "biplane" effect, a funetion of

Kpo 1s the hydrofoil with end struts, "boxplane" effeet,
a funotion of

Ke is the end plate effect, a funotion of

The following relationships are seen to exist, approeximately:

- __l__,. .
Koo = Kp e (2.23)
| 9.8k
Ke = Tk (2.2h)

The end plate effect, K¢, is derived for a foil in infinite fluid
with a pair of end plates of actual height, he . Howsver, for the hydre-
foil, the end plate sffectiveness is modified by the presence of the
fres surfese and an effective end plate weight must be substituved fud
the actual height in equation (2.2k).

-
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SURFACE

0

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) &nd
(2.24). For the lower portion of the end plate, the effectivensss
is increased as ‘\A‘ approaches zero (due to the influence of its
image), so that at "/k‘ = 0, the effeotive end plate height is
twice the actual height.* |

Thus, depending on submergence, the effective height varies
betwsen 1/2 and 1.0 for the upper end plate and between 2.0 and

1,0 for the lowsr end plate. An empirical formla to detersine

# This can be visuslised as follows: the biplane imsge of the trail-
ing vortex reduces the spamwise flow of fluid on the upper foil
surface (inward) and irereases the spunwise flow on the lower,
surface (outward). Therefore, the upper end plate is ‘less offect-
ive, the lower end plate more effective than in infinite fluid.

1
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the total end plate effectiveness at a submergence, h , is as follows

Ml B MY e

Effect of Struts and Plates Inboard of Foil Tips

The effectiveness of si;ruta and and plates is reduced as the
member is moved inward from the foil tips. Hanglern‘ calculated thol
eﬂ‘ectivenese of end plates in various spanwise positions on an air-
foll and the results are shown by Hoernerl3 to be a function of the
spanvise position, @/ , and the end plate height, Ref, . It can be
shown that a good approximation for any Wb is that the effectiva
height is reduced in the ratio

(%)

where @4 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 hydro-
foil. Thus, for a foil of the configuration shown in Figure 2.9

* FIGURE 2.9
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Kb[ '
T ]

)e#

is determined from equation (2.25).
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DESIGN EXAMPLE NO. 2.2 | o

DETERMINE THE K FACTOR FOR THE
FOLLOWING CONFIGURATION

-SURFACE

s . AVERAGE CHORD® |.6'
- ~ FOR FOIL,STRUTS &

B/PLAVE FACTOR

From Flrgure 2.7
K, =1/83 (at¥b=03)

END-PLATE EFFECTIVENESS

From Eguation (2.25)
/he

}//'/o ‘*20 xfz: 0736

T0TRL A FACTOR
From Eguation (2.26)

;(-//53[ J._L/-(3
| 1+(03)' 03 +210/36] /.280
- 0.924 |
CONFIDENTIAL
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BEnd Plate Effect cof Nacellss

It has been shown by Hoernerl® that a nacells (wing tank) of
cylindrical shape has an effective end plate height of 1/2 the
diameter of the nacelle, When located at the wing tip, however, this
effect is counteracted by the roiling up of the trailing vortices more
readily due to the round tip, with .. 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 nominal span may be considered to
be between centers of the tip nacellas. Then, adding the end plate
effect, the same net relationship is derived. As indicated in Figure
2.10, the total end plate effect of nacelles can be estimated 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 measured to the center of the

nacelle.
With these dimensions, the effect can then be calculated on the basis

of the end plate fornmlas derived above.

CONFIDENTIAL
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b '
% . 1’-1) —O—'_:-__"Fd/:

{Q1) CONSIDERING FULL SPAN - NO END PLATE EFFECT

: 4 b Oi-é! U 1 3dn

(b) CONSIDERING SPAN TO ¢ NACELLE-
PLUS END PLATE EFFECT

. () Teon

' o/

(C) NACELLE INBOARD OF TIP
(D) TYPICAL END PLATE VALUES

FIGURE 2.10

Effect of Lateral Area on End Plate Effect

The above formulations for struts, end plates and nacelles have
been derived on the basis of these members having a chord (longitu=-
dinal extent) equal to that of the foil. However, depending on the
total lateral area of the member, and the shape of that area, the
effect may 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 Figure 2.11. Generally, where these

CONFIDENTIAL
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members are full at the foil and tapering towards the upper and/or
lower ends they are more effective than those (such as struts) that
are full av the ends and taper towards the foil. For rectangular
or near rectangular members, the effective height may se considered
to vary directly as the ratio ol the mean chord of the lateral area
to the chord of the foil.

A i

R

LESS EFFECT STANDARD EFFECT GREATER EFFECT

END 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 k) and additional induced effects.

CONFIDENTIAL
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The 1ift induced effects are due to disruption of spanwiss dis-
tritution of 1ift; i.e. the superimposed body removes a portion of 1lift-
producing foll area, causing a reduction in 1ift and a redistribution of
1ift slong the remaining span of the foil. Opposing 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 1ift &t the

intersection.

Test datall indicates that the overall effest of a foil-strut
interssotion is to reduce the 1lift (or increase the indused angle and
induced drag for a given lift)., A simple unalytical expression can be
derived for this effeot by assuming the 1ift to be lost over that
portion of the foil span occupied by tho struts, ts » and neglecting
the ¢ffeet of super-velocities. By further assuming the upper foil
surface develops 2/3 of the total 1lift, it can be shown that the inter-
fereiice effect on the lift angle slope and the induced drag may be
approximately expressed as

gz - (wn[£]

%) (g [ J

(2.26a)

oo [], 48] s T i e e
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‘ Y] is a factor which depends on the strut thickness,
foil span and spanwise location of the strut. This
is given by

n=o08ty [1- (%]

M is the maximum strut thickness to foil span ratio

% is the strut location ratio, as givean above.

The above relationships are given for each strut on the upper
surface of a foil, where the junction is weli-filleted, and as such
agrees well with experimental data. For other conditions, the value
of D) given above must be multiplied by:

{(a) ‘he mumber of struts

(b) 1/2 - for lower surface struts

(¢) 2 - for unfilleted junctions

It should be noted that the above relatioanship represents

the interference effect of a foil-strut junstion as a
function of 1ift (or angle of attack). IS is no? known
sxactly whether this effect is induced or parasitic in
nature; for convenience it is represented herein as

induced. The interference effect at sero lift is essentially
parasitic and is given in Chapter L.

The induced interference effects of nacelles are more difficult te
eviluate, being sensitive to nacelle sisze and position. Theoretical
m.timimn’ 16 indicate that the effects of superirposed
nacelles of small extent on the induced charasteristiss of wings are

small. Test datall on wing-fuselsge intersections indicates that, -

OONFIDENTIAL
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an increase in induced drag is accompanied by an increase in 1ift,
both effects being minimized by appropriate fairings at the junctiona.
Therefore, in the absence of specific test data for conaidered foll-

nacelle configurations, the interference effect of nacelles may be

neglected,

CONFIDENTIAL
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DESIGN EXAMPLE NO. 23 | mier

s

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

10

BIPLANE_FACTOR

From Figure 27; K, =142 (at "/ «0125)

END- PLATE EFFECTIVENESS

Struts - The strut effective height 13 25« LE.. 1.875

Nn@ll:s |
Assume an effective nacelie hn,ﬂ: of 35 €. Then
the effective lmghts are

h, *05(35-1.9/2 = 0.50 (JeJueem,MM)
hy*lo*35/2 =175

Then, from equation (2.25)

(?Lp.*“%i‘%"&" .33

. TOTAL K_FACTOR

From Equatien (8.26)

- 142 [u(o.ﬂ l,!?‘ o-("ﬂ no.unua] "%

2 IS
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5-

Effects of Planform, Sweep and Dihedral

BEffects of Planform

Corrections to the induced angle and induced drag for a wing not
having elliptical 1ift distribution have besen indiceted in Chapter 1.
The corrective factors are (14+T) and {1+8) respectively, T and d

being derived from the methods indicated.

In the pressnce of a free surface or in an equivalent biplanes,
the value of the planform correciions and their relationship to the
biplane factor are not exactly known. Glauortls proposed that T and -

§ derived for the monoplans be added directly to the biplane fastor
to give combined factors (f+ K) and (d+K) . It appsars more con-

venient to apply each fastor independsntly, so that the combiried
factors are '

K (1+T) and K (1+4)

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

indicated in eguations (2.16) snd (2.17) above.

In regard to the wave induced effects, it has been shown by
Breslin® that unii rm 1ift distribution results in less wave effects
than elliptical distribution, ‘ Dapending therefore on the relative
magnitude of airfoil sffecte and wave effecta, the optimm planfomm
is probably somewhat between the ellipticai and rectanguler. However,

CONFIDENTIAL
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the difference is small at high Froude rmumbers, and in view of the
empirical 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 . mumarical computations of wave effects.

 Bffects of Sweep

Az shown in Chapter 1, the effeoct of sweep may be expressed as
de Lofdxy g
(4"1. )A Y (dc._ ), * (ﬁ )c.' (2.27)

where A 1is the angle of swesp

(QJ is the section l1ift angle, a function of
dG'e the 1ifting vortex

( é) is the induced 1ift angle, a function of
d¢ /i the trailing vortices.

R is a factor, determined from specific test data,

It was also shown that KR = /eesA generally, and so in the

absence of specific test data,

:'-;::.)A, * c;‘s_A(ég)

S

(2.28)
dCor , L dC
@) T A i@

where /d4) and 4Cp are the complete airfoil functions
(;a) ﬂé) in the absencz of swesp.

CONFIDENTIAL
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For deeply submerged hydrofoils, the above relationships can bs

used, substituting the appropriate values of C%g) and gé%% given
Q

in equations {2.,16) and (2.17) for the airfoil effects., The wave
effects are uhchanged, the average submergence of the swept foll 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 employéd. The
biplane effect derived from the relatively simple 1ifting line theory
1s considered inadequate to show the infience of the swépt geometry
and:the variation in submergence.(between the midspan and t!p of the
foil at angles of attack).

The wave induced effects would also be modified 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
lgrge sweep and low submergences before accurate characteristics can

be determined.

Effects of Dihedral

The effects of dihedral on a fully submerged foil can be estimated
from the two established conditions for which the foil properties are
known, Thus, as indicated in Chapter 1, dihedral dces no% affect the

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

II - 2;)—1(,"
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with the tips touching the surface
(surface-piercing foil), the in~

. SURFACE
duced effects are equivalent to " L _in‘
t

those of a foil with end struts !\éi:

(boxplane condition) at the sub-
mergence h s b"“'% s as is

shown in Chapter 3 following.

'FIGURE 2.12

The effects of dihedral for any submergence can then be
estimated from the following
h
1+ Wp
where ' is the dihedral angle
‘\t/b is the tip submergence/foil span ratio
"/b is the average foil submergence ratio, % + "’“%
Ky 1is the biplane coefficient (as may be modified by
other factors given previously) for the average
submergence ratio,
It is seen that at large valuez of kt/b,. Kb aporoaches 1.0.
At ‘lt/b = 0 (surface-piercing foil), Ky is equal to the boxplane

effect given in equation (2.23) for a submergence of b teamf .,
Py

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

foil section angle by the factor $foep . The total effect of

CONFIDENTIAL
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dihedral on the airfoil 1ift angle can then be written

do do / du« () - he/p
dc,_),- ? ZZ;_) cos +(Z'cf)' W%ﬁ—’) (2.30)

where (45 and: (és‘ ) are the 1ift angles for the foil without
dq 4G/t gdihedral (at the mean submergence

h= hg *h.iﬁ'—r)

¢ is the foil angle measured at the foil
midspan in the vertical plane.

The wave effects can be estimated by using the submergence

heh,+ jSpf in equations (2,18) and (2.19).

CONFIDENTIAL
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DESIGN EXAMPLE NO. 2.4 S 1 0F

DETERMINE' THE K FAGCTOR FOR A SUBMERGED
FOIL HAVING SWEEP AND DIHEDRAL

| __suRFace _
ODIHEDRAL, N =18°

4.5 SWEEP, A =30°
FOIL CHORD s 2FT.

L~ STRUT CHORD = 2 FT.
’ / TIP SUBMEAGENCEs 2 8 FT.

DitvieprAL EFrecT

From Equatien (2,29)
h/b = hg/b + (4'.»”/4 t 1.5/0:00'2‘./4 = 0.275

From Figure 2.7
Kb e \.10

! Py ‘l.;/,'.

Then, 120
- Kp = b (v 0.218

= 1.i37

Swesr Ecract .
From Equation (2.28), faking Kp as the necessary K
KA'r- 2 Kp/cos 30° + 1.318

S‘rm)f EFrecT .

o Since some *end-plate” ¢ffect 15 achieved by dibedn), asabong
the actoal stret length 15used (meteud of average svdmergence)

Then, "’/b s 2.5 u-'%ﬂmls‘. 0.24

Tora. K FacTor

KS,A,I' * "S‘B[H(‘;‘-.!)‘.o,z‘;]‘ 1,10
AL -
CONFIDENTIAL
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e

Foils of Small Aspect Ratio

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

should apply.

At smaller submergences, the biplane images will have an effect

as heretofore shown, with several
important distinctions. As in-

dicated in Figure 2,13, the bound

vortex image acts on the foil at

a point ¢4 g behind the 1ifting

Lee

vortex (as suggested by DeYoung

and Harper19). Also, since angles

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

small aspect ratio foils, this FIGURE 2.13

must be considered in determining .4 and w , as shown. Thus, the
image effects are not linear and must be determined for each

individual case.

Generally, the expression for the 1ift would have the following

form:

_—..._'_——-—-—-—" sina (3
Cy > /{a)[_: y P + 2amwcosx] (2.31)
v A

CONFLDENTIAL
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where thJ and }7Zr) must be determined.

Since foils of small aspect ratio are not considered of generll_
or important application in hydrofoil craft, the above factors have

20 have been conducted on foils of A = 1/

nov bssn evaluated. Tests
and A = 1,0 at various small submergences and the data can be utilised
directly in estimating the 1ift, drag and pitching moment charaster-

istics of similar foils.

CONFIDENTIAL
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7. Pitching Moment Characteristics

For deeply submerged foils, the pitching moment characte;iatics "
given in Chapter 1 for airfoils may be used without serious error.
Thus, the pitching moment and the aerodynamic:center can be determined
Jrom airfoil a;ction characteristics (either theoretical or
experimental) and applied over the foil when the "equivalent wing"
1ift distribution is ascertained.

For foils of shallow submergence (one chord or less), the pitoh-
ing moment characteristics are expected to be affectsad by the influence
of the vortex images, particularly when the fcil employs large angles
of sweep and dihedral, I%t is considered necessary to run tank tests
on the configuration when accurate pitching moment characteristics are
roquir;d (particularly in cases where controllable foils are employed,

pivoting around some given axis).

For pr liminary purposes and where simple planforms are employed,
the pitching moment characteristics can be wustimated from the following

considerations,

The biplane image of the 1lifting vortex has been shown to cause
an increase in seciion 1ift angle; or, inversely, it causes a decrease
in section 1lift 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 1lift cah be shown to be

A CL z - g__a . Qaotg \
<o .
} (2.32)
= - g.i . E » CL
L
where Ega is the 1ift slope of the foil in infinite fluid
2 ,
A«, 15 the increase in section 1ift angle dus to the
‘ vortex image

W is given in Figure 2.5,

For foils of large aspect ratio A= 10 , the two~dimensional value
of U can be used without serious error (see equation 2,13), and

equation (2,32) reduces to

Co

ac,
[(4 "’/c)'-f lJ

(2.33)

CONFTDENTIAL
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The forces on the foil can
then be represented as shown in
Figure 2.1k. Cm“ and the a.c.
position in infinite fluid, and
can be found as indicated in
Chapter 1. The total foil pitch-
ing moment characteristics can

then readily be determined,

It is seen that the value of AC_ increases with decrease

FIGURE 2.!4

of submergence, and the center of pressure correspondingly moves

forward towards the leading edge.

center of pressure of hydrofoils shows qualitative agreement with

the relationships given above,

Available test datazo on the

CONFIDFNTIAL
1T - 2.48



CONFIDENTIAL SUBMERGED FOILS

8. Summary of Submerged Foil Characteristics

Angle of Attack

The basic equation for the "1ift angle" (inverse 1lift curve

slope) is
dee - .
dC, (ac._ * (4:,. * (f;cﬂw (2.31)
I S
(quC.,)[(m a#k)anAml" L" *Eh(%—,:‘-'r)(“b")]
from which
d-e(“ = (""uCL)CL [ SQMQ] (2.35)

where (g‘. is the foll section 1ift angle, a function of the
dGJo 1ifting vortex and its biplane image

(cLu. . is the airfoil induced 1ift angle, a function of
the trailing vortices and their biplane images

( il“ is the wave induced 1ift angle, a function of the
Clw gravity image system

¥ip 1is the angle of zero 1lift, measured in the same
plane as . The section angle xf zero 1ift

t H
must be corrected: «,, (aC._,.)‘ “0is

CONFIDENTIAL
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Drag Due to Lift

The "induced" drag is given by

and

where

Factors

.4_9‘2. 2 déo; 4 déon
d(’ ' d(C*) ' d(f.')

‘ .
=(a+¥uq)[%{ K ¢ %‘-(%;—)(Kb-')}

Copgee bty T (WUGNGE L 3ame]

| (2.36)

(2.37)

:.:.‘EE{‘) is the airfoil induced drag (as a function of 1ift)
(A

dCp, is the wave induced drag (as a function of 1ift)

(e

The various factors in equations (2.3h) to (2.37) which have to be

evaluated on the basis of given foll parameters are as follows:

the term denoting a reduction in fluid velocity,
given in Pigure 2.5 as a function of hk

the 1ifting surface correction, !+ 2/ad

the Piplane induced correction factor, given in
Figure 2.7 as a function of Wy

the generalized biplane induced factnr, which is derived
from the biplane factor corrected for various configuration

effects. Thuy

<+ K fio ko

CONFIDENTTAL
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where )6 . 1is the strut or end plate factor such
as .in equation (2.26)

£ is the swesp factor Yeos A , equation
(2.28) or as derived experimentally

# 1is the dihedral factor given in equation (2.29)
other faotéra as may be required.

Fi,  submergence Froude number, V/igh
-z./q'
(S ﬁz

.'

the wave factor given in Figure 2,6 as a function of

the planform correction factors, from Chapter 1,

FPoils of Small Aspect Ratio (A £ 2.0)

The following must be used for foils of aspect ratio less

than 2.0:
| .
CL o SMK + 2 SN cosek (2.38)
I®  TA
Co » = ! sm«]z + 2 sitd (2.39)
2 n .
Dl YA %& + #&N A

wvhere E 1y given in Figure 1,10 of Chapter 1.

Equations (2.37) and (2.38) are taken from Chapter 1, and are
applicable for h/b »>1.0{ h/c . For smaller submergences,
urface effects must be included as indicated previously in
this chapter.,

CONFIDENTIAL
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P:ltchingr Moment Characteristios

For foils of Me¢ 1.0, the pitching moment may be determined as
in Chapter 1 for airfoils. At smaller submergences, a corrsction must

be applied as indicated in this chapter,

CONFIDENTIAL
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Lift of Bodies Submerged in Water",
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"On the Motion of an Airfoil Under
the Surface of a Heavy Fluid, 4.e.
A Liquid" (Translation No. 306, by
F. X. Prior, Science Translation
Service, Cambridge, Mass.).
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"KBR-SF Hydrodynamisches Archiv* by
S. F. Hoerner, Jan. 1953. Enclosure
(B) to Gibbs & Cox, Inc. Letter
(Confidential), 13531/A9(1-1180)
dated 23 January 1953 to ONR
(RL-23-53 - LOO6).

"Three-Dimensional Vortex-Line
Theory of a Hydrofoil Operating in
Water of Large Depth®™, Hydrofoil
Corp. Confidential Technical Rpt.
No. HR-li, February 1951.

") Theory for Hydrofoiis of Finite
Span", Hydromechanics Lab, Calif.
Institute of Tech., May 1953,

Rpt. 26-8.

CONFIDENTIAL

IT - 2.23

&



CONFIDENTIAL

8.

9o

10.

12,

13.

15.

16.

SUBMERGED FOILS

Breslin

Meyer

Wadlin, Shuford &

McGehes

Durand

Hoerner

Mangler

Hoerner

Vladea

"A Linearized Theory for the Hydro-
foil of Finite Span in a Fluid of
Infinite Depth", Bath Iron Works
Corp. by Gibbs & Cox, Inc, Confi-
dential Technical Rpt. No. 16,
Jamary 195k,

"Tywo-Dimensional Vortex Line Theory
of a Hydrofoil Opersting in Water
of Finite Denth", Hydrofoil Corp.
Confidential Rpt. HR-1, Nov, 1950.

A Theoretical and Bxperimental
Investigation of the Lift and Drag
Characteristics of a Hydrofoil at
Suberitical and Supercritical Speeds®,
NACA RML52D23a, July 1952.

Bath Iron Works Corp. by Gibbs & Cox,
Inc. Confidential Technical Rpt. No.
2, "Detailed Analysis of Hydrofoil
Model Data%, Contract No, Nonr-
507(00), October 1951.

"Aerodynamic Theory", Vol. II,
California Institute of Technelogy,
1943,

"The Influence of End Flates, Struts
and Nacelles Upon the Characteristics
of Hydrofoils"™, Bath Iron Works Corp.
by Gibbs & Cox, Inc, Confidential
Technical Rpt. No. 1L, Contract No.
Nonr-507(00), August 1953.

“Lift Distribution of Wings with
End Platea", Lufo 19390

®"Aerodynamic Drag", (Published by
the Author), 1951,

"Effect of Fuselage and Engine
Nacelles on Some Aerodynamic
Properties of an Airplane Wing",
NACA Techricdl Memo No. 736,
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17. Jacobes & Ward "Interference of Wing and Fuselage
from Tests of 209 Combinations in
the N.A.C.A. Variable-Density
Tunnel®, NACA Rpt. No. 5LO, 1935.

18, Glauert . "Aerofoil and Airscrew Theory",
MacMillan, 19hlL.

19. DeYoung & Harper “"Theoretical Symmetrical Span
Loading at Subsonic Speeds for
Wings Having Arbitrary Plan Form",
NACA Rpt. No. 921, 1948,

20, Wadlin, Ramsen & "The Hydrodynamic Characteristiocs
Vaughan of Modified Rectangular Flat Plates
Having Aspect Ratios of 1,00 and
0.25 and Operating Near a Fres
Water Surfaca™, NACA Technical Note
3079, 195k.
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CHAPTER 3.

SURFACE-PIERCING FOIL CHARACTERISTIGCS

1.
2,
3.
b,

General Considerations
Characterisvies Prior to Ventilation
Venrtilated Charasteristiocs

Design Conoiderations

Formmlas are given Ior the lift and drag charscteristics of

surface-piereing faiis in non-ventilatec and ventilated conditions.

These furmalss are based on a limited series of tests and are
considered primarily applicable enly %o foils having similar
geometry and eperating under similar cendiiions as those tsesied.
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SURFACE-PIERCING FOIL3

l. General Considerations

Foil Geometry and Notation

The characteristics of a surface~piercing foil are referred to

the projected dimensions of the submerged foii area as indicated in

Figure 3.1, and all 1ift and drag formilas can be referred to these

dimensione, after appropriate corrections.

N 1 s

| PROJECTED SPAN - b

FIGURE 3.

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

b

j

fte

the projected span of the submergad foil (the
horizontal distance between foll tips)

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

camber ratic, measured on the actual foil section
(in the plaine normal to the quarter-chord line)

the projected aspect ratio (b/c for a rectangular foil)
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SP tne projected foil area (bc for a rectangular foil)

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

Status of ExistingLInformabigg

Available informetion on the hydrodyﬁamic cﬁaracteristics of
surface-piercing foils is limited to preliminary theoretical in-

vestigational

and several sets of tests on specific configura-
tions2s3s4, Neither the theory nor the test data is sufficient to
allow accurate prediction of the hydrodynamic characteristics cover-
ing the wide range of configurations that employ surface-piercing

foil elements. There are many varieties of shape as shown in Firvre

3.2 and variation ir planform, camber, twist, etc. that are con-

sidered to have noticeable effect on the overail foil characteristics.

N /. A\ / 3\%
V . N~

V-FOIL TRAPEZOIDAL LADDER TYPE

/ \ \ ]
7 AN 7

ANHEDRAL TYPE ARC FORM

TYPICAL SURFACE - PIERCING FOILS

FIGURE 3.2
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Sottorfis Experiments

Sottorf2 ran a series of teats on various surface-piercing
V-foils and trapezoidal foils of 26.5° and 45° dihedral angle, with
a variety of sectional shapes (constant along the span) and sub-
mergence over a range of angle of attack. Referencs should be made
to the original report for the complete results of these tests;
however, certain representative data ars reproduced herein in
Figures 3.3 and 3.4 to illustrate the adequacy of the formulas

proposed below,

Application of Data

The data and formulas proposed ars 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 typees.

At this stage, it is recommended that tank tests
be run on particular surface-piercing foils con-
sidered for use, in order to determine more
accurate characteristics over the range of speeds
and angles of attack described,
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FIGURE 3.4
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2,

those of an equivalent submerged

Characteristics Prior to Ventilation

Airfoll Effects

The airfoil induced characteristics of a surface-plercing foil

may be given approximately as

foil with end struts (boxplane | ]

condition); as indicated in

Figure 3.5. The equivalent V- FOIL

Yboxplane" has the same pro-

Jected span and encloses the

ARC FORM
same water area within its

OX PLANES
perimeter as the foil it re- EQUIVALENT BOX PLANE

places. Thus, the boxplane FIGURE 3.5

gubmergence ic the average
submergence of the surface-piercing foil; for example, it is 1/2 the
maximum submergence of a V-foil and 2/3 that of a parabolic roil.

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

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

LU \S
(5_% L = (e2uc) [Ghe3t) S + 5 K] (3.1)
ACD‘ = (14 w ) |‘9‘J 74
iy * (Y 5 K 0
CONFIDENTIAL
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where h is the average submergence of the foil

K\,, is the boxplane factor, based on the average
submergence. Values are given in Figure 2.7

5/?;, is the foil area ratio (equivalent te Yeosl
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-piercing foil msy be estimated to
be the same as that for the submerged foil at the oquivalent average
submergence.

(

rerel €8 a0 (3.3)
I(z.—;) s (“iuct.) F( e )( b")

)w . (N 2uc'_) %( 2;—1:;‘)(‘(5-')

SR

a
N

where h 1s the average submergence of the foil

other notation as given above and in Chapter 2,

Bffecta of Sweep

The effects of sweep on the airfoil or wave effects of a surface-
plercing foil are not definitely kncwn. There are no known reports in
the literature dealing with the theory or test results of surface-
plercing foils employing sweep, Specific tests would havs %o be made,

at the present time, to determine such affects,
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Comparisor with Test Data

Comparison is made between the test data on V-folls, given in
Figures 3.3 and 3.4, and the fornlas as derived abave. It is ndted that
the teat speeds are very high (V@ z 9.0), and therefore the wave

effects, equation (3.2), may be neglected.

For the cambered foil tested, the angle of zero 1lift may be
simply deriveds
“ov-2% 'c;_s!"
The 1ift curve was calculated frcm equation (3.1) for the foil
testesd, and the results are shown in Figure 3.3. Agreement with 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 mimber of 6 x 10°) which
leads *o the total expression

C. =z 28 , (49K, fsuaiqd

© " cosas® YA

It is seen that this is valid only at an optimum 1lift
coefficient,

CONFIDENTIAL
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From the data shown in the figure, it is seen that above the optimum
point, the slope of the drag curve is approximately twice the theoretical
value, while below the optimum the sldpe is roughly one-half the
theoretical value. What signficiance this relationship has, and over
what range of configurations it can be applied is not presently known.
Qualitatively, however, this increase 1n drag appears to be due to two

considerations:

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

lass efficient "pl. " flow,

(2) The section pressure drag (see Chapters 1 and L),
For airfoil shapes, this drag increases according
to the factor (| + AC: ), vhere AG_  1s measured
from the optimum point., However, for the sharp
nosed; circular arc sections at ths low Reynolds
number of 6 x 10S employad in the tests it is
considered that the pressure drag is much higher

than this value,

The relative magnitude of these factors could be determined by

further test data,
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DESIGN EXAMPLE NO. 3.1 M 1 OF

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

| CHARACTERISTICS ' I = 30°

\ / ' AsS
RECTANGULAR PLANFORM

SECTION + 10 % THICK, ARCFORNM WITH
FLAT PRESSURE SiDE

30°

T he eg’un'm.(en‘l' "box - plane” ratios are:

h/y = .a".- tan 30°=z 0. 144

hle

; k] °~'44~ 1~ O-"Z

LIFT ANGLE

From Chapters [ and 2 :
U= 0.01 (Fiqure 2.4)
Ky = 1122 (Fiqure 27)
T 014 (Fiqurel8)
E =/+2/5t » |.08

Then, usmg equation (3.1)

da l.o8 o.07 1.t
dc, ° [ zw a-avz)Cossolﬁ* 4”"}(“’01461)

= 0.301{i+0.14C)
A”GL: OF Zewro Lirr

= -2 x “ L= - °“%.8“ 2 = 0,115 vadians (-6.6%)

ToTAaL Curve

oC = -0.115 +0.301 G, +0.02 G*
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3e

Ventilated Characteristics

Inception of Ventilation

The phenomenon of ventilation occurs when air from the atmosphars
displaces the low pressure water on the upper surface of the foil,
Some accumulation of boundary layer fluid al the water surface is
necessary to "trigger" such air entrance, which condition is most

readily met at large angles of attack,

From a study of the existing test data for surface-piercing
foils (and for vertical struts as shown in Chapter 7) the inception
of ventilation aprsars to be a local conditior, depending on the foili
geometry at the water surface, An smpirical expression has been fcund,
that agrees well with the data of Figure 3.2, In terms of the foil

angle of attack, ol , the inception point is

d", ’ﬂ ‘»‘IDFW (30’4)

where ’9 is the angle between the chord line and the upper
surface of the foil section at ths leading edge

[" is the dihedral angle at the water surface.

Equation (3.h) can only be applisd when the speed
of advance is large enough for the foil to normally
develop sub-atmospheric pressure on the suction
gide over the entire span.

CONFIDENTTAL
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The angle, ﬂ , is easily
determined for a foil with
sharp leading edge, but has no
exact definition for an airfoil
section. It appears reasonatle
to use the angle formed by a
circular arc tangent to the
section at the point ¢ maximum
thickness and passing through
the leading edge, as indicated

in Figure 3.6.

ARCFORM SECTION

AIRFOIL SECTION

MEASUREMENT OF ANGLE 8
FIGURE 3.6

When the foil angle exceeds that given in equation (3.k)

above, the 1ift of the foil falls off more or less rapidly until

the fully ventilated condition is reached, as indicated in Figure

3.3 (and as further indicated in references L and 5),

It is not apparent why, in some instances, the
1ift falls off immediately after &, 1is exceeded,
whereas in others the 1ift falls off gradually

with angle of attack.

In the latter cases, there

is some evidence of instability with the 1lift
alternatively assuming non-ventilated and
ventilated values for different test runs under
seemingly identical conditions. Further tests
and analyses are required to resolve this

phenomenon.
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Lift and Drag Characteristics - Fully Ventilated

The 1ift and drag of a

fully ventilated foil (with

flat. pressure side) can be CAVITY AT

ATMOSPHERIC

readily determined by the PRESSURE.

use of Rayleigh's forrmlad
for the 1lift of a flat plate

in discontinuous flow. This

FIGURE 3.7

formula is expressed for the

normal force on the plate as

C. = 2 Wsn«,
N G + M asmL, (3.5)

which strictly applies only to a two-dimensional flat plate.

However, since for a foil with both ends pilercing the surface
the actual flow across the tips is limited (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 small angles

CL = 2« cosl’
v

4 + Wt cosl (3.6)

which is in excellent agreement with the data shown in Figure 3.3.

The angle of zero 1ift is dependent only on the shape of the lower

CONFIDENTIAL
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surface of the folls In particular, it is apparently that angle at

which the trailing edge of the pressurse side is in line with the flow.

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

a V=foil iz then

Cbz—%

+C, acosl
v

1y

(3.7)
where Cg, is the basic section drag coefficient
(see Chapter L)
CL, 1is the 1ift coefficient of equation (3.6).

Note; Wave drag considerations have not been included in the
fully ventilated condition. In practical applicaticns,
such ventilation is expected to occur only at high
speeds where the wave drag is negligible, Where con-
sidered to be a factor, the wave effects may be

calculated in accordance with equation (3.3) given

for the non-ventilated condition.
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DESIGN EXAMPLE NO. 3.2 M1 0F ¢

ESTIMATE THE VENTILATING CHARACTERISTICS
OF THE FOLLOWING SURFAGE - PIERCING FOIL

M= 30°

A=5 ‘

10% THICK, ARCFORM SEGTION AS IN EXAMPLE 3.1
WITH FLAT PRESSURE SIDE

Inception of Ventilation

//‘Q’s‘“'\

For the section employed, B = 0.385 redians (22 'A’qpnx)

From Equation (3.4)
&, * 6.385 x0.577fc500 = 0157 radians

: g0°

Lift

From Equa‘tmn (3.6)

C = 2Mxcos30’ | 362
Ly 4 + T o cos 3C° 4 +] 8l
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L.

Design Considerations

The various correction factors for struts, planform, etc. can Se
applied to the airfoll effects of a surface-piercing foil in a manner
similar to that for a fully submerged foil, the principles of whiech

are given in Chapter 2,

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

on which the fornulas are based,
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MONFIDENTIAL FOIL PARASITE DRAG

1.

Basic Foil Se btion Drai

Friction Drag

A body travelling in a viscous fluid experiences a friction drag,
which is the result of shear forces between the fluid attached to ths
body and that moving past the body., There are three distinct regimes
of fluid fleow past the body; laminar, turbulent (where a thin laminar
sublayer remains), and a transitional region where the fluid flow is
partly laminar ar;d partly turbulent. The state of the fluid flow and
the resultant value of the friction drag are primarily functions of

the Reynolds numbers:
R = V£4, . (k1)

where |\ is the fluid speed (ft/sec)
£ is the length of the body (ft)
3 is the kinematic viscosity of the fluld (ft2/sec)

The transitional flow also depends on the initial state of the frese
fluid {whethisr quiescent or turbulent due to outside influences) and

on the shape and roughness of the body.

The bas::j.c friction drag functions of a flat, smooth plate parallel
to the flow are shown in Figure l.l, in terms of Reynolds mumber. The

friction drag coefficient is based on total wetted area..
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The laminar function is that derived by Blasiusl:

- 02
C;({/ammar) /'327/\/ R (b.2)
and the turbulent function is that proposed by Schoenherrl (and is
currently used as a standard in the marine industry):

0.242 . Log, (R 'Q{/arb)} (ke3)
G (turs)

Baséd on water tank tests in which the fluid was in a very

quiescent state, Prandt12 proposed the transitional formula shown:

. Lok
C;/[fm.ns) = C{{fwb} - .':?7.229 (b1

The laminar and turbulent functions given above have largely been
verified by experifnent, but the transitional regime is subject to
modification depending on various conditions. Thus, the transition
occurs at lower Reynolds numbers when the fluid is not "quiescent" or
when some obstruction or roughness particle on the body "triggers"

turbulence in the fluid. These are the conditions normally to be ex-

pected of hydrofoils operating in open waters, and for this applicatien

the following formula is proposed

C,I(/ trans) * C}{faré) - _/,Q_EQ.Q (L.5)

Airfoil drag data should not be used to determine the
minimum value of the parasite drag of a hydrofoil section.
Airfoil tests are conducted in "low turbulence" wind
tunnels with very smooth models, usually designed to delay
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turbulence. Transition occurs at higher Reynolds numbers
and in the region where airfoil tests are generally con-
ducted, so that the drag is much lower than experienced
on hydrofoils., (Useful information can be derived from
airfoil data on the effect of shape, angle of attack and
roughness, however, This will be discussed below,)

Schoenherr Coefficients

Bquation (L4.3) denotes the formula for friction drag coefficient
proposed by Schoenherr, based on total wetted area, Values have been
tabulated in reference 3 for Reynolds numbers between 105 and 1010.
For hydrofoil operatio.is, the range is generally betﬁe?n 106 and 108,

for which the following approximation can be used for rapid estimation:

Cttors) = 0044 RS (4.6)

Pressure Drag and Increase of Friction Drag -
As a Function of Foil Shape and Angle of Attack

For bodies that have considerable thickness and/or are set at
some angle to the flow, the friction drag is increased due to the
higher fluid velocities set up around the body (for foils there‘is a
small additional factor due to the fact that foil drag is referred to
projected area, instead of developed area). Also, due to fluid
velocity, pressure is lost at the rear of the body setting up a
pressure differential or drag (identified in marine terminology as

eddy-making resistance).
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These factors are independent of each other, althoﬁgh both are '
dependent on the fluid viscosity, and can be separately considered and
evaluated (see Hoerner)-‘). However, N.A.C.A.% test data indicates that
an approximate function exists for the total effect of foil thickness

on parasite drag:

Cd(mm) = C;‘ [H lo(t/‘)zJ (&°7)

The variation of foil section drag with angle of attack can also
be indicated. This is usually referred to lift coefficient instead of
angle of attack for convenience., From the N,A.C.A. data, it can be

seen that the drag varies approximately as

Cy = Gumm ['*0G] (4.8)

where AQ is measured from Cl (opt) at which the drag is a minimum,

The actual variation for a particular foil section can be more
accurately determined from the data, which should be used when the

variation in Cﬂ is large.

Proposed Formila

The basic foil parasite drag is then the sum of the various
friction and viscous pressure drag components for a amoofh foil., For
detailed investigations, the variation in 1lift coefficient along the

span must be considered when applying equation (L.8), but it is

CONFIDENTIAL
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CONFIDENTTAL FOIL PARASITE DRAG

sufficiently accurate for most purposes to assume a constant 1lift
coefficient along the span in determining the parasite drag of the

foil. Thus, for the whole foil:

Gy, = 2G [14 10t ][1+acy] (b.9)

where Cpo is the basic foll parasite drag coefficient

C;' is the flat plate friction coefficient based
on total wetted surface

tf 1is the foil thickness ratio

AC_ 1is the difference in C_  from C oy
at which Cp, is a minimm.
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20 Effect of Surface Roughness

General ngghness Considerations

Surface roughness in the form of foreign particles, surface
irregularities, marine growth, structural joints, paint pigment, etc.

has a two-fold effect on the parasite drag of the foils

(a) It causes the transition to turbulent flow to occur at

lower Reynolds numbers than for a smooth foil.

(b) It increases the parasite drag to some value higher than

that indicated by the standard turbulent function.

The degree to which each of these effects occurs depends on the size of
the roughness particles and their distribution along the surface of the

foil.

Despite the attention that this subject has received in both the
marine and aircraft field, there have been no satisfactory, comprehensive
methods arrived at, either to determine fully the effect of specified
roughness or to estimate the roughness likely to be encountered in

service,

The general concept of the effect of roughness may be outlined
briefly., Within the laminar portion of the fluid boundary layer around
a bedy, roughness particles have little effect. It is only when the

CONFIDENTTAL
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particles are of such size as to emerge from this layer that their

effect is félfg

In the range where laminar flow normally occurs for smooth bodies,
nominal roughness has little effect since the boundary layer is fully
laminar, When the roughness particles are located at the leading edge
of the body and pierce the relatively thin layer at that point,
turbulent flow is precipitated. This results in premature transition
as mentioned above (and depending on the roughness of the rest of the
surface, would further result i. the turbulent condition deseribed

below).

In turbulent flow, the laminar sub-layer is relatively small
compared to the turbulent layer, and the flow is sensitive to rough-
ness particles of exceedingly small magnitude. Furthermore, since the
laminar sub-layer is nearly constant in thickness along the length of
the body for a given speed, the "critical" grain size (when the grains
pierce the sub-layer boundary) is essentially a function of speed.
This is indicated by the test resnlts on rough surfaces, as shown in
Figure L.2, wherein it is noted that the “"eritical points at which
the drag deviates from the standard turbulent funetion vary approxi-

mately as the Reynolds mumber of the grain size.
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CONFTDENTIAL FOIL_PARASITE DRAG

010 —
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007, _

K/
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ru‘ﬁa
002 + bl
ool
108 108 10’ 108 109

R

FLAT PLATE DRAG COEFFICIENT WITH
FULL SURFACE ROUGHNESS

FIGURE 4.2

From the figure, the following approximate relationships are

derived for a fully rough surface:

s (4:10)
Ce revghy = O °32 (/)

which is valid when the grain size is above the criticdl (in sea

water):

(ke11)

Reert) = '¢*F°" ~ 204167  (nehed)

Ve
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Yalues of Mg, are given in

] CRITICAL SAND GRAIN
Figure L.3. Thesé relation- sxio™® :&EGHFOSU:&%EYS
ships apply primarily for '
3
(>
"sand-grain" roughnesses Ker i
(INCHES) . {
(which are spherical in shape) sxio-t -~
. \\
and which are applied over the )
1 1

L
10 20 30 40 S0 60
VK (KNOTS)

FIGURE 4.3

entire surface.

Effect of Roughness Distribution and Shape

The above relationships do not necessarily apply when the
roughness particles are more thinly spread over the surface..
Hoex‘nerh’6 indicates that the drag coefficient actually increases
(for sand-grain particles) as the grains are slightly separated,
presumably due to further agitation of the fluid. As the grains
are spread further and further, however, the drag increment due to
roughness decreases and the‘slope of the cufve also decreases from
the constant value at 100% concentration to the basic turbulent
curve at smooth condition, as indicated qualitatively in l

Figure h-hc

CONFIDENTTAL
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FULLY ROUGH

CRITICAL
C POINT

DECREASING
CONCEMTRATION

P |

FIGURE 4.4 _ 1

For surface roughness composed of flatter particles (such as
hemispherical shapes) the drag generally decreases with spreading
out of the grains throughout the entire range, with no initial

tendency to increase as in the case of spherical grains.

Proposed Standard Roughness Condition

As stated above, there is insufficient knowledge of roughness
to prescribe exact design data and procedure to account for this
effect, However, it is necessary to apply some roughneSs factor in

a practical case, and the following is proposed as a standard.

The standard roughness procedure applied in airfoil tests by
N.A.C.A.5 is to use spherical grains of -0.011" diameter over a small
area near the leading edge of ; 2 chord foil, at a test Réynblda

number of 6 x 10°.  The minimum parasite drag coefficient at zero
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foil thickness is found to be approximately 0.008 for all tests
(based on 1/2 wetted area). The critical Reynolds number (at which
the drag curve departs from the basic drag curve) éan then be found
from equations (h.3)and (L.10) to be

R(cnt) = 2x10°%
Then, the assumed drag func.tion for this case is a curve between the
critical point and the tested minimum coefficient at 6 x 108;
Assuming this function to be a straight line (on log-log coordinates) R

we get the recommended coefficient:

1
Cf(s*d} = 0.028 R. 8 (,4.12)

as shown in Figure }.5.

.0l0

007,

004 >’< CX0)
Ce o3 TURs -
, F v L £ N T
002 . \\
2 x]ma saluo ,

.°°' ) ) ’
10° 10® R o7 10 10

PROPOSED "STANDARD ROUGHNESS"DRAG COEFFICIENT

FIGURE 4.5
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Then the parasite drag coefficient of the foil in standard
roughness condition takes the form of that for the smooth condition,

equation (L.9) with the roughness value substituted:

Congi) = 2s6t4) Loy 0@l )

with notation as before. For a chosen foil section;, the actual
variation with C| can be determined directly from the available

airfoil data, instead of as given above, for greater accuracy.

It should be noted that the service roughness coefficient
recommended for surface ships is a constant value ACy =
0.000L added to the smooth turbulent value3,. The proposed
coefficient equation (L4.12) results in a maximum ACyx =
0.0008, or twice the service roughness value forxr ships.
This is considered reasonable because of the semnsitivity
of bodies of small length and high speeds to roughness
particles of small size.
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DESIGN EXAMPLE NO. 4.1 |mior:

'DETERMINE THE PARASITE DRAG COEFFIOIENT

OF THE FOLLOWING FOIL

FOIL CHARACTERISTICS® 12% AIRFOIL SECTION WITH

3% MEAN CAMBER - 24" CHORD

OPERATING CHARACTERISTICS: SPEED*40 KNOTS
C. = 0.28%

For sea water at 59° F (standard condition), v =).28 x 107

R = 40*“?29 22 x10° _\ 056 107

Then, from equation ( 4.12)
0078 )
Ceistd) = (1056 « 10773 - 20037

CLopt = 4T x .08 = 0.577 (from Chopter 1)

‘Then AC, = 0.377-0.25 = 0.127

Then, from equation (4.13), the pomslfe drag
coefficient js '

C.Do(sfd).. = 2 x 0.0097 [1+ |o(o.|z)‘][|+€a|i7)=]

=0.0086
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3. Drag of Small Projections

General conéiﬂerdﬁcn S, i

i
.

RS St
A

PO

On 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, etc. that have unique drag characteristics due to their

EXs

S ey g | e

presence within the fluid boundary layer. (For large protuberances
that extend beyond the boundary layer, see Chapter 9.) The drag of
these projections can be determined as a function of their shape,
height and chordwise location on the foil.

The material which follows is taken almost entirely

from Hoerner's"Aerodynamic Dragh"!. For a more detailed,
complete coverage, reference should be made to that work.

Spanwise Plate Joints and Qther Spanwise Projections

The drag coefficient of contimuous spanwise projections can be

represented in the form

Cp, = Q- 3y" (L.1k)

where Cp, 1s the drag cosfficient based on the frontal
area of the projection (or depression)

[G) 1s an "independent"coefficient, which is a
function of the type of projection.

h/x 1s the ratio of projection height to distance of
the projection from the leading edge of the foil,

This relationship is valid for %x less than 0.02.
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CONFIDENTIAL FOIL PARASTTE DRAG

Values of EZ] are shown in Figure L.6 for various plate joints

and prejections.,

A B e O

{ : ) ' 0.80 004
: |

v

r————

0.70 : e '?
PrrIrrrrrr R R RS ey rrrrey b - ——

gOI
PR 0. s‘ o

VALUES OF [Co FOR SPANWISE PROJEGTIONS

FIGURE 4.6

Rivet Heads ana Other Iocel Projections

The drag coefficient of rivet and bolt heads and similar "spot-
1ike" projections takes the same form as equation (L.1}) above for |

plate joints, except that the coefficient is referred to the plan
area of the prajabtion. Thua

Co, = Ba- 3w - (o)

whers Cu, is based on plan arsa of the projection.,

Again, the relationship is valid for J"/u less than 0,02,
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Values of EEJ for various rivet and bolt heads are shown in

Figure L.7.
h:0.084d
HEXAGONAL m_ 0.80 SCREW 0.012 (AVG)
U 0
hro2d
CYLINDORICAL | ©0.42 FLAT  _——  0.028(AVQ)
I . 3 g | 3
\
ROUND Jm 0.22(AVG) FLUSH 0.002
) 1 3
VALUES OF |Col FOR LOCAL PRUGJECTIONS
FIGURE 4.7

Control éags

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

Thus, based on the plan area

of the gap,

CONTROL GA

‘

W\
' MEASUREMENT
FIGURE 4.8
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CONFIDENTIAL FOIL PARASITE DRAG

Cpy = 0,02 for the pressure side
Cps = 0.03 for the suction side

or for the simple arrangement shown in the figure
ACp, = 0.05 & -9,
where €k 1is the gap/chord ratio

% is the spanwise extent of the control flap

b is the foil span.

(Le16)

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

CONFIDENTTIAL
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DESIGN EXAMPLE NO. 4.2 4 107 1

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 1S A 2" % 3/16" BUTTSTRAP ON THE EXPOSED

UPPER 8 LOWER FOIL SURFACES,LOCATED AT MID-CHORD,

EACH SECURED BY A DOUBLE ROW OF 1/4" DIA. COUNT ERSUNK,
OVAL HEAD MACHINE SCREWS SPACED 8 DIAMETERS,

For the Stiap

From cquahon (4.14) and Fiqure 4.6
h/x= ?—4'9 : 0.015(less than 002,50 15 apPhCaHe)

Bol=07

Theregore, '
Coo = 07%3(0015)3:9572
and A Cog = %’—f X Q.52 =0.004l

For the Screws

Y dia. countersunk, oval heal screws have a diameler ~ 0.5
and hexght = o.025"
From eguaT|on(4.l5)and Fu}urc 47 :

hfx = 0.025/i2. = 0.0021 (again, lessthan 0.02)

- o002
Therefore y
Cos = 0.012.%3(0.0021) % = ©.0046

The screw plan area,per umit of span 1S

2x }(i)"l%= 034 m'fie
and AC00*°423;'3 X0.0046 = 0.0004

fotal :
From Examtlle 4.1, Coo(std= 0.00860

Therefore, The fdtal 15 Cp,= 0.0086+0.0041 +0.0001= 9.0128
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Interference Effects

Foil~-Strut Junctions

At the junctliop of a foil and strut, there is an additional dx".ag
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 L.9 shows the drag coefficient of various tested con-

figurations in terms of the “thickness":

(]
Cop = = (b
where t- Jt. ¢, |

for junctions with and without fillets.

3
2
Coe
' ¥y
F
ol __~
0
INTERFERENCE DRAG GCOEFFICIENT
IGURE 49
. CONFIDENTTAL
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These test results are for foils and struts of the same chord and
are probably not exact when the regpective 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-erdinate

]
{UE on the chord of the foil,

It is also considered that the fillet should have a radius in the

order of Jt,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 test datal, However, it is not known
how much can be attributed to viscous influences and how much to
induced drag (due to loss in 1ift). 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 similar parasitic drag increment that arises at the
Junctions of foils and nacelles, However, since the nacelle replaces
a certain portion of foil area, the reduction in foil drag (calculated
on the basis of a plain wing, as is usually done) offsets the ‘nter-

ference drag to a large extent,
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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 total
parasite drag of the combined 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 geomstric factors. The shape of the nacelle, the
relative spanwise, fore and aft, and vertical location of the nacelle
with respect to the foil, and the type of fairing employed at the
Junction are all important considerations and no general relationship

can be found to cover all conditions.

Rather, it is necessary to refer to test data for configurations
similar to that which is being considered. Reports such as that by
Jacobs and Hh:de on tests of wing-fuselage or wing-nacelle configur-
ations can be utilized for this purpose.

 CONFIDENTIAL
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'DESIGN EXAMPLE NO. 4.3

SH | OF !

DETERMINE THE STRUT INTERFERENGCE

FOR THE FOIL GIVEN IN EXAMPLE 4.1, A SPAN
OF i2' IS TAKEN (WITH RECTANGULAR PLANFORM),
SUPPORTED ON THE SUCTION SIDE BY TWO STRUTS

OF 24" CHORD, 10 % MAXIMUM THICKNESS.

EFFECT ON THE PARASITE DRAG OF A FOIL

There fore, from equation (4.17)
tle = /BIORDIZ = 0.1l

And from figure 4.9 .
Coy = 022 (without fairing)
0.07(with filiet fairing)

aCoo = 2Cp, ()24 =Coe n 2(0.0)Y6
z 0.004€04

- Thus, aCp, = 00009 (mthout fairing)
= 0.0003 (with fillet fairing)

Ff-om example 4.1, the foif has 24"chord, 12% thickness

Converting Co¢ tothe proper mcrease m foil drag coefficient,
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CHAPTER 5. FLAP CHARACTERISTICS

1.
2.
3.
4,

Genaral Considerations
ILift Characteristies
Moxent Characteristics

Drag Characteristica

Relationships for plain flaps and ailerons are given for

hydrofoils, derived from airfoil theory and data. Methods to

deternine charssteristics of flapped folls with full or partial-

span flaps are indicated. It is indicated that airfoil relatien-

ships may not be sufficient for fiaps piercing or within ons chord

c? the surface, and a2pecific test data is required for -ue.hm. i
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l. General Considerations

FLAPS

for changes in craft speed or load.

Flaps and ailerons are applicable to hydrofoil configurations
for several purposes. Ailerons may be used on controllable foil
craft and for assisting turns, while flaps may be used on fixed

foil configurations for changing trim and submergence as desired

i Some of the flaps developed for airféils are illustrated in

Figure 5.1, On a practical basis, the plain flap or aileron

appears to be the most attractive
for hydrofoll use due to its
('f mechanic and hydrodynamic
simplicity and its ability to
serve as an aileron or a trim
flap, as desired. Theoretical
- relationships and test data are
i more readily correlated for
plain flaps,’and formulations
more readil} applied to design.
Therefure, the characteristics
shown below are primarily
applicable to plain flaps or

ai}erons.

F_AIN FLAP OR AILE:ON
SPLIT FLAP %
EXTERNAL AIRFOIL FLAP

O‘Qz

SLOTTEQ FLAP

f=4ﬂ§ﬂ4¥?&£ 5.
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FLAPS

For details of flap theory and additional data on
flaps of all types, reference_should be made to
pertinent airfoil treatises ’5. '

There is no available data on the characteristics of flaps on

a8 foil in the vicinity of the water surface. _Generally, it is

considered that the effects of a flap on an airfoil will apply also

to a hydrofoil, taking into account the properties of the unflapped

hydrofoil. This concept should apply where the submergence is

greater than 1 chord, but for smaller submergences {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, model tests should be employed

to determine flap effects more accurately.

The notation employed for
- plain flaps is indicated in
Figure 5.2. The flap chord,
(a;, is measured from the
pivot point and the flap
deflection is measured from
the chord line, as shown.

Flap hinge moments are taken
about the pivot point.

S

——r

FLAP NOTATION

FIGURE 5.2
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FLAPS

Lift Characteristics

Section Characteristics

The deflection of a flap has an effect on the fcil simiYar tw

that of a change in camber of the section, expressed as an

increment of effective angle of =attack!

Ay = ﬁy Jd

where Ry 1s a function of the
flap chord ratio.
value of k* s shown in Figure 5.3,
givae'results thap are somewhat

higher than those derived from

" experiment.

of not over 10° to 15°, the
experimental data is well fitted
by the enipiri’cal formula

For flap deflections

The theoretical

Ry = Ny

below the value §/c = 0.7.

is then

\

/
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FLAP-EFFECTIVENESS.
FIGURE 53
(5.2)

The section 1ift equation for a flapped -foil in infinite fluid




v

CONFIDENTIAL FLAPS

Cp = 2T(ol, -%o + R ) (5.3)

vwhere of, is the foil section angle
'y -
o is the unflapped angle of zero lift

g is positive downward.

Foil With Full Span Flaps

The 1ift of a hydrofoil with flaps extending the full span can
readily be detemitited frem

Cp = (3 )x-ctio+ 4 (5.1)

where ( gfi) is the 1ift curve slope of the unflapped foil,
4" as determined in Chapters 2 and 3.

Foils With Partial Span Flaps

When flaps extend only over a portion of the foil span, the
flap effectiveness must be sultably modified by an additional factor.
ks 80 that the total factor is A;‘l;,/ . This sdditional faotor
is ahovrn3'5 to be a function of the basic spanwise lift distribution
of the unflapped foil, and thus for any but an elliptically loaded
foll a function of aspe~t ratio. An approximate value for the
factor &’ can be readily determined once the basic cp,amd;u dis-
tributien is known, by the ratio of the basic 1ift over the spinu

CONFIDENTTAL
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CONFIDENTTAL FLAPS

of the flapped foil to the
1ift of the entire foil, as
illustrated in Figure 5.k4(z).

For an elliptically loaded

(&

| ~BASIC LIFT DISTRIBUTION

// (UNFLAPPED)
Ao o, |
) l——— b e

foil (of any asbect ratio)
the factor b}' can be
determined from Figure 5.k4(Db).
in terms of the ratio @/,
where @&/p is the span of the
flap that extends to midspan,

For partial flaps at the tips

SN-ELLIPTIC WING
Yo B | FUNCTION |

0 2 A f A L0

or within the span, the (b) ‘ “'/5; L
‘factor can be determined FL A;“E}'Pé&%f,%ness
froms FIGURE. 54 J

R, = K/ (ata) - ki (W)

. The elliptically loaded case may be used for all foils ‘witheut

serious error.

A further correction is required for the hydrofoil whsre

greater acéurgc,v is required, due to the btpime Imuge: 5T W

incremental 1ift over the flapped spar'l.‘

This may be deterined

from the relationships derivéd for a biplane with unequal spans
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(see Durmdé). However, for preliminary purposes, such qbé:ﬂctﬁ.qﬂs
may be neglected, | . C
Lift of Flaps

The normal force on the flaps is given approxinately by W
squation | |

Cny s MG amd N

where Q‘ 49 the seotion 1ift of the
determined for sach point

the flap from the basic 1ift diutubu don,
" %y are cosfficients given in Figure 5.5, |

y : . ;T
"

( 4
’

P . 3
g A

.
,
,

id
L

FIGURE 8.8

T A
' i, 4 J"‘“ﬁ‘“h‘&"h“ *
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FLAPS

DESIGN EXAMPLE NO. 5.1 swior

ESTIMATE THE FLAP EFFEGTIVENESS
FACTOR FOR A PARTIAL-SPAN FLAP

A PAIR OF FLAPS HAVING A CHORD EOQUAL
TO 25% OF THE FOIL CHORD, AND AN

‘ i OVERALL SPAN OF 60% OF THE FOIL
SPAN ARE INSTALLED ON A 2:! TAPERED -
FOIL, AS SHOWN ON THE SKETCH

=]

From equation (5.2), the effectiveness of the
flap section s

ke = 11 J0Z5 = 0.55

The foil hes approximately an elliptic lift distribution,

(a5 indicated in Chapter 1); |
Therefore, from Figure 5.4,and pages 5.5 and 5.6
ki =k (ot 9b=.9)-kiGt % =.3)

=097 - 0.38 =0.59

Then, the ’rofal flap effectiveness factor is

0.915
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3.

Moment Characteristics

Pitching Moment

FLAPS

The section pitching moment about the quarter-chord 1line of

the foil, due to flap deflection is given by the equation

ACM% i} (d

Cm J‘
Ty

(5.6)

where dcm% is given in Figure 5.6, and is seen to
J.J be a function only of flap chord ratio.

For full span flaps,
the total pitching moment
about the qugrter-chord
can then be determined
readily by the methods

indicated in Chapter 2.

For partial span flaps,
the total pitching moment
due to flaps must be de-
termined from the basic

'11ft distribution (span-

wise) of the foil, as
indicated above for the
1lift due to flaps,

(o

TR
Cflc '

Fls!me' :
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Flap Hinge Moments

The section hinge moments on a flap are gi{rén,by the equation
: . dG dC ‘
Ch' - (E)C‘ + (n)tf (5.7)

where ©C), 1is the coefficient of the moment about the
flap hinge in terms of the flap chord
Cp 1is the weflapped foil 1ift coefficient

(‘ch, (d&,) are factors given in Figure 5.7 and are seen
LI d3’ o be functions of the flap chord ratio. .

The total hinge moment for

{ a full span flap is readily 10 —
; (6 i racbans )
determined from equation (5.7). N -5«.
for the section; by the pro- C
' ]
cedure given in Chapter 2 for T : \
foil pitching moments. For ‘ 4T L N | _2 ]
the simple case where the 2 1] '
flap chord ratio is constant P y — 1] )
across the span, the total G
: A . THEORETICAL .
hinge moment is found merely HINGE MOMENT CHARACTERISTICS
' FIGURE 5.7
by substituting € (for the S
foi1) in place of Cp. (for
the foil section).
: ( |
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For partial span flaps, the hinge moment at each section must
be determined from the basic 1lift distribution of the unflapped

foll, as previously indicated.
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DESIGN EXAMPLE NO. 5.2 | rer

ESTIMATE THE PITCHING MOMENT 8 HINGE MOMENT
CHARAGCTERISTICS FOR A PARTIAL-SPAN FLAP

FOR THE FOIL-FLAP ARRANGEMENT
GIVEN IN EXAMPLE 8.1

From Fiqure 56, the section pitching moment factor
for C;/c = 0.25 1s

(= TARLYE

From Figure 57, the section hinge moment factors are .

\{‘.".Eb-) = 0,10
<y

3
(E%E?L) . 0.60

Since the foil quarter-chord lne is straight (as shown in
example 5.1), the section pilching moment .factor con be .

modified by the factor k; (o function of Lift distribution

along the span), qven in example 6.
mu.s k; * 0.59
and the total mement .factors for the foil are

. JC.._v!) 2 0.66 »0.59 * 0.389

17
(_ééu_) _olo x .69 » 0059
iC, .
(is'l) £ 0,60 x 0.59 = 0.354
4
CONFIDENTTAL
II - 5.12
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Drgg Characteristics

Parasite Drag

The parasite drag of a foll section increases with deflection of
the flaps, as indicated by exporiment2'3. However, such increase is
small, being of the same ordér of mangitude as that experienced when

the unflapped foll is given an equivalent angle of attack.

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

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

Induced Drg._g

For full span flaps, the expression for the induced drag in terms
of the 1ift as given in Chapters 2 and 3 is valid, without further

correction.

For partial span flaps, however, the induced drag must be derived
in terms of the redistributed spanwise loading due to the flaps. The
airfoil case involves several additional parameters (see rsferense 3)
and the hydrofoil presents the additional consideration of bipizmp-.
images. Qualitatively, partisl span flaps increase the induced drig
due to departure of the lift distribution from an optw whereas

Ti - 5 a13

B e

P

a

,‘.

# i “ ‘v

L= EETE " - - . . S E e e L e sv s R ek e e e S i o e PO 5 S il e

1




Prresntetor sy

. e e P Cmmi e s o tee e remge b A% of e W

Li

CONFIDENTIAL FLAPS

the biplane factor is reduced (when considering the effect over the.

entire foil., S8ee Durandé‘for biplanes of unequal spans).

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

under consideration.
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CHAPTER 6. HYDROFOIL WAKE

1.
2,
3s
L.
5.

Gensral Considerations
The Wave Pattern
Sub-Burface Flow
Significance of the Wake
Design Date and Procedurs

The pattern of the wave produced by a hydrefoil is disoussed

qualitatively and illustrated by specific test results, Methods

to deterziine the sub-surface flow are given, the significancas of

the various flow factors for different types of hydrofoil eraft

are diseussed, and data is presentsd on the waves and flow fields

behind a foil.
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CONFIDENTTAL HYDROFOIL WAKE

1.

General Considerations

The wake produced by a hydrofoil operating close to the water
surface ccnsists of two distinct flows. First, the foil produces a
gravity flow, expres=ed in a surface wave with its concomitant sub-
surface flow field. Secondly, the foil also produces a flow similar
to that of an airfoil operating in air but which is restricted due to
the proximity of the water surface, This "aerodynamic™ flow is

independent of the gravity flow and does not produce a surface

" disturbance,

All compeonents 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 seffects of the flow field on such
components located in the wake ass additional foils, struts and

rudders, flaps, and propellers,
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CONFIDENTIAL HYDROFOIL WAKE

2.

The Wave 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
1lifting line of the foil, and the observed cﬁaracteristics of the wave
pattern can most readily te explained on this basis. Therefore, the
characteristics of the wave produced by a single peint disturbance
will be illustrated briefly. '

The pattern of the wave produced by a point disturbance was
derived by'Havelock1 and later by Lund92 and is the well~known ship
pattern consisting of lateral and transverse waves, as lllustrated in
Figure 6.1. The formulas for the wave amplitudes are only valid "far
behind" the origin and do not represent the conditions close to the
origin. Furthermore, the exact amplitudes are not readily ascertained
and the relative amplitudes throughout thé wave region are extremely
difficult to evaluate. Qensrally, however, the amplitude of each crest
is greatest near the "cusp" line, where the lateral and transverse waves

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

The amplitudes of successive crests and troughs decrease in

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

CONFIDENTIAL
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1.0
\ 7)20,2,4.. FOR TROUGHS
9 1,3,8... FOR CRESTS
b \
o a}
> > A
2w
N
;t: ;t: 7 \Ng"
£ & e
4 s w\
3 & 86e | |TRANSVERSE ™
& 2 ﬁ Ll‘
W 2 |
R S el t
S E [ ‘384

o Syx 2 3

_COORDINATES OF CRESTS 8 TROUGHS

s A
(19°28")

WAVE PAT TERN

A POINT DISTURBANGE

FIGURE 6.l

CHARACTERISTICS OF WAVES PRODUCED BY

CONFIDENTIAL

II - 6.4

Ve




CONFIDENTIAL HYDROFOIL WAKE

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

waves at the cusps are greatly predominant.

In shallow water of depth,d s the characteristics of the wave
are markedly diffez;ent from those in deep water given above.. Above
a speed Vzasm the cusp 1line angle increases from its deep water
value of 19°28!, with conseguent spreading of the lateral waves and
decrease in transverse wave amplitude. Theoretically, at the critical
speed \4-67 s the cusp line angle is 90° ﬁth a solitary wave pro-
ceeding along in line with the origin and no fqllowipg disturbance,
At supercritical speeds, the pat...n 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, = ‘s Jgdf, .

WAVE AT SUPERCRITICAL SPEED
FIGURE 6.2
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The Two-Dimensional Wave

A continuous distribution of point disturbancesralong a line of
infinite span would result in transverse waves only, with the crests
parallel to the line of disturbance. The wave has been shoyn by
Meyar3 to be a simple sine wave extending aft with a superimposed
local disturbance in the vicinity of the foil. Figure 6.3 shows the
wave profile and indicates that the local disturbance disappears

approximately 1/l wave length downstream. The equation of the sine

wave is given as
) .
Z° = - CL c e sm 3%/ (6.1)

and the slope of the wave

d . £ «-C, g e'm"cos 9% (6.1a)
dx vt |
p -

— V
. pr—
L 8 FREE STREAM VELOCITY

WAVE PROFILE IN TWO DIMENSIONS
FIGURE 6.3
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The Three-Dimensicnal Wave

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
cancellation of lateral waves and a strengthening and straighteﬂing
of transverse waves, simulaping the two—dimenéional simsoidal
pattern. OQutboard of these converging cusp 1ines; 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.l shows

the pattern, as described above.

WAVE PATTERN FROM A HYDROFOIL

FIGURE 6.4

Wave contours measured from hydrofoil model tests are shown in

Figure 6.5, showing the general pattern indicated above,
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CONFIDENTIAL HYDROFOIL WAKE

3.

Sub-Surface Flow

The sub-surface flow in the wake of a folil is due to two effects,
namelys

1. that gravity flow associated with the surface wave

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

mumber, as will be discussed below.
Gravity Flow

The gravity flow at any depth, h s below the surface is easily

determined from the surface wave by the classical "decay" formulas

_h/z
.eﬂv

E, * & (6.2)

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

€, 1is the flow angle at the surface.

Aerodynamic Flow

The basic airfoll wake will first be considered, after which the
influence of the surface will be taken into account. The vortex
sheet emanating from the foil wraps up into two distinct vortices
approximately within one span behird the foil, as indicated in Figure
6.6. The separation between vortices, b , and the radius of the
vortex core, b/ , are functions of the foil load distribution, and can

be determined by methods indicated by Durandho
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CONFIDENTIAL HYDROFOIL WAKE

It is considered sufficiently accurate to assume elliptic load-

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

foil. Then Dumndl1 gives the following values

b= Kb
N . 0.0855b

4 L .2 GV
© STF"B'W A

The downwash angles in the plane of the

determined from the following expression

5“'““1.’%1'

where &€ 13 considered positive

(6.3)

vortex lines can be readily

(6.1)

for upwash

j is a factor depending upen spanwise

location, and is given

Low Froude Numbers

in Figure 6-6.

At very low Froude numbers,
the ®"aerodynamic®" effect is that of
an airfoil near a rigid wall at the
water surface, as indicated in
Chapter 2, Then the aerodynamic
flow angle would be determined by
the trailking vortex system and its

hI - mGID WALL |
|
0
ey
WALL EFFECGT
FIGURE 6.7

mirror image as indicated in Figure 6.7.
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the downwash angle given in equation (6.L) would be modified to

the value
Eo * % 4 (2-) (6.5)

where W 1is the generalized factor determined for
the foil, as indicated in Chapter 2.

Then the total sub-gurface flow angle at low Froude Number 1is
E, = E.+E, | (6.6)

High Froude Numbers

At high Froude numbers, 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 )

h
FRER SURFACE

_"I@ o

BIPLANE EFFECT
FIGURE 6.8

vortex system and its biplane

image as indicated in Figure
6.8. Thus, at high Froude

numbers, Jﬁ,,may be neglected.

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

at‘high Froude numoers is

g » & ;K .
& e
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L9

Significance of the Wake

The significance of the flow conditions in the wake of a foil as
they affect other components naturally depends on the type of hydro-
foil configuration investigated., This in turn depends on the type of
craft to be designed. Generally, it is necessary to evaluate the
influence of the wnkeralthough some aspect which may be important in

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

How the emphasis on different aspects of the wake changes with
different designs can be illustrated by examples of two different

types of craft.

(a) The large, slow-spewd craft

For a hydrofoil craft of several hundred tons or more
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 bas essentially two-
dimensional in nature, as in Figures 5.3 and 6.5. Assuming
the two-dimensional case for the purpose of illustration,

the upwash on the aft foil would be, from equations (6.1)
and (6.2)s

fzac-"v',:l—! = C . g% e-g(h.ob..%a
x

cos 9’4: (6.8)

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

Since the upwash changes the direction of the 1ift pro-
duced on the second foil by the angle & resulting in a
drag component, the total drag due to 1lift would be

pr = pr, + Co\vz "Ez (Lz
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which for foils of equal geometiry, submergence and 1ift can
be shown to be

) = | +COS gz/v‘)

*o,, * 260, ( (6.9)
-2gM,

(since pr.= al g-‘v-, eV for the foil in two dimensions,

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 without upwash.

The small, high speed craft

For a hydrofoil craft of under 100 tons and a speed of
over LO 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 numbers), and the wake would have the
following features:

a. negligible transverse wave pattern

b. strong "aerodynamic" downwash
¢, Iimportant lateral wave crests and roaches

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

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

. e
The above examples illustrate the relative importance of different

aspects of the wake for different types of craft. In any case, all

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

Existing design data on the wake of hydrofoils is limited to that
produced in two exploratory tests. Breslins conducted wave measurements
on a foil of aspect ratic 20, the wave contours of which are presented
in Figure 6.5. E.T.T.6’7’8 conducted a series of tandem foill 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.

4Al1 the above tests were conducted at a submergence of 1 chord,
with feils of large aspect ratio at relatively low Froude numbers.
There is a need for additional data, particularly for small foils at
large Froude numbers, in order to make reazsonable astimates 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 exbtrapoclations are reasonable.

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

(a) Use of Wave Contour Data

From the contour mdp of ths wave produced by a folil of
given aspect ratic at a given Froude number, the flow can be
determIned for any point in the wake., Determining 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 determined flow angles along the span of a foil in
the wake can be simply averaga over the span for a reasonable
approximation.
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Use of Tandem Foil Data

The average upwash data can be interpolated for similar
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 submergence is the same as that given
in the data. When the submergence (of the aft foil) differs

from that tested, the data must be corrected by use of the
methods of Section 3 above.

Location of Lateral Cusps and Roaches

Where wave contour data is applicable, the location of
cusps and "roaches® can be readily observed, and the surface
and sub-surface effects reaiily calculated. (The interfer-
ence between converging lateral crests, behind the fo+* mid-
span, causes & large upsurge of water, commonly calleu a
roach.) Where data is not available for the conditions to be
investigasted, 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 foill tips. The theoretical

location of roaches directly behind the midspan of a foil (or
midway between the tips of port and starboard foils) can be
determined from Figure 6.11. Generally, only the first few
waves are of consequence and these only near the cusps and
roaches where the amplitudes are large. Where more than one
foil is considered (such as with small foils, P/S), the
effects are combined. Since the exact amplitudes of such
waves cannot readily be determined, care must be taken in
evaluating the importance of different cusps and roaches,
particularly when a combination of foils are under study.
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CHAPTER 7. STRUT CHARACTERISTICS

1.
2.

3.

b

Drag Characteristics at Zero Yaw

Characteristics in Yaw Prior to
Ventilation

Characteristics in Yaw When
Ventilated

Height of Spray

A The drag and side force characteristics are given for surface-

plercing struts,

Spray drag and ventilated charscterisiics are sesn

tc be functions of section shape, while side force charasvteristics

are shown to be similar to hydrofoil 1ift characteristics. The

hydrodynamic results given include cxperimental data on spray height.
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1,

Drag Characteristics at Zero Yaw

Drag Components

The drag of a surface-piercing strut at zero yaw conéists of
three components: the sectién drag of the wetted strut and the
localized drag ét'its two ends. The drag at the upper end where the
strut pierces the water surface is called "spfay drag“, being assoc-
iated with the production of spray at that poiht. At the -lower end,
the drag is eithef "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 nuﬁbersl, but
becomes negligible above V/Jfge = 3. Therefore, at

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

ORAG

TIP ORAS .

ooy

TIP ORAS
OR INTERFERENCE)

COMPONENTS OF STRUT B
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Section Drag

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

equation (L4.9), the section drag of the strut can be given:

CDs.. = zc;‘['“o(%):.] (7.1)

where C&%‘ is the basic section drag coefficient based
on the side area of the strut

(%), is the strut vhickness ratio

is the flat plate friction coefficient based
on total wetted surface,

The value of (4 can be determined as outlined in Chapter L, for
smooth turbulent, transitional, or standard rough conditiors as may be

required, i

Spray Drag

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

is manifested in the development of spray along the forebody of the

# Tank test results on laminar-profile strut sections indicate that the
section drag coefficient is in the low drag "“bucket™ region at test
Reynolds numbers as high as 6 x 10°, However, foils of comparable pro-
file at lower Reynolds numbers showed fully turbulent section drag
coefficients, provably due to a higher level of turbulence in the tank
generated by the foil. It is considerad that in open waters, the

turbulence level is high and the section drag is essentially that in
turbulent flow.

CONFIDENTIAL
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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, *’-/c., and the sharpness of the leading

edge.

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

Froude number, according tc test results.

Correlated, systematic test results of surface-plercing struts
are few in number, and the lack of sufficient data prevents the
establishment 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,tc ) for several strut sections

teated2’3.
SEGTION Co,e DAEREL REFERENGE
— NACA ¢g-012 0.03! )
NACA 68-02 . 0028
' BICOMVEX
'O‘ s 018 0.018~ 0.026 | |
Meotwier! DIAMOND
} ~ l ‘/ s 0.18 0.0'3
¢
SPRAY DRAG GCOEFFICIENTS FOR SEVERAL STRUT‘ SECTIONS
FIGURE 7.2
CONFIDENTIAL
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Generally, it is indicated from these tests that the spray drag
coefficient decreases with 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 lesading edges such as

employed in airfoil sections.

Tip Drag or Interference

The tip drag of a free-ended strut (i.s. not attached to a foil
or other body at its lower end) can be evaluated from airfoil data.
Hc»ernerh indicates that for well-rounded tips, there is no tip drag,

while for square tips the drag of one tip is expressed as

CDt " 9_«1 = 0,088 (for square tip) (7.2)
gt

When attached to a foil, the strut experiences an interference
drag at the junction as it similarly imposes an interference drag eon
the foil. However, the total interference drag at such a junction
expsrienced in tests has besn ascribed to the foil for convenisnce -

(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 velooity past the strut due to the circulstion
around the foil, and therefore an inorease in section drag. (There

OCNFIDENTIAL
I-175




CONFIDENTIAL STRUTS

is no increase in fluid velocity at the water surface and thus no

increase in spray drag.) This effect is smsll (being less than 10%

for most applications) and can be approximated by multiplying the

strut section drng,. équation (7.1), by the following factor

(1+78)

where J ' depends on the spanwise
location of the strut,
efp , and the submer-
gence-span ratio of the
foil, W . Values are
given in Figure 7.3.

G = foil 1ift coefficient
A = foil aspect ratio

Effect of Rake

T

ek

FIGURE 7.3

1o

Raking a strut either forward or aft will 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 esployed

(%L /con 7

Y 1is the angle of rake.

N
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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 experiencede.

Ventilation of 8Struts

14

Ventilation is characterized by an air-pocket that is formed at
the after-body of a atr\;t s which air-pocket is open to the atmosphere
and extends downward along tha strut a distance depending on speed and
configuration characteristics. (Ventilation should not be confused with

cavitation, which is a conditior not directly related to the water

surface.,)

The air-pocket is formed only in the presence of soms sharp
discontimity in the flow. The discontimuity produces a vortex which
allows the air to penetrate the water surface ot constant pressurs,
after which the full cavity can be formed. Discontimiities arise Que

to abrupt changes in strut section, local protuberances, momentary yaw

angles, etc.

The effect of ventilation is to reduce the ssction drag of the
strut, since air of atmospheric pressure replaces water of sub-
atmsopheric pressure at the afterbedy, resulting in a forward force
component. Quantitative results of this drag reduction are meager
and at present fairly inapplicable for the following reasons:

CONFIDENTIAL
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(a)

(b)

(e)

STRUTS

Streanlined free-ended strut sections tested at zero yaw
show no tendency to ventilate at moderate and high speedl2'3.
Whether this condition would prevail in practices where
transient yaw angles would be experienced or where local
roughness elemsnts might develop sufficiently to "trigger®
ventilation is not known, If such were the case, there is

no data available on such a condition,

Wedge-shaped strut sections which ventilate throughout the
speed range have such a high section drag initially that

the reduction in drag dus to ventilation does not appear to _
result i a net gain, as far as existing date indicates .

The effect of foil 1ift on strut ventilation is not knowa.
Deporiding on the foil submergence, the low-pressure region
above the foil may "trigger® ventilation (which in turn will

lower the 1ift produced by the foil),

Further experience with actual oraft or testing of various con-

figurations under simmlated operating conditions is necessary to

produce acaourate design information regarding ventilation. At present,

it is recommended thl;t for streamlined strut sections, the effects of

ventilation can be ignored in normel operations at sero yaw.

CONFIDENTIAL
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2.

Characteristics in Yaw Prior‘ to Ventilation

The vertical strut having an angle of yaw, W s broduces a side
force and a resultant induced drag. For a fully submerged strut, this
is equivalent to the characteristics of an airfoil with a horizontal
1lift force. For the surface-pisrcing strut, necessary corrections must

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

~ Surface-Piercing Strut

The effect of the surface on the side force characteristics of a
strut is a function of Frcude mumber, similar in nature to the effact
on the foil discussed in Chapter 2, At low Froude numbers, there is
a8 wave effect and a "rigid wall" eifect, the first decreasing the strut

efficiency and the latter increasing it.

At high Froude mmbers, the surface effect is similar to the
"biplane" effect on a foil; hydrodynamically, the strut is then
equivalent to one-half of an anti-symmetrically twisted wing.

There are no theoretical nﬁly:oe presently known that give the
force characteristics as a rumtioﬁ of Froude mumber., 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 important
is at Frouds numbers lower than considered practical for most appli-
cations., Therefore, the "biplane" affect is considered to prevail.

CONFIDENTIAL
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On this basis, the side force characteristics of a surface-

piercing strut sre approximately as follows:

é}:‘l .5.4.1.
d¢ 2 TAg

Ao . 2
d(G)? T As

where (g 1is the side force coefficient based on
the submerged strut area (one side)

Cp, is the strut drag coefficient, based on
strut area

'/

Ag 1is the strut aspect ratio, h/s,
l[l\ 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 foll exerts

(7.3)

(T-h)

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.hk) are thereby

modified to the expressions:

E , .2 fi+M)
g"‘% * 27 T TA (14 2%)

do . 2z (1+%)
d(G)r ThAs (1izh)

CONFIDENTIAL
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where (I+ %) is the approximate induced factor for
(1+2b4) a single end plate

b is the foil span

h 1is 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, with the actual end-plate "height"
being substituted for the foil span, b .

Low Aspect Ratio Correction

Strut aspect ratios are generally low for most hydrofoil appli-
cations, and the E factor becomes important, as indicated in Chapter 2,
The non-linear effecfs, which are based on flow across the tips (as
shosm in Chapter 2), are not expected to be present on a surface-
plercing 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 subtmerged foil with both tips free.

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

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

Cy = Sin C 4 SIVP cos (7.7

CONFIDENTIAL
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ny 2
Co,* Ca, *%s(,l:n-& )« oy (7.8)

where C0s  is the parasite drag coefficient of the strut
(including spray drag) which is also a function
of yaw angle, w .

Correlation with Test Data

Teats have been conducted on yawed struts at E.T.T.s, and results
for free-ended struts are shown in Figure 7.L. In the non-ventilated
region, equation (7.7) is seen to agree closely with the experimental
results for side force,

For the drag, Chg. was estimated to be 0.012 including spray,
for the section at the tested speed. Rquation (7.8) was then evaluated
(for A = 1/2 and 1, which are identical, A = 2 gives slightly lower

drag). The agreement is good.

CONFIDENTIAL
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7 ;
7.10 n./
Ny
A
I
40°
S
Ahk =20 2° 30
© hk=1.0 ‘
s + hk =05 . //
/)
2 vgmmmc VENTILATING */
oy
4: ;
| 8) /
s
‘
o —¢ il I . '
10° 20° a0* 4

anGLe oF vaw-¥

272" % 12% DOUVBLE ARC STRUT -

TEST SMEED 28 FPS

SIDE FORCE AND DRAG GHARAGTERISTICS
OF A SURFACE-PIERGING STDUT

FIGURE 74
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DESIGN EXAMPLE NO. 7.1 | swiore

DETERMINE THE DRAG & SIDE FORCE CHARAGTERISTICS
OF A SURFAGE-PIERGING STRUT,PRIOR TO VENTILATION

A RECTANGULAR FOIL. AT MIDSPAN. THE STRUT IS

SECTION THE FON. 1S 6’ SPAN X 12" CHORD,WITH A
SUBMERGENCE OF 2', ANU SUPPORYS A LIFT OF
6300 Lb, AT 38 KNOTS
L [ ]
PLAN

A SINGLE STRUT OF CONSTANT SECTION SUPPORTS

VERTICAL WITH A 12" CHORD AND 10% THICKNESS,

\ ‘\1 o

REQUIRED PARTICULARY - :
g = f4 V2 139 x(35x169) - 3480
Foil Lift Coefficient, ¢, %ES?TGQE% 0.31
Foil Aspect Ratio, A-6
Foil submerqence/span ratio, Wb i3
. Strut Aspect Ratio, As: 2

Reyrolds number(59°seawater): 3—&%———%' 46)(!06

X
STRUT PARASITE DRAG
Section Drag (From Chapter4)
At R:=4.6x10© , Co,(std) - 0.004)
and (Cb,) std = 2x0. 004l Ci+1000102101 €3]
20.0090(1+C3).
From pay 2 7.6 and Figire 7.3, the factor of additianal
dynamic pressure is
(140.35 X031/g)? = 1.036

Then ,
Coo = 1.036%0:0090 (1+C3)
=0.0093(14C?)

CONFIDENTIAL
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DESIGN EXAMPLE NO. 7.1 |z

'STRUT PARASITE DRAG (CONT'D)

§eraz Dra.s
From Fiqure 7.2, take the average value

l.'lDt » 0.020 for a biconvex seckion
(2

Then., o.s,summgl frontal ﬂ-nmkness vares dvrec'ﬂy ;:.s 'ﬂ-t y..wcnak
trogoe + Yo =cloio+ )
and re'?e.rrmj the spray draa te the strut area
C =Dsera.stsm h «ac, xh
Pct qct qch g t be /t
Then

aGy, * 5 (0.0 + W) x0.020 = 0.00( + 0,0 ¥

. SIDE FORCE £ INDUCED DRAG

From Equn.'hbn (75)

ﬁ‘_g .+ LS +..?:..(_‘_:2) « 0.42]
de, 2w T zmnive)

deg

dv

Froem Equatlon (7.6)

:2.375

dCo (2 (+3) [ oim2
Jcs" 27 (1+6)

ToTAL CHARACTERISTICS

Side Force
Cs = 2375 Y

Dreg

20094 +00/y + 155 ¢p®

Cp»0.093 + 0.001 +0.0a3(2.3769f +001 ¥ +o.182 (23759)* |
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Characteristics in Yaw wWhen Ventilated

_Inception of Ventilation

As indicated in Section 1 above, ventilation is due to some

discontimity in the fluid flow at the water surface. In the case

of the yawed strut, it apparently occurs when the angle of yaw, l/l,

exceeds f;he entrance angle, g , of the strut section at the surface,

as indicated by the test data of Figure 7.h. As has been stated in

chn,};tor 3, the angle, p s 18
readily determined for a
section with sharp leading
edge, but has no exact
definition for an airfoil
section, It appears reason-
sble to use the angle formed
b& & cireular arc tangent to
the section at the point of

maximum thickness and pass-

ARCFORM SECTION

AIRFOIL SECTION

MEASUREMENT OF ANGLE A
~ FIGURE 7.5

ing. through the leading edge, as shown 1nfiguro 7.5.

The characteristics of a fully ventilated strut are similar to.
those of ventilated foils, as treated in Chapter 3, Thus for a fIat

‘ CONFIDENTIAL
II - 7016
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plate strut with no flow across the tips, the normal force is
Cy = 21 sin ¥ 0 (7.9)
44+msnY
For a surface-piercing strut with foil attached at the lower tip,
there is no cross flow at the tips and equation (7.9) should apply.
For a free-ended strut, there is cross flow at the free tip and the

resultant normal force is somewhat reduced.

In practical applications, strut sections are not flat on the
pressure side. The angle ‘0 in equation (7.9) must therefore ba
measured from the angle of sero side force, which is indicated in
Chapter 3 for ventilated foils to be the angie at which the 'tra.il:l.ng
edge on the pressure side is in line with the fiuid flow. For
symmetrical struts, this is the angle of run (the sngle ’ for the
trailing edge). Thus, the equation for side force in vemtilated con- -
dition is

= oy, m¥eny (7.10)
G, V FiTany
where P, is a factor depending on the conditions at
the strut tips (1.0 for no cross flow)

‘18 thommhuumdtzuthum@hot
sero side force (in ventilataed ooad:[ﬁion).

The drag is not similarly reduced, howsver, being msinly dependent
on the frontal area of the strut expesed to the strepm flow. Thus, it
is primarily a function of the sctual ysw angle, modifisd %o some pre-
sently unknown degres by ssction shape, Tentatively, it is considsyed
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that the drag component of the basic flat plate normal force be

applied (modified as required for free tips). Thus:

(CDS)V s CD;. + kv 24";::‘:"# (7.11)

where ) is the actual yaw angle

Cps, 1s the parasite drag coefficient of the strut
(inelu spray). The friction drag in this
cass is 1/2 that in regular flow since only
ons side of the strut is wetted.

Comparison with Test Data

For the 12% double arc struts used in the :.'r.'r.5 tests, the
entrance angle is ’6 = 13,9° (for leading and trailing edges). The
data of Figure 7.4 indicates the inception of vantilation to ocecur

between 14° and 15°.

The 1ift data in ventilated condition shows a reasonable fit with
equation (7.10), using a factor kv = 3/l and measuring from the angle

of 13.9*.

For the drag in vemtilated condition, Cp‘. was teken as 0,606
(1/2 of that for the non-ventilated dass). umg the faster B, = 3/h
dertved above, equation (7.11) 1s shown in the figure, and sppears to
be & reasonable estimate of the drag.

As previocusly stated, more test data on a variety of struts under
various conditions is pequired before more reliable design formulas i
can be advanced and reliable factors established. |
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L.

Height of Spray

The spray produced by a strut is primarily a function of the
frontal area of the strut (projected area normal to the fluid flow)
in association with the speed of advance. Hoormrl has analysed avail-
able data on spray height, for struts at various angles of yaw. His
results can be summarisedi in the following formula.

_2:. = 0.86 F (%), + 9626 Fg (7.12)
H

vhere h, is the maximum height of spray
&  is the strut chord
Fx 1is the Froude mumber based on forebody lsngth
Fe, is the Froude mmber based on strut chord
(&), 1s the strut thickness ratio
yl is the angle of yaw.

Bquation (7.12) must be considered preliminary, being tased on a
minisum of data, In partioular, the latter “erms which include: yaw is
based on tests run at low Reynolds mumber (R = 10°) and Froude musber
( ch = 2,9), and may not represent conditions at usual operating
speeds.

II - 7 019
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CHAPTER 8. RUDDER CHARACTERISTICS

1. Description of Types

2, Characteristica of All-Movable
Rudders

3. Characteristics of Flap Rudders

L. Rudders on Hulls

The types of rudders likely to be employed on hydrofoil craft
are discussed and categorized. It is shown that rudder character-
istics can be derived from pertinent foll and strut properties

presented in previocus chapters.

CONFIDENTIAL
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e

Description of Types

Rudders on hydrofoil craft may be considered in two broad
categories: first, as applied to the foil configuration when in flying

attitude; second, as applied to the hull, prior to take-off,

For some simpler 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 employed and is a matter of overall design,
However, the pertinent hydrodynamic characteristics of the rudder |

depend on its relative location and intended function.

Thus, ruddsrs that are essentially part cf the foil configuration
and are used in foilborne operations can be treated in accordance with
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 must be taken into account.

There are two main types of rudders to be considered: first,

the all-movable 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 streamlined post

and is essentially a flap pivoting behind a fixed strut (similar to

CONFIDENTIAL
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a flap on a foil). The character-
istics of each type also depend on
whether the rudder if fully sub-

merged or surface-piercing.

There are variations which
combine both types to some degree,
the characteristics of which can
be reasonably determined from

those of the basic types.

-%\EL,;—

ALL MoOvABLE
' > Ja
FLAP

BASIC RUDDER TYPES

FIGURE 8.1

CONFIDENTIAL,
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2,

Characteristics of All-Movable Rudders

Fully-Submerged Rudders

Rudders that are fully submerged are essentially considered to have
the same hydrodynamic characteristics as a foil and thus the lift or
side force, drag and moment of the rudder can be readily determined by

the principles set forth in Chapters 1 and 2,

Since fully submerged rudders are usually of 2mall aspect ratio,

the lifting surface theo: ; should be applied. E

Reference should therefore be made to those chapters for the
methods and formulas to be used, with the following changes in notation
to be employed:

Cs the side force coefficient, instead of C,
ca thes rudder deflection angle, instead of o

h, the "span" of the rudder (neight).

Surface-Pierciqg All=-Movable Rudders

All-movable rudders that extend through the water surface are
essentially surface-piercing struts, insofar as the hydrodynamic
characteristics are concerned, Thus, the material 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 to:

CONFIDENTIAL
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d;, the rudder deflection angle instead of

y , the strut yaw angle.,

This applies to ventilated as well as non-ventllated condition,
including the end-plate effect of any foil, nacelle, end plate, etc.

on the lower tip.

CONFIDENTIAL
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3.

Characteristics of Flap Rudders

As illustrated in Figure 8.1, a 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 similar to a foil with plain
flap and its hydrodynamic characteristics can be determined from the

principles of flaps given in Chapter 5.

Sids Force of Flap Rudders

Thus, fronm equation (5.4), with appropriate changes in notation
(and noting the angle of zero 1lift is zero for symmetrical sections,
as usually employed on rudders), the side force can be given for sub-

merged or surface-piercing rudders:

Cs = (:‘_‘%)(wl;a[) (8.1)

where (g 1is the side force coefficient, based on
total side area of the strut-flap

strut, as determined above or in Chapter 7, for
the submerged or suriace-piercing case, as
required,

(ﬁfi) is the side force curve slope of the unflapped
dy

is the angle of yaw éf the fixed strut section
is the flap deflection angle

is an effectiveness factor.

W AR
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The effectiveness is given in Chapter 5 as

g - 157 (8.2)

whers ¢/ is the flap chord/total section chord ratio.
Equation (8.2) is considered valid for flap deflections of less than
18 and flap chords less than 708 of the total chord.

Other Characteristics

Generally, then, all of the flap rudder characteristics can
readily be determined frow the principles set forth on flaps in
Chapter 5 in conjunction with the basic strut charscteristios set
forth in Chapter 7. Hings moments, partial-span flaps, drag, stc.

“oan &11 be obtained with the same degree of accuracy as for foil flape.

Ventilation

The ventilating characteristics of surface-i.ieroing flap rudders
are sxpected vo be somewhat different from those of ltfuto and all-
movable rudders. It is considered that since the 'tlcp rudder gets
its 1ift due to ‘ohnngo in camber instead of change in angle of attack,
the flow across the leading edge of the section is not as grut' as in
the other cases and thus the flap rudder should not ventilate as
readily (i.e. it should be capable of higher side force prior to
ventilation). There is no known data available to support (or dieprove)
this contention, and therefore tests are required before design

formulas can be presented.
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L.

Rudders on Hulls

Auxiliary rudders are sometimes employed to provide steering when
the craft is hull borne, prior to take-off, Such rudders are attached
to or in close proximity to the hull and usually rise clear of the

water after take-off,

For the type of hull usually employed 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 (low

Froude and Reynolds numbers) prior to take-off,

Hull rudders may, therefore, be treated as 1lifting surfaces in
an infinite fluid, and the theory of small aspect ratio foils can be
employed to determine their hydirodynamic characteristics, taking into
account the influence of the hull.

Theoretically, the influence of the hull is to double the
effactive 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 wing,
given by Durandl). To what extent viscous effects influence the -

rudder effectiveness (boundary layer effects on the clearance and on

CONFIDENTIAL
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the rudder itself) is not known specifically and cannot be generalized

due to the variety of possible arrangements on the hull-rudder geometry.

Much information on the characteristiocs of hull rudders, the effect
of various influences and practical approaches to design can be gotten

from various marine souroesz’?.
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CHAPTER 9.

CHARACTERTSTICS OF NACELLES AND SMALL APPENDAGES

1o
2,

3.

k.

Nacelle Size and Shape
Characteristics of Isolated Nacelles

Characteristics of Nacelles in a Foil
Configuration

Drag of Small Appendages

The typical geometry of nacelles used in hydrofcil application

is indicated and data on the 1ift, drag, and pltehing momsnt of

isolated nacelles is given., The characteristics of various nacelles

in configurations ars discusaed gqualitatively and procedures for

devernining and using various data are given. The drags of misc-

ellaneocus small bodies are tabulated.
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Nacelle Size and Shape

In hydrefoil applications, nacelles are used primarily for pro=-
pulsion and transmission machinery. Characteristically, nacelles are
streamlined in shape, with cross-sections varying from circular to
rectangular (at their largest sections) which generélly'are faired

into rounded noses and conical tails,

The hydrodynamic characteristics of nacelles are commonly ex-
pressed in coefficient form, usually based cn the wetted surface of
the nacelle (in marine applications).

The drag of a long slender nacelle (submarine, airship,
etc.) with its axis in the direction of flight is pri-
marily due to friction, and thus the wetted surface is
the most important reference area in this regard.

However, it is conventient in most cases to refer the nacelle
characteristics to the frontal area (maximum cross-section), which
is more readily determined in preliminary investigations and which
is important in evaluating the optimum nacelle geometry for a given

application,

The ratio of the wetted area to the frontal area is approximately

1

given™ for most nacelle shapes as;

Swet | 34y (9.1)
So
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where ,Z is the length of the nacelle

d is the diameter (or equivalent diameter for non-
circular shapes) at the maximum cross-secticn

Swet 1is wetted surface of nacelle

SD is frontal area (maximum cross-sectional area),

CONFIDENTTIAL
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e Characteristics of Isolated Nacelles

Parasite Drggﬁwith Flow Parallel to Nacelle Axis

The parasite drag of a nacelle in an infinite fluid is composed
of friction drag and pressure drag. For a long slender body (high 122 )
the friction drag is most important; for a blunt body (low [/d) the
pressure drag is predominant. Thus, the total parasite drag is a

function of the various shape parameters of the nacelle.

Experimental data on a variety of aircraft bodies (airships,
fuselages, etc.) is available in N.A.C.A. reports#®, Gertler2 gives
results for streamlined bodies of revolution of high 4/,,{ (1/¢-

L te 10)s From such sources, the parasite drag can be accurately

determined.

From an analysis of such data, Hoerner! gives an empirical formula
which can be used for prellminary purposes with good accuracy., In

terms of the wetted area, this formula is

Cope = G L1454 +e(%)*] (5.2

and by substituting equation (9.1l), the formula in terms of the frontal

area is:

# See N.A.C.A. "Index of NACA
Technical Publications®, 1949
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Cog = G [154 34y + 18(%))%] (7.3)

a

where q} is the Irictional drag coefficicnt based on
. wetled area (see Charter L)Y al the aopropriate
Reynolds number based on bhe lengbh of the
nacelle.

4%‘ is the length/diameter ratio, as indicated
above,

Figure 9.1 (taken from reference 1) shows the frontal drag

coefficlent as given in

o0 H } —-X
IN PRESENCE OF
equation(9.3), and as Xgmm4wms——;j>\\\
0.08 4?* Jr S
~derived from experimental }'ISOLMED NACELLE
0.06 +-
data. The optimum .ﬂ/d is CDu \
0.04
seen to be close to 2 for \‘ 7
e
such isolated nacelles. (As 0.0z
shown in the following %5 2 4 G 8 10

Yo

section, the optimin 47 of NACELLE FRONTAL DRAG COEFFICIENT
the nacelle is larger when FIGURE 9.1

in conjunction with a foil.)
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Wave Drag of Nacelles

In his tests on streamlined bodizs of revolution, Gertler?
also determined the wave drag of bodies with l/d.= 7 at sub-
mergences slightly greater than 1 diameter. From this data, .it is
indicated that the wave drag component‘ is appreciable at low Froude
numbers (based on the body length) bul is negligible above Froude
numbers of 1.0 to 1.5. Figure 9.2 shows the results for one of the

bodies tested, from which estimates may be made for other cases in

the absence of specific test data.

60 T T 1 !
‘- gi::«:na h/d =\.24
50 — J]
waaL40
40—ttt NN
ACDM /Wd' = ‘-56
30 N u

N

o ol 02 O3 04 0% 06 07 08 09 1O .2

Fo= VAGE
FIGURE 9.2

CONFIDENTTAL
II - 9-6



CONFIDENTTAL NACELLES

Characteristics at Angles of Attack

Nacelles may be considered to be foils of small aspect ratio in
analyzing the 1ift, drag and moment characteristics 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 reliasble values can only be determined from experimental data, as
is available in repcrts on airship and fuselage characteristics (see
NACA Index of Technical Publications). Where the submergence and
Froude number are small, tank tests should be run in order to determine

the characteristics more exactly as influsnced by the water surface,

Figure 9.3 gives some representative data, as shown by Hoernerl,

and as given by Jacobs and Ward3 for seveial fuselage shapes. The
1ift and drag coefficients are based on frontal area, The moment
coefficient about the gquarter length is based on frontal area and

fuselage length.
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3.  Characteristics of Nacelles in a Foil Configuration

General Considerations

When superimposed on a foil configuration, the nacelle exhibits

somewhat different characteristics than when isolated. There is a

mutual interference effect on both fcil and nacelle, which is re-

flected in different values of 1ift, drag and moment for the entire

configuration.

In the analysis of such configurations, the standard
procedure is to maintain the total foil area, as if
the nacelle were not present, The superposition of a
nacelle which replaces some of the foil will actually
reduce the foil area, resulting in a reduction in foil
parasite drag from that basically considered. There-
fore, it must be kept in mind that the nacelle char-
acteristics determined from tests, wherein the basie
foil drag is deducted ifrom the total configuration
drag, consists of several additive components (the
basic nacelle drag, the interference drags on both
wing and body, and an induced drag increment due to
change in foil 1lift distribution at the nacelle)

and a deductive component (the parasite drag of the
foil enclosed hy the nacelle).

The total effect of superimposing the nacelle on the foil cannot

readily be ascertained for the general case, due to the large number of

factors involved. Several factors are:

(a) the characteristics and geometry of the isolated nacelle

(b) the characteristics and geometry of the foil

(e¢) the angle of attack

CONFIDENTIAL
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(d)
(e)

(£)
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the relative size of nacelle and foil

the relative location of nacelle in vertical,
horizontal and spanwise directions

the extent of fairing at the foil-nacelle junctions.

Qualitative Results of Tests

Examination of data on wind-tunnel tests of various nacelle-foil

combinations does indicate certain trends, which are given for a

general guide in evaluating configurations.

(a)

(b)

(c)

Typical airplane nacelles mounted on a wing are of low
44 , with an overall length of the same magnitude as tte
foil chord., The drag of such nacelles tend to be largeH.

Nacelles and fuselages of higher 122 ; and which also have

a length appreciably greater than the foil chord, show small
increases in nacelle drag depending on the vertical location
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 4/ for the nacelle to be nearly
7.0, and the drag for nacelles of iarger .4/{ to be about
20% higher than when isolated from the foil.

For similar nacelles and fuselages as in (b) above, but with
"mid-wing" arrangement, the net nacelle drag is slightly
decreased according to tests conducted by Jacobs and Ward>,
This condition generally holds true for the range of vertical
positions, where the drag would be generally as indicated in
(b) above, For the complete characteristics of these "mid-
wing" configurations, Jacobs and Ward observe that the simple
adding of the independent foil and nacelle characteristics
(1ift, drag and moment) shows very good agreement with the
data (without further consideration of interference, etc,)
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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 wing arrangements,

Recommended Methods

For accurate determination of the characteristics of nacelle-foil
configurations, tank tests should be run on the contemplated configur-
ation through the range of speed, attitude, and submergence anticipated
in the design. Under certain conditions, data taken from pertinent

wind-tunnel tests on similar configurations may be suitable.

However, for preliminary purposes, a simple approximation may be

used that ie considered reasonably accurate for hydrofoil applicationss

(a) The parasite drag of the configuration is simply that of the
isolated nacelle (at zero 1ift) added to the rest of the

configuration,

(b) The 1ift and moment 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

employed at the foil-nacelle junction,
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Drag of Small Appendages

In a practical hydrofoil configuration, there is apt to be small ,
protuberances or isolated bodies installed for purposes of control,
instrumentation, access, etc. In preliminary considerations these may
generally be disregarded, but where careful estimates of drag must be
made for performance or structural purposes their characteristics

should be noted.

Hoernerl gives a comprehensive 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 gives the drag characteristics of

some of the more common shapes.

Where such bodies are isolated from major components of the con-
figuration, the given values can be used. However, when attached to
a foil or strut, consideration must be given to mutual interferencé
effects, boundary layer effecté, etc. in accordance with principles

previously set forth,
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TABLE 9.1

APPROXIMATE VALUES OF DRAG
COEFFICIENT FOR VARIOUS BODY FORMS

C
Form of Body i} =~ frontal
(based on D ) area
Circular disk (D = diameter)  10° 1.12
Tandem disks ( L = spacing) 0 > 103 1.12
(D = diameter) 1 0.93
2 1.0k
3 1.5L
Rectangular plate (L to flow) 1 )].03 1.16
( L = length) 5 1.20
( D = breadth) 20 1.50
oo 1.95
Circular cylinder (axis I} to flow) 0 )103 1.12
( L = length) 1 0.91
( O = diamster) 2 0.85
L 0.87
7 0.99
Circular cylinder (axis L to flow) 1 ].O5 0.63
(L = length) S Oo7h
(D = diameter) 20 C.90
bad 1,20
5 »5x 10° 0.35
oo 0.33
Hemisphere: Hollow upstream > 10° 1.33
Hollow downstream 0.3L
( D = diameter)
Sphere (D = diameter) 105 0,47
$3 x 105 0420
Ellipsoid (133, major axis Il to flow) >2 x 105 0,06
( D = diameter)
CONFIDENTTAL
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CHAPTER 10. SKID CHARACTERISTICS

1. General Considerations
2. Lift and Wetted lLength

3. Drag and Pitohing Moment

The application of skids is discussed. and data on the 1ift
of skide of various geometry is given. Drag and pitching moment

are shown to be obtained from the 1lift values.
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1.

General Considerations

Small 1ifting components 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 1ift (as on the Grunberg

type configuration). Such com-
ponents are essentially flat
plates of small aspect ratio
and are commonly known as skids.

The main feature of skids as com-

pared tc folls is their high

PLANING OF
sensitivity to change in FLAT PLATE SKID
submergence. FIGURE 10.1

eed

As applied to hydrofoil craft, skids are comparatively small in
slze with consequent nigh rroude numbers, and operate at large trim
angles. Since typical pianing hull data (referred to in Chapter 11)

is in the range of lower Froude numbers and low trim angles, such

hull data is generaliy not applicable to planing skids. Therefore,

specific flat plate data for the appropriate range of operating

conditions must be employed.

The notation used in presenting and analyzing planing data is

somewhat different from airfoil notation, although conversion is

CONFIDENTIAL
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readily made. The important planing notation (using NACA "seaplane"

coefficients) is as follows:

C, - \//ng
Ca = \upﬂrb?
CLb » W/ -\
A o
where T
A2
y/
b
w
P
9
w

"speed coefficient®
"load coefficient!

1ift coefficient based on the square of
the bean (q - 2Cy /1)

"wetted length ratio"
(the reciprocal of the aspect ratio)

is the angle of trim in degrees

is speed, ft/sec

is mean wetted length of the plate, ft
(see Figure 10.1)

is breadth of plate (beam, span) - ft.
is load on plate (1ift), lbs,

is the density of the fluid

is acceleration of gravity

is the specific weight of the fluid 1b/ft>

(w=pq)
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Lift and Wetted Lengzg

At the present time there is no complete tﬁreemdimensional planing
theory available which correctly prediéts the 1ift, wetted length, etc.
over the range met in practice. An empirical equation has been derived
by ETT! which is good within certain iimits 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 (deadrise, chine

flare, etc.)

Data based on the NACA tests is presented in Figure 10.2, wherein
the "1ift coefficient” Clb can be determined as a function of trim

angle and Ao

Generally, since the wetted length is difficult to pre-
determine, the normal design procedure is to determine
CQ from the trim and balance of the entire craft. Then
for various trim angles, the wetted length can te
determined.

In addition to the flat plate data, Figure 10.2 shows the 1lift cf
skids with various deadrise and local chine conditions as a percentage
of the corresponding flat plate 1lift., Thus, Clb must be corrected by

the factor, k., for the pertinent case as given in the figure,

These values of R are average, computed from the NACA
data for operating conditions expected to be met by
sklds, and are considered sufficiently accurate for
engineering purposes. For greater accuracy, reference
should be made to the original reportsg.
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3.

Drag and Pitching Moment

The drag of the skid may be found by calculating the induced drag
and the frictional drag separately, although the latter is seldom
important in a practical case due to the high trim angles (i.e. the

induced drag is predominant.)

The induced drag is simply given by

Di_ = W tant

since the dynamic pressures act normal to the plate. The frictional

drag is easily determined (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

may be used for all high speed skids without serious error.
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Note No. Deadrise Tested Type of Chine Detail

280k 20° Horz. Flare

28l2 Loe Horz. Flare

2876 20° and LO° Plain

2981 0° Plain

3052 20° -nd LO® Vertical Strips
i
i
i
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CHAPTER 1ll. HKULL DRAG

1.
2.
3.

b

General Considerations
Basic Hull Drag

Hull Unloading
Characteristics

Air Drag

Referunce is made to standard marine and seaplane date for

determining the basjec huil drag. Drag through the unloading range

can be approximated by & simplified method, as a function of the

basic drag, as shcwn.

A formula for the air drag 1= given, as a

funetion of the hull shape, based on existing data.
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1.

Géneral Considerations

The drég of the hull is an important component of the total drag
at speeds below take-off. At comparatively slow speeds when the foil
system provides virtually no 1lift (or for controllable foils when set
at zero 1ift) 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 must be determined.

Through the take-off range, the hull is gradually "unloaded" by
the 1ift of the foils with consequent raising of the craft and re-
duction in hull drag. The hull drag in this range is most readily
expressed as a percentage of the drag of the fully waterborne hull,

a8 is indicated below,

The air drag of the hull becomes important at the high speeds

beyond take-off when the hull is completely clear of the water.

In an important hydrofoil craft design, model test data should
be obtained directly for the hull to be employed. However, for pre-
lininary purposes, the methods and formulas proposed herein should

be adequate.
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2,

Basic Hull Drag

Theoretical methods of calculating the resistance of waterborne
craft are availableloz, but the calculations are arduous and the

results are not as reliable as those obtained from model tests.

There are several systematic series of model teats avaul.l».bleB’,"’S
on various types of hull form along with some collections of results»7
on large mumbers of specific designs., Table 1l.1 lists some of these
sources along with a description of the variations tested and the data
reported,

Since there is a wide variety of hull forms possibla
for application to hydrofoll craft, and since all of
the basic data is readily available in the referenced
works, it shall not be produced herein,

The methods of applying the data in each case is given in the
sources, and are also described in standard reference38’9. The main
difficulty in utilizing the results usually occurs in the selection
of coefficients in the series to give a hull form as similar as
possible to the one in question., In this respect, a genersl guidas
can be given, based on the Froude concept of ship model testing, as

follows,

The resistance of the model is assumed to be separable into two

components; the "frictional" due to viscous effects and depending on
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the wetted surface and Reynolds number, and the "residual® which

influences the wave resistance and "eddy-making" (separation effects)

depending on the Froude number. The model is tested at the same Froude

number as experienced by the full sized ship, and the mocdel results are

corrected by assuming the frictional resistance to be that of a plank
of the same area and Reynolds number in each case (ship and model).

Test data on planks 1s avajilable for making this correctionlo.

The Proude and Reynolds mumbers are defined on the basis of speed

and length as follows:

Froude number = \// \/52—

Reynolds number = V4 /V

where \/

y/

J
—y

speed of advance in ft/sec

length in ft,

acceleration of gravity in ft/se<32

kinematic viscosity in ft2/sec

The length ndv is usually defined as the wetted length of the ship in
the direction of motion with the exception of some data on seaplane
models where (for use in the Froude number only) the beam "b™ of the
model 1s used. In ship parlance the Froude number is usually
abbreviated excluding the constant "g" and using the speed in knots

"Wi". Definitions of these quaniities are as follows:
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Category:
anntity:
Symbol:
Definition:

HULL DRAG

Ships Seaplanes
"Speed-Length Ratio" "Speud Coefficient?
W/JL * Cy
VW /T =336V g . v/[gb

The general guide, therefore, is to attempt to match the hull

form characteristics influencing the wave or residual resistance such

as the fullness and Froude number, and to make corrections for differ-

ences in frictional resistance (especially wetted surface). A

knowledge of the basic mechanism of resistance is indispensable in

this respect,

# "L and "f ® have the same meaning
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DESIGN EXAMPLE NO. II.| 1 oF 3

ESTIMATE THE HULL RESISTANCE OF THE
FOLLOWING PLANING HULL FORM

LENGTH (B.P) 62.5'

BEAM 16.0' HULL IS SAME AS THAT
DISPLACEMENT 50 TONS GIVEN IN AF ENDIX A
L.C.G. 405 AFT %

SPEED 30 KNOTS —  NO UNLOADING CONSIDERED

SERIES 50 PLANING DATA (REFERENCE 2) 1S USED.
DATA IS PRESENTED ON RESISTANCE , TRIM,L.C.G.
AND WETTED SURFACE FOR A SYSTEMATIC SERIES
OF 40" LONG MODELS.

A TYPICAL 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.

loo . CONTQURS OF TOTAL MODEL, RESISTANCES, L8318 .of Diseu.,
60 / 1/‘ 4 /, \ A . /50
7 4 N o
“40 - e e b e <’ 40
S0 N, e 7"
A\ i S L 0 g s ,
rlZO — 120 £ = 4.q
\ N — 1 | |
Fm N I — 4..4-——“‘""’:’00 A*M?GX-.
S ~ I I B o B '
o iy e i e et e e e o AL
i~ B s S
I o
aok==— e s e R = 40

10 !
BEaM DRAFT RATO
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DESIGN EXAMPLE NO. I1.| neor 3

FROM THE HULL PARTICULARS, THE LCG IS 56.5 % OF
LENGTH AFT OF THE FORD PERPENDICULAR. FROM SERIES 50,
THIS CORRESPONDS TO ZERO STATIC TRIM (T:O ON THE CHARTS)

THE DISPLACEMENT LENGTH RATIO OF THE HULL IS

e © 200

WHICH IS OUT OF THE MODEL TEST RANGE. HOWEVER,

BY CONSIDERING THIS TO BE 20 / OVERLOAD CONDITION,
AND THE RATIO TO BE USED IS

A
T_LAOO’ "67
ON THE CHARTS FOR A *N+20%

THE CORRESPONDING BEAM /DRAFT RATIO IS Found (IN THE
SERIES 50 TEXT) TO BE

B/ +4.77
THE SPEED LENGTH RATIO IS
Ve /= = 3.80
THEN, FROM THE CHARTS THE FOLLOWING INFORMATION
IS TAKEN :

CT-0°; & :N+20% 5 Y% = 166)
W Ra TY sé

3.0 2.47
3.5 0.175 7.2

4.0 0.180 7.3 2.03

INTERPOLATING
3.8 0.178 73 2.2

Note : J, !5 “"runmng” trim of the hull

CONFIDENTTAL
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HULIL, DRAG

DESIGN EXAMPLE NO. 11.]

THE MODEL RESISTANCE DATA MUST NOW BE CORRECTED
FOR REYNOLDS NO.EFFECT.AND A SERVICE RQUGHNESS
FACTOR ADDED T0 GE 1 THE CORRECT RESISTANCE VALUE
FOR THE FULL SIZE CRAFT '

MODEL LENGTH  3.33'
WEIGHT  16.6™% [FROM 8/1/100)*:200]
SPEED  IL.Tfps.  [FROMVKAT - 3.8]
REYNOLDS NO. 3.28xI0¢ [FW, @ 69°]

¢4 0.00354 [TURBULENTJ

FULL SIZE REYNOLDS NO. 2.23x108 [SW. @59°]
- ¢y 0.00186
ROUGHNESS ALLOWANCE 0.0004-0
C; (ROUGH) 0.00226

THUS, THE MODEL RESISTANCE MUST BE REDUCED AN
AMOUNT EQUIVALENT TO
(AS;): 0.00128

THIS CORRESPONDS TC
(AR) = AS X% V2S5 (model)
= 0.37¥%
(AR’W 70.3%e e =0.022
THEN, THE FULL SIZE RESULTS ARE

R/a =0.178-0.022
=0.156

HULL RESISTANCE =0.156 112,000 = 17,500%
HULL TRIM 2730

CONFIDENTIAL
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3.

Hull Unloadiqg Characteristics

The drag of the hull during the "unloading"™ process prior to
take-off is a function of many variables and cannot be readily
determined except when the hydrofoil configuration and operating
characteristics are specified., Model testsu’l2 have been conducted
on several hull models at various specified unloading speeds and angles
of trim, but the results are not necessarily applicable to general
cages since the trim is difficult to predetermine (except for fully

controlled configurations).

Therefore, model tests of the proposed configuration should be
conducted for accurate determination of the hull unloading character-
istics. For preliminary purposes, hull unloading characteristics can
be approximated by the method proposed by War&xsfor both displacement
and planing type hulls., Since planing type hulls are generally used
in hydrofoil crafi application (for moderate sizs craft, at least),
the approximate unloading characteristics of the planing hull are

proposed for use.

It is assumed that the hull is an essentially flat hull planing
at an angle of trim, and that the foil system unlcads the hull at the
center of gravity., It is a characteristic of planing that the center
of pressure location relative to the wetted length remains fixed
regardless of the irim, and that the 1lift itself is roughly

CONFIDENTTAL
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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, UNLOADINS

NO TRIM OR LOAD o J\ooz UNLOANDING

ILLUSTRATING SIMPLIFIED UNLOADING

FIGURE 1.1

It is also evident that the "residual" resistance is equal to the
component of dynamic 1ift 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

sero unloading as follows:

CONFIDENTIAL
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"Reaidual" "Frictional®
W ot R . O
Rk, = L e A
W1 ¥s, = |
Wo T
R b R s |
= - () Z
% - (]
combinings
P/ Rn /w\ &
= 2 g) v > (11.1)
E, e° W,) (A
where R = hull resistance
W = loading on the hull
T = angle of trim
S = wetted surface
Subscripts;
Y = residual
f = frictional

o refers to values of the parameters at zero unloading.

The assumed unloading curve is therefore as given in Figure 11.2,
It should be noted that the resistance at zero unloading m:st be broken
down into frictional and residual components which is usually standard
procedure in resistance tests on series results, as indicated above for
the basic hull drag. The assumption %. = ] naturally does not hold

at low values of w/w° and in fact 5/5’ must be equal to zero when the

CONFIDENTIAL
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hull is completely unloaded. The dotted linc on the graph (Figure
11.2) represents this transition., The graph is good only for one
speed VK since the ratios RV. /9‘ and R}. /g° will in gereral

vary with speed.

© ET.T. EXPERIMENTAL DATA
— ASSUMED CURVE

1.00 T T T 100 T T T
Ve 229 I/W V- 499
A g
R/R° [) / R/ Ro -7
/
/7
4 '
G 0
o W, 100 0 Wwe Loo

TYPICAL UNLOADING CURVES

FIGURE 11.2

Tests pcints are shown on the graph which were derived from
unloading experiments or; a serie;a 50 hullla. It is seen that the
assumed characteristic variation of resistance with unloading is
at least approximately correct and sufficient for engineering

applications,
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éir Drag

At the high speeds associated with foil-borng operations of
hydrofoil craft, the air drag of the exposed parts of the craft (the
hull and superstructure, primarily) must be taken into account.
However, while the air drag is important, it is generally a small
percentage of the total and may be approximated by a simple ex-

pression with reasonable accuracy.

Thus, the air drag may be expressed as:
2
Da.ar * CD f’é V® 3 (11.2)

where Dy 1s the air drag (in pounds)

f is the density of air (0.00238 # secz/rth,
at sea level)

S 1is the cross-sectional or frontal area of
the hull and major superstructure, £12

V  is the speed in ft/sec

Cp 1s the drag coefficient based on the area S,
and is to be determined.

This may be more conveniently expressed in terms of the speed in

- knots (VK), or:

Dy = KS V: (where K = 0,0034 Cp ) (11.3)
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Eggert3 used a drag coefficient of 1.18 for ships based on an
assumed cross-sectional area of 1/2 B (where B is the beam of tha
ship). However, this area is probably less than the actual maximum,
including the superstructure, for such cases. Furthermore, there is
no attempt at streamlining 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 most important consideration‘in determining the:
drag coefficlent, It is proposed that a coefficient of 0.60 (which
would check with Eggert's formula using EF for the area instead of
1/2 B") be used for blunt ended hulls and superstructureau‘, and 0,30
for well streamlined configuratiohs (séapianes, with no houses, have
coefficients as low as 0.,20). The corresponding ¥ values are there-

fore .002 and .00l respectively.
The recommended formula for the air drag 1s then

D,, = (000l # 0002) SV, (12.4)

where the cheoice of the factor depends on the amount of streamlining

incorporated in the hull and superstructure.
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CHAPTER 12, ASPECTS AND INFLUENCE OF CAVITATION IN
THE HYDRODYNAMIC GHARACTERISTICS OF HYDROFOIL BOATS

l\‘lotation

1. Physical Mechanism of Cavitation
2, Inception of Cavitation £
3. Porcea in Cavitating Flow ’

A preferred field of apﬁl.ication for hydrofoil bouts is 1n
higher speeds. In fact, realisation of speeds above some LO kmots is
one reason for the development of these boats. At suoh speesds,
cavitation is ho longer avoidable, both in the propeller and in the
hydrofoil system. Consideration of cavilational effects upon per-

formanse and behavior is, therefore, necessary.

A baste review of cavitation is presented by Ackeretl, a more
recent and more detailed amlyiia' is given by Eitonbena, and an |
extenstve biblicgraphy 1s availsble in refersnce 3. This present-
atica here, reiterates ths 'physical mechanism of savitation, mentions’
delay in the onset of cavitation in osrtain conditiens, mkes
predictions of the oritical speed (inception of osvitgtion) &n hydro- -
folls and precents some force dilte in cavitating flow.

.
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CAVITATION

bubble or body diameter
chordwise distance

foil chord

thickness

height of camber

wing span

submergence

aspect ratio,

half apex angle of wedges or cones
air content of water

angle of attack

weight density

mass density

speed in ft/sec or knots
dynamic pressure, (O.SP Vz)
static pressure

static pressure coefficient, Ap/q

cavitation mmber, (Pmi = p“p.,)/4

critical cavitation number
drag or resistance

drag coefficient, D/q..s
1ift; also subscript for 1lift
1ift coefficient, L/g S

Reynolds number on }, W4 /v)
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1,

Physical Mechanism of Cavitation

The compressibility of water is negligibly small when compared
with conditions in air. However, as a function of speed, water flow
reaches a critical condition characterized by vaporizatiun and

cavitation,

Cavitation Bubbles

Vaporization is the growth of a gas- or vapor bubble. There is
an equilibrium in such a bubble between a force (proportional to the
projected bubble area dﬁg/qk) corresponding tc the pressure differ-
ential between inside and outside, and a force (proportional to the
circumference dﬂ) due to the surface tension of the bubble (see
reference 1). For a given pressure differential, therefore:

Suction _ pjameter (12.1)
Tension

This function means that a critical or minimum diameter is necessary to

assure growth of the bubble.

In "clean™ water, there are no bubbles or other cavities existing.
As a consequence, water which has besn distilled does not readily boil
at the temperature which i1s commonly called boilling temperature; and
it does not "rupture" or cavitate upon reaching the "vapor prsssure"

corresponding to temperature,
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If certain melei (gaé bubbl%s of microscopic¢ 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 diameter of
the bubbles is just sufficiently large to permit growth., Upon reaching

critical conditions, the bubble may suddenly increase its diameter.

In concluding, a certain air bubble content or existence of gas-

carrying particles is a necessary prerequisite of cavitation.

Alr Content

Water with a "free” surface has the natural characteristic of
absorbing air. There is a maximum amount of air which "saturated™
water can retain. Under standard atmospheric conditions, for example,
corresponding to 59°F and 760 mm Hg, the saturated air content is in
the order of 2% by volume, which is only a ratio of 25/106 by weight.
It i3 the content of bubbles, rather than the dissolved amount of air,
which makes cavitation possiblez. One 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 wﬁﬁer becomes

over-saturated, thus shedding bubbles.

According to basic experimentsh, 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

CONFIDENTIAL
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and suspended in the form of bubbles, thus raising the total content
above the saturated value. Also, dirt and organic substances seem to
carry gas bubbles., Therefore, in practical applications, the nuclei
content is always above any critical limits; and ships and hydrofoils

are faced with the problem of cavitation.

The air content also has another more direct effect., Existing
air bubbles grow upon entering a low-pressure field, and may combine

with each other, The result is a "cavitating" flow pattern without

any vapor, which is similar to "real", vapor-type cavitatioa. Two
tyrrs of cavitation and two different critical cavitation mumbers can,
thereforz, be considered: one indicating the onset of air-bubble
formation ("bubble" phase) and the other one defining incipient
("steady" or "sheet" or "laminar") vapor cavitation. Naturally, air-

bubble cavitation usually starts above the vapor pressure.

There have been considerable discussions and arguments about the
mechanism of erosion, caused by cavitation. The predominant and
accepted effect is the mechanical hammering or impact at spots where
vapor-filled bubbles or cavities suddenly collapse upon the surface
(see reference 2). In contradistinction, air-bubble cavitation does
not lead to erosion bescause there is no sudden collapse and the in-

troduction of air (ventilation) into a cavitating water turbine has

CONFIDENTIAL
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been found to reduce the noise (of collapsing bubbles) associated

with vapor eavitation.

As an example, Figure 12,1 shows liftecoefficient areas in-
dicating inception of cavitation and erosion past a certain hydrofcil
section. Impact and damage only take place within the dotted areas,

where cavity or bubbles end ahead of the trailing edge. There is

" DANGER OF EROSION -
. i
oo \\ FROM=50% CHORD
FULL CAVITATION BEYOND °\°° & ON UPPER SIDE
TRAILING EDGE S
0.8 .'__.........:....,'_-"_z:
S s K GPreR sioE
0.6 o
G,
100% 80 %

0.4 NGN-CAVITATING t

-37.35%

c

/_—\
02 LOWER SIDE
_ )
% 0.5 1.0 .5 2.0
CAVITATION NUMBER G
PHASES OF CAVITATION ON CIRCULAR-ARC SECTION(REF 5)
FIGURE 12.1
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. g ety et

only‘a restrictéd'interval of 1ift coefficient (in the oraer of:ACL
= % 0.1, at both sides of Copt) where cavitation can be avoided at
& in the order of 0.5. After traversing the phase with 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 Functién of Pressure

Upon increasing the temperature or decreasing the pressurs, water
is likely to vaporize, boil or cavitate at the vapor-pressure level,
At a standard temperature of 59°F (15°C) this pressure, Py, .ons is
comparatively low (33 lb/ft2 or 0.55 ft of watsr, in fresh water); it
1s less than 2% of the sea-level atmospheric pressure. Therefore, in

proximity of the free surface, water is expected to vaporisge and to

cavitate shortly before reaching p_.. = zero.

On the basis of the available pressure differential (Pgyurient =
P%apor)n the cavitatisn number is

& = qub\'en: ~ Pvapor

:(12.2)

I1f disregarding the value of Pvapor which is small in many practical
applications, the cavitation number simply appears to be the ratlo of
the undisturbed static to the dynamic pressure of a considered flow
of water. The cavitation number is a feature of the flow as such it
indicates the "preparedneés" of a water flow in respect to cavitation,

The smaller &, the stronger is the tendency of cavitating.

The static pressure in a flow around a body exhibits variations,

In certain places, the velocity is locally increased, and the static
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pressure is consequently decreased. This decrease is indicated by
Apm‘v\ = pw'u = famb = 9 (AP/ q)min = Q('\Pm\'v\. . (12.3)

2 .
where 4 = 0.5 ?V denotes the dynamic pressure of the undisturbed
flow, and (%Mnh\ indicates a negative static pressure toefficient
depending upon shape and attitude of the body involved. The minimum

static pressure on the surface of the body

Pain = o + BPria (12.k)

steadlly decreases from Rmmb s approaching zero as the dynamic
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 tc the level of the vapor pressure (Puin = Pyupor):

The critical cavitation number is, therefore, expected to be
G, =~ = Cpmin (12.5)
witih the subscript ".i" (incipient) indicating the onset of cavitation.

Critical Cavitation Number

The onset of cavitation in experiments can be determined 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 1ift-, drag- or moment coefficients from their undisturbed values.

Proper definition of quoted critical cavitation numbers is desirable.
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Figure 12.2 preserts some experimental results on three-
dimensional head shapes, demonstrating the correlation between in-

clpient cavitation number (Giva taken from reference 7) and the

por
pressure coefficient (taken from reference 6). The graph also

indicates the influence of the shape upon the inception of cavitation,

144 + p z + Siair) 10WA (6)
X Cpmin] CONICAL
12 l. —~ HEADS
OGIVAL SHAPES
o © Cpmin lOWA(E)
] ® Gjiair DOITTO
O &4 vapor CALTEC(T)
0.8-
=Cpmin
AND
G 08
0.44.
021
o v T f
o ' at 3
THICKNESS RATIO X

GRITICAL CAVITATION NUMBER OF VARIOUS HEAD SHAPES
FIGURE 12.2

Figure 12,3 presenis the pressure characteristics of two-
dimensional streamline shapes. For statistical analysis, the fore-

body of these sections is considered only,on the basis of .the
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0.8

.:
L
i

0.4+

0.2

PRESSURE COEFEFIGIENT - Cp min

O NACA 00IS SECTION, REF. 10
+ JOUKOWSKY SECTIONS,REF. 9
A DVL,X/C=(40 TO 50)%,REF.I0
® §; OF 66-021 SECTION, REF. 11

it

1
ot~

4 / ' ll 2
G2
L

ft———— 22X

c
o v L 7
L] e 20 30
EFFECTIVE THICKNESS RATIO z&i

MINMUM PRESSURE COEFFICIENT AT THE SIDES OF
SYMMETRICAL SEGTIONS 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 importance. Hence,

the minimum pressure coefficient increases in proportion to the .

thickness ratio of the equivalent, approximately elliptical section.,

For symmetrical sections at zero 1ift, the pressure coefficient is

approximately

, ¢ |
Gomin = 2. ETS (12.6)
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with t and ¥ as defined 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&_ avaiiable for
Figure 12.3. General experience confirms, however, that in slender

shapes G; == ~Cpmtin =

The pressure distributicn around a lifting foil section is
basically composed of a component due to thickness (equation 12.6) and
a component corresponding to 1lift. The average and minimum additional

pressure differential at the suction side is simply
A

in the first approximation. The 1ift, however, is not uniformly dis-
tributed along the chord and the value of the pressure minimum is higher
than indicated by the last equation. Distribution and minimum coeff-

icient depend upon the section shape.

Cambered sections have an "optimum" 1ift coefficient, defined by
a flow pattern in which the streamlines meet 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

camber ratio 'F/c » smooth entrance flow is existing at

.F
CLOP* = (ot 12) < (12.8)
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With respect to minimum pressure and cavitation, operation in the
vicinity or somewhat above CLopf’» is expected to provide the highest
possible critical speeds for a given foil section at the respective

1ift coefficient. -

Assuming now that tﬁe minimum-pressure differential due to 1ift
te simply superimposed on that caused by thickness, it is possible to
reduce experimental results to zero thickness, and to isol-*e approxi-
mate values due to lift. Available experimental data presenting the
minimam-pressure coefficient at or near the "optimum" 1ift coefficient,
have been evaiunated accordingly, by subtracting a valuve attributable
to thickness as indicated Ly equation (12.6). The remaining component
due to 1ift is plotted in Figure 12.L for a number of foil sections.
The experimental points are evidently grouped according to thickness
location. In each group, cavitation-tunnel results (with G; defined
by the deviation of drag- and/or lift coefficients from the 1on-
cavitating values) are seen in close agreement with the minimm-pressure

measurements. The component due to 1lift is app%oximately
he; ~ —8Gmi = kO (12.9)

where K is a function of thickness location (and probably of other
shape parameters as well). Combining the pressure minimum due to
1ift (which is in the vicinity of 25% of the chord, at C,_opt) with a

thickness location at 503, provides a factor k~0.7. An appreciably

CCHFIDRNTIAL

II - 12,13



CONFIDENTIAL CAVITATION

higher value results for a location at 30%, where the fFfactor k= 0.85.

o P RINGBUCH (12)
® C MARTYRER (14) ¢ £ =30%
0s] + P cuTsCHE U3) _
1 ae WL 0m «°®
v P GUTSCHE (30 x .o : - 10
D P RiNBUcH (12) [ C U o s
] ® ¢ wacHner (6) - :
o 0 / [ ] /
5 "P" x PRESSURE DISTRIBUTION . "
9 C* * CAVITATION TEST | / )
o 04 /,V 0"
< el
| ,O’/ .
éo.z / /V/
? o :’/./
0 \ g -r- -r-
) 0.2 o4 oe o.e .o
Cropt
INCREMENT OF THE CRITICAL CAVITATION NUMBER , DUE
TO LIFT
FIGURE 12.4
Example

What is the cri.ical cavitation number of & foil

section having f/c, = 10% (at 0.5 chord) and *lyc, = 3% 7?-
According to equation (12.6), the crit.ic'a]-_ cavj_tation

number due to thickness is Gj = 2.1:0.1 = O.21l. For

C, = 0.33, equation (12,9) indicates a AS; = 0O.7-0.33
= 0,23, Hence, the rumber indicating incipient cavit-
ation is expected. to be G; = 0,21 + 0,23 = O.lihi.
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II - 120111



et R -

CONFIDENTTAL CAVITATION

Delay of Vapor Cavitation

Even on the basis of a sufficient number of muclei, cavitation
may 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 may not be
important in many cases where the flow velocity is small and the
geometrical siz; oi‘ thé low~pressure field is large, In fact, the
results in Figures 12.2, 12.3 and 12.L demonstrate that up to —Cpmin
= G, % 0.8, delay in the onset of cavitation is in general, small.
Considering, however, as an example, conditions at the leading edge
of a foil, where Cpmin may reach values which »re ten times 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 si%e and high speed may be important.

As an example, characteristics are presented in Figure 12.5 of
the NACA 6LA006 foil section, tested in a wind tunnell? and also in
a towing tankla. The incipient cavitation number G; 1s decisively
lower than the value of the corresponding pressure coefficient C’,‘;n
for values between C = 0.3 and 0.5. For example, at C; = 0.5,

where -qg,.,,-,' = 5, the incipient cavitation number is only =2,
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G; AND -Cpmin

~Cpmn IN AR (17)
=
€ AT Re = 61106
5-
: 64-006; NACA T.RPT 824
4 1
G; (VISUAL) IN TANK (18)
3 AT Res€x10%
2
' -
EQUATIONS 12.6 AND 12.11

o= ___.,_:_
o v T T —T R

0 0.2 0.4 06 0.8 10

C.

PRESSURE AND CAVITATION COEFFICIENTS OF
64A006 FOIL SECTION

FIGURE 12.5

" In the considered foil tests at G = 0.5, the time during which
a particle of water travelling past the point of minimum pressure, is

really exposed to pressures below vapor pressure, is only in the

order of

length o~ 0.002

exposure time =
Vipear 2*2

= 5/100,000 second (12.10)

This short interval may be responsible for the discrepancy between

-Cp=5and G; = 2, as observed at C, = 0.5.
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Reference 19 presents experimental results of another foll section,
the Lh12 section, as tested in a cavitation tunnel. Good agrsement be-~

tween G and — Cppn,s

20

is found at pressure coefficients or cavitation
numbers below one“~. However, at negative as well as at higher

" positive 1ift coefficients, where pressure peaks are to be expected at
the respective sides of the section; considerable discrepancies of the

same magnitude as those in Figure 12.5 are evident.

Cutting off the peak of a really narrow pressure minimum may not
mean losing much of the total 1ift produced in a foil section. The
pressure distributions during the cavitation-tunnel tests may not have
been the same as in the wind-tunnel investigations., It is suggested
as a possibility that in the water tests very small air bubbles {nuclei)
may have levelled off the pressure peaks to some extent before visible
bubbles could be observed and reported. This levelling-off effect may

be combined with the time effect, describad above.

whatever the explanations may be, Figure 12.5 andAreference 19
demonstrate that in the case of suction-pressure peaks as may 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
method (reference 21) of correlating the critical cavitation number
with the critical Mach number which is avallable for many sections and

1ift coefficients.
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The available results on the delay of cavitation (or whatever
the effect may be) are assembled in Figure 12.6. It appears that
results of slender todies, or streamline sections in the viciﬁity
of zero lift, having by comparison "no" delay, cre compatible with
such extreme cases as the lifting section in Figure 12.5, A

statistical conclusions is that

A, = —(008 b 012) Cppia)®

(12.11)
sl x naca 644006 SECTION (18} /
O CALTEC 4412 SECTION(I9)
® DITTO,AT POSITIVE LIFT COEFF'S .
A BALWAN ARG SECTIONS (22) d 4Gi® -(0.08 TO 0.i2)Cpmin
41 O CALTEC HEMISPHERE (23) /
34
G;
24
14
% i ) 3 ) 5 ¢ ¥
' 'Cpmin " "
STATISTICAL SURVEY ON THE DELAY OF
CAVITATION IN PEAKED PRESSURE DISTRIBUTIONS
FIGURE 12 6
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Vortex Cavitation

The minimum of the static préssure does not always occur on the
surface of an cbstacle, Tip vortices, for example, originating from
1lifting surfaces, have a core with a static pressure on a negative
level., According to Prandtll, the pressure differential in the core

of a wing-tip vortex is

Ap/q == - .7 C:iéq‘

(12.12)

where A = aspect ratio of the wing. Cavitation may start accordingly
within such cores, as has been observed behind the blade tips of wator

propellers.

Vortices are also shedding from bodies exhibiting a separated flow
pattern, especlally in the form cf a "vortex street"™, As an example,
cavitation was found starting within the cores of such separation
vortices, originating from a blunt, cylindrical head shape (see

reference ) at G}

= 1,76, while the minimum pressure coefficient at
the surface of this body was only -Cbma|- 0.6L. 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, equation (12,5) only seems to hold for slender

bodies (foil and strut sections in Figure 12,3 or three-dimensional
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shapes in Figure 12.2) and in "smuoth" flow patterns (such as near

CLopt » in Figure 12.1).

Critical Speeds in Hydrofoil Systems

Considering boats with hydrofoils operating beneath the free

surface of water, the ambient static pressure is

Pawb = Patm t X'h (12.13)

where \ = 62.143 lb/:t‘t.3 for fresh water and ¥ - 6h lb/:E"l:3 for
"Atlantic" sea water. On the basis of a critical cavitation number

Gq

N (assumed to be known for the system considered), the eritical

dynamic pressure is then

- npor""vh

2
».
Berit = 05 Vg = 25 <

(12.1L)

The standard atmospheric pressure is Pate 2120 ].b/.'li"l'.2 » correspond-
ing to a head of 3l ft.of fresh water. At a standard temperature of
59°F, the vapor pressure is comparatively 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 4=kl /4;& 3 and in close proximity to the surface (more correctly

at h= 0.5 ft) , the eritical dynamic pressure is

Pat 2:20 y i
Berit = "G'—""“ = G. (‘ﬂ'{) , (12.15)

A
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Using the standard sea-water density Q= 1.99 (1b secz/fth),

corresponding "standard" critical speed of hydrofoil systems
found to be

ent = Tas il
! 89 S \fg}

Ir knots, the critical speed is

v 2 22 kb2 (6_{_?&_)

\éﬁt > 27>G?§E-

This function is plotted in Figure 12.7.

the
is

(12.16)

(12.17)
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STANDARDIZED RELATION OF SPEED & CRITICAL
CAVITATION NUMBER

FIGURE 12.7
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Introducing the critical ~avitation numbers indicated by equations
(12.6) 1nd (12.9) into equation (12.17), the standard critical speed of

favorably designed hydrofoils can be predicted as a function of section

Example

What is the critical speed of a hydrofoil system

operating near the water surface, on the basis of }

a minimum-pressure coefficient Cowmin = -O.lks (as
found in the preceding example)? - Using equation
(12.17), Verit = 27/NO.LL = LO knots.

shape and 1ift coefficiént:

27

V. = —
Cﬂt vz_ﬁ + 0.7CL

( knots )

This function is plotted in Figure 12.8.

Example
What is the maximum permissible 1ift coefficient
of a hydrofoil section having /e = 10% (at 0.5
chord) for a speed of LO knots? - Figure 12,8 in-
dicates CL = 0,36, For comparison, the average
1lift coefficient in the blades of a destroyer

propeller is well below 0.1, to avoid cavitation.
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3.

Forcas in Cavitatigg Flow

Transitional Phase

At speeds (or 1lift coefficients) above the inception of cavitation;
1ift- and drag coefficients do not immediately change their magnitude.
Within the "bubble" phase, they remain essentially at their non-
cavitating level; the lift coefficient sometimes increases slightly.
Subsequently, as soon as any real, coherent cavity develops, the 1ift
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.h the speed) at which cavitation first
sets on. No systematic information. can be given on this phase as of
this time., Once in fully-cavitating condition, stable flow patterhs are

prevailing, some of which are presented as follows.

Resistance of Blunt 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 component. on
the face of the body. For & = 0, the latter one has been calculated
for u’edgeszh and cones25 as a function of the half apex angle &-.

Upon increasing the cavitation mumber from zero, the flow pattern
past the forebody changes, as explained in reference 26, Accordingly,
the drag coefficient is expected to increase as
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CD== QO (l +G)

(12.19)

where C'Do = drag coefficient at G = 0, Figure 12.9 presents ex~

perimental results of disks, confirming this function very well.

b4

e quls‘\\\
/ DISKS:!

/’ e TMB (28) ,
1.0+ ) O CALTEC(27T)AIR

& REICHARDT (26)

NON-CAVITATING

CIRCULAR CYLINDER (14):

O AT SUBCRITICAL REYNOLDS NO.
AT SUPERCRITICAL R' NO.
CIRCULAR CYLINDER THEORY {(29)

REICHARDY CONE (L=48°) (26)

CQUATION 2.9 :
. a

08- yd + TMB (28) HEMISPHERE
°
o
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V.. /0“\\\\\ ——————
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X -
R < 108
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caviTaTiON NuMser O

DRAG COEFFICIENTS OF BLUNT BODIES IN CAVITATING FLOW

FIGURE 12.9
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In the case of round bodies, the minimum pressure point is
located somewhere on the forebody (and not at the trailing edge as in
wedges and cones), Cavitation, therefore, starts from that point; and
the starting point may move further forward as the cavitation numbar
is decreased. As a consequence, the CD(G') function is no longer
straight as according to equation (12,19). Such characteristics are
demonstrated in Figure 12,9 by results of a hemispherical body28 ard a
spherel. Results of circul’rcylinders (in cross flow) also show a di-

vergence from the mechanism according to equation (12.19)

Drag in Ventilatirggr Flow

Insight in the drag mechanism of blunt bodies may be amplified by

discussing results of a "streamlined"™ half section tested in ventilating

(rather than cavitat1 ) flow in the Gibbs & Cox t';wing tank at speuds
betwees 1 and 10 ft/sec., A piece of strut having a chord of 3.1 ihchu
and an aspect ratio of 4 was towed between hollow end plates (connect-
ing the cavity with the atmosphere) at an average submergence '1"

1.5 ¢. The cavitation number is then simply

- = P...bj; Peavity X“t ﬁ.s't»V" (12,20)

At higher cavitating numbers (above 0.6), ventilation (or cavitation)

does not take place; the drag coefficient is approximately constant and

practically equal to the base drag coefficient of such body shape.

e b
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Within the range of small cavitation numbers (below 0,3), the

coefficient is approximately

- = G
Do
(12,21)

Flow pattern and drag coefficient would not be the same, however, in

cavitating flow., There is evidently a line of minimum pressure some-
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 Flow

The force on a flat plate in cavitating flow (at 3 = 0) has been
calculated by Kirchkoff and Rayleigh. Using such a plate as a lifting
surface in two-dimensiocnal flow, Betz predicts in reference 30 that the

coefficient of the force normal to the plate's surface is

27 s
Cnorma( = m + S = C;'7/c°$°( (12.22)

For G = 0 and for angles of attack <X below some 10°, this function

reduces to
E‘EB = l
dot 2 (12.23)

which is only one quarter of the basic lift-curve slops of an airfoil
section (which is 2 )., Experimental results (see refsrence 5) of
foils tested in a water tunnel (with a geometrical aspect ratio of
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one, between the test-section walls), are plotted in Figures 12.10
and 12.11.. They evidently confirm the theoretical function - for
auffiéiently thin séctions (up to and including f/e = 7.5‘),.
Thicker aect‘ions and sections with rounded nos'es show 1ift
coefficients, however, which are sometimes higher (because of nose
suction), and at small angle of attack lower (ca;ritdtion shifting
from the upper to the lower section side), than according to the
fully cavitating theory. 4

SECTIONS WITH FLAT PRESSURE SIDES,
HAVING £/C 2.8 TO 7.8%, TESTED SETWEEN yd

0:21 waLLs OF CAVITATION TUNNEL (REF.S) .
soMN.
A W Broseo ' /G.f}d-o.on‘ ae

e

e
L

o 2° o .
01 IN 2-DIMENSIONAL FLOW

LIFT GOEFFICIENT AT G=0
FIGURE 12,10

“i
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0.2 /é
° 1} L 4 v
0 08 .o “ 20
6 .
LIFT COEFFIGIENT AS A FUNCTION OF CAVITATION NUMBER U,
TESTED BETWEEN TUNNEL WALLS '
FIGURE 12.11

For a wing of finite span, the indﬁced angle of attack
o(,; = kC_ /;rA (12.2)

where k = biplane factor
*
A b / S = aspect ratio
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must be considered; the "ol " in equation (12.22) is to be replaced

by the effective angle (o ~<). Consequently

25 S (€~ o)
2 <L\ G
C = cos [ Jr—s d‘:)] | (12.25)

This equation is compared (in Figure 12,13) with points tested in the
Gibbs & 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, magnitude and character of the

function according to equation (12.25) seem.to be verified.

Resistance of Hydrofoil Sections

Walchner®»16 is the only source of information available, indicating
resistance of foll sections in truly cavitating condition af or near
zero lift., The pressure éoraponent qf this roa:lsta.hce at ¢ =0,
plotted in Figure 12,12 shows some 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).
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DRAG COEFFICIENT OF SOME FOIL SECTIONS
AT 6'=0, FROM REFS. 5 AND 16

FIGURE 12.12

o 0.

In lifting foil sections (with fully cavitating upper side,
the pressure drag is a geometrical component of the total force.

For flat pressure side is

q}puswrt = CL'(.'ano( (22,26)

where ol is indicating the angle of the lower side in two-dimensional
flow, Utilizing equation (12.23), this angls is
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— (= o . 12,27
St .= 7 \oes G ( )

Therefore, the drag due to lift of sections having flat lower sides in

two~dimensional, fully cavitating flow is expected to be defined by
Co, = 2 (C —G‘) C
DL T (N L (12.28)
For G = 0, some experimental evidence can be found in references 5

Y
~and 15, confirming the trend of dCD [dC_ =2/t , for circular-arc

sections with ‘t/c < 7.5% and of up to &°.

For higher angles of attark, as in the case of Figure 12,13,

the complete equation (12.25) has to be employed to find G (e¢) first,

andv then chressure as a function of CL and o .
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C.

Cambered Sections

For a long time, only circular arc sections (with flat pressure
sides) have been considered, possibly to be .used in cavitating flow
conditions, It has bsen suggested, however, that cambered pressurs
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sides_should proyide higher $ectional“L/D ratios or lower resistance
ratios, respectively - on account of certain forward components of

the forces normal to the surface elements of such cambered sections.

Figure 12.1k presents the characteristics of such a section,

Co o’

0 02 0.4 0.’ O.lG -850 40 -30 ~20. -10 0

A® 4, BETWEEN END STRUTS

at hsc / La.e

“0.4-

‘\\__ ,,// \\\~. —

PLAT PLATE( Flﬁ-ﬂ)

VENTILATING, 6' s 0.16
-0 ‘

CAMDERED SECTION . ) - .

.- I.O. - bl.o

. N . "
" NON-VENTILATING J 2

LIFT AND DRAG OF A VENTILATlNG AN
FOIL SECTION, AS TESTED IN THE GIBBs & OQX TAM(

FIGURE 12.14
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tested in the same manner- as the plate in Figure 12.13; that is, in
vantilating flow. .The transitional phases in these graphs Wuld not
be the same in cavitating flow, howeverj and they should be disregarded |
if considering vapor cavitation. For the cambered section, the fully
ventilating-cavitating phase exhibits considerably higher 1ift
coefficients and. appreciably lower resistance ratios than for the flat
plate. -

The performance of fully-cavitating foil sections, in two-
dimensional flow at & = 0, has recer.cly been investigated by

linearized theoretical methods (see reference 32). The optimum shape

is found to be cambered (at the pressure side) according ‘.".o

(’%)opt = .0-2 C; Cbpt"’ 5G%) (12.29)

Disregarding frictional drag, theory predicts for this camber ratio
that the pressure-resistance ratio will only be =r1/6 of that of the
flat plate. The results in Figure 12.1li do not confirm this much of

improvement. j
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APFENDIX A.  CALCULATION OF THE LIFT AND
‘ DRAG CHARACTERISTICS OF A
PROPOSED 50 TON HYDROFOIL CRAFT

1, Qeneral Conaiderstions

2: Characteristics of the
Configuration

3. Dﬁliﬂ m.l

Design examples are given for the drag and required foll settings
of a 50 ton "Canard® hydrofoil oraft, at two foil-borns specds.
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CONFIDENTTAL LIFT AND DRAG CALCULATIONS

1

General Considerations

The hydrodynamic cheracteristics of the components of a hydrofoil
craft, as presented in this volume, are used for the purpose of cal-
ating the various performance characteristics of a proposed design.
Thus, with this information and having a knowledge of the metheds to
be employed, ore 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 characteristics of components,
and the methods of utilizing this information is the subjsct of other
volumes, Howsver, for the purpose of illustration, design calcula-
tions are included herein. These examples are for the drag and
required foil settings of a specific configuration at two foil-borne

speeds,

CONFIDENITAL
II - A.2



CONFIDENTIAL LIFT AND DRAG CALCULATIONS

2. Characteristics of the Configuration

The configuration chosen for these examples is that of a 50 ton
hydrofoil eraft, and is based on the design study reported in
reference 1. This craft is a "Canard" type with automatically con-
trolled, fully submerged feils; and with the power transmitted through
a single nacelle on the main (rear) foil; as shown in Figure A.l. The

dimensions of the foil system and other pertinent information are given

in Figure Aogo

For the purpose of these calculations, the craft is assumed to be
at zero trim and normal submergence under full load condition. Iwo

speed= (30 knot cruising speed and L5 knot maximum speed) were selected.

Reference 1 -~ Confidential Letter from Bath Iron Works
Corp. (by Gibbs & Cox, Inc.) to ONR, file
13531/51/3(1-1283) of April 3, 1953 -
enclosing

"Design Study for 50 Ton Hydrofoil Ciraft"

CONFIDENTIAL
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LIFT _AND DRAG CALCULATIONS

DESIGN STUDY MODEL
OF 50 TON HYDROFOIL CRAFT

FIGURE A.l
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CONFIDENTTAL LIFT AND DRAG CALCULATIONS

3. Design Examples

[

The overall calculation is broken down into individual

examples, included on the sheets following:

Design Example - Al
A2
A3
Al
A5

B

Induced Characteristics
Wake Effect

Foil and ¥lap Settings
Parasite Drag

Summary of Drag and Foil Settings

CONFIDENTTAL
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LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A.|

SH | OF 8

CALCULATE THE INDUCED DRAG & LIFT
CHARACTERISTIGS FOR THE 50TON CANARD.

CONFIGURATION AT 30 AND 45 KNOTS

S

[ 1M CIPAL CHRRACTERISTICS D

ANGLE OF Swiep

QP UANTITY SymesoL
Foiw SPAN b
Fott. RPER S
I PERN CHoRD c:5%h

APs pect ERTi0 A«bYs
Jorme LIFT —
B8 vovancy® ) -
O yYNAmic LIFT L
Fosr Loroing L/s
CHMHORD AT TP Ce
Croro AT CENTER Cr
TopPer RATIO Ce/e,
S IBMERGENCE AT TiP hy
SuUBMERGENCE AT CENTER he
MERN SUBMERGENCE k
DrsTANCE OF Ouree Steurs Ofrd | Gs/2
Su 8 MERGENCE OF OUTER STRUTS hy
L 15T COBFFICIENTG 30 KiierdD | Cu= L /S
@ 45 kwots | € : LfgS
Di1nEoRrAL ANGLE S Y i
A

@ Sa&= Figures A.1 AN0 B2 ; ALse REFirEnceE /
DS Torsme BuoYARANCY OF Fa. SYSTEM ANO NAcELLE
D v~ AMic PREsSSURR ¢ = 2560 */d @ 30 Knors

MAIN
oL

9Q.208

24.00’
cra2f
2.83°
8.50
82,300*
2,390™
79,910%
1180%¢

1.541°
3.083'
050
.88’
4.00’
2.94'
8.00’
2.59’

0.46!

" CANRRD

10.0°
20.0°(Avg)

=550 47,-; @ 45 Knors

EolL
14.00’
23,04 #
.65’
8.50
29,700 %
z70%
29,41%
1280%4

1,167’
2.128'
0.55
.12
3.00’
2.06'
4.92'
.68’

0.500
0222
15.0°
28.0°

CONFIDENTTAL
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CCNFIQENTIAL LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. Al sz OF 5
"DeTERMINATION OF "K' Factor
: Main CANARD
FoiL Foil
. Brplane Effect (Eguation 2.29)
hey, . 0.078 0.080
(tanl)/g 0.0¢4 0.068
h4, 0.122 0./148
Ky 1.44 .38
2. Dihedral EFfect (Fguation 2.2¢)
1+lefy 0.96/ 0.94/
1 +hlp .
Kp . 138 1.30
3. Sweep Effect (Equation 2.28)
cos A ©.940 0.8633
Kra 1.47 .47
4. Strvt EfFect (Egvation 2.26)
hs/, o.108 0.:20
a4, 0.667 0.704
\ _ A
T+ (% ‘(a,""!) 'T,/b : .| 9.9é8 0.950
5. Tetal K Factor
Kras | re2 | 144
Nofe: Subscripts refev te the K factors
after correction for variovs effec?s are made

CONFIDENTIAL
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CONFIDENTIAL LIFT AND DRAG CALCULATIONS

1

I SH3 OFS
DESIGN EXAMPLE NO. A.l |
AIRFoIL FACToRS MAIN  CANARS
FoiL Folu
. Planform
‘ Taper ratio, Ctfc, o.50 ©.88
Fram Figure 19, - : 1
Y (AsS) 0.046 0.054
T'(A z10) 0.072 0.084
d 0.0027 c.0082
T fA+8.5} 0.084 0.e718
g 188d° 0.023 0.027
2. Induced Etfects (595 2.344 236)
VWA 0.0374 0.0374
K (#rom She l 2} S e i
deife = (1+T)K/aa 0.0566| 0.0569
“CD.-/d(q-, c (+K/pA 0.0543| 0.054|
3. Section Angle ¢ Lifting Surface
Correction (&g 2.34)
"/c '.04 I.ZS
U (Figure 2.4) 0.056 0.046
U/ghic 0.0067| 0.004¢G
E =z 1+2m .oz28 o028
/2w 0.1637 0.16%7
{‘2":1).: (E/z" *%h‘%s.ﬁ. cosl” 0. 18654 o.197}
4. Combined Effects for Angle
da da;
(5%), + (52) 0.2387 | o0.2s512

CONFIDENTIAL
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LIFT AND DRAG GATCULATICNS

DESIGN EXAMPLE NO. Al

SH4 OFS

WAVE EFFeECTS MAIN FoIL CANARD FoiL
Equa. tion (2.34), deep water 30 KnoTs| 45 Knotd| 30 Knovs 45 KnoTs
h 2.94'| 2.94'|| 2.06'| 2z.06’
V (Ft/s5ec) 50.6 716.0 50.6 76.0
F, = V/GE 521 782 || 622 | 9.34
W 0.123 | 0.123 0147 | 0.147
c/h 0.962 0.962 o. 8ol 0.801
e,z/,_‘-‘t) (F‘?w’e 2.6) 0.017% 0.0080 0.0)125 o.oofd
Z Ry
(Ko-t) (Fiqureze) 0.43 0.43 0.38 0.38
-2/F
("—L—E)w:-ﬁ- %Fi_")(k’b-.) 0.007Z | 06.0033 || 0.0038 | 0.0018
W
ToTAL INDUCED EFFECTS
- 3‘%) from sh.3 | 02387 | 0.2387|| o0.2512| o0.2512
a
® dx ,
::_\ (;"c’l'_)w above 0.00172 | 0.0033 || 0.0038 | ©.00!8
Ly
en d< total 0.2459 | c.2420 || 0.2550 | 0.25%0
<3 dC.
<O
{34 d6
3o d.(g:. frem sh.3 | 0.0543 | 0.0543 0.054/ | 0.0541
5 § L Lk
° w
o8 d Co. a bove 0.0072 | 0.0033 || 0.00%38| o0.c0lIg
2% dcer)
d O
> v dC
B o +otal 0.0615 | 0.0576 || 0.0519 | 0.055¢
d(c”)
(‘ + U CL) 1.026 | 1.012 lL.oz8 1.012

gy
[ !i l"
PO

AT
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LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A| | sweors
T NDUCED DRAG & Foit ANGLES
MAIN FOlL CANARD. FoIL
30 KNoTs |45 inets||30 KnoTs|4S nets |
ge  sheet 4 0.2459| 0.2420 || 0.2550 | 0.2530
A ' 0.461 | 0.205 || ©.5ee | 0.222
e o o 0.1i34 | 0.0496|| ©.1275 | o.05é2
ol
(\+UG) .oze | 1oz || r.oz8 | 1oi2
& (radians) 0.1163 | 0.0862{| 0131 | 0.0569
dl  sheet 4 0.06i5 | 0.0576 || 0.0579 | o-0559
alo |
‘f-‘é’ 0.212 | 0.04z || 0.250 | 0.049
L
[d%% ] &° 0.0t30 |o.00242|| 0.0145 000273
(1+UC) 1.a26 | totz 10268 | rar2
CO (due to 8t " CD., 0.0133 |o.00245 || 0.0149 | 0.0027¢
ToTaL Inpucep Drag
30 KnoTs D = 0. 0335618222560 = 2309
0.0149223.04x2560 = 8719
3188%
45 KNoTS D, = 0.00245:67.82x 5750 = 955
0.00276 x23.04 %5750 = _34&¢
521 ¥
CONFIDINTIAL
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CONFIDENTIAL LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A.2 | swrer

CALCULATE THE WAKE EFFECT ON THE
MAIN FOIL OF THE 50 TON CANARD
CONFIGURATION AT 30 AND 45 KNOTS

(ReFer To Cuarprer ©)

HEroDYNAMIC WAKE ”
The “aerodynamic” downwash dve to the canard for/

can be approximat €d From - equation (6.4) and Squre 6.6 .

The main far! can be considered to /ie in the plane of
the frailing vortex lines iss0ng From the canard fl.

Then, the cdewnwash factr [ can be determined
from Figure G.G over the span of 24/14 < LTI (t1mes the
canard span). By integrating over the span, the avereg
valve of 7 Loond tfo be :

j = 0.375

DowNwAsH AT THE MAIN Foil

The Frovde numbers fsr the Canard Ful are:

V, = 6.95 at 30 Knets

/@? 10. 44 at 45 Khots
which are sofficrently high se that the downwash
at the main Fol 13 determined from Equation (6.7) :

= SL
-ﬁiJK

wlucn G, A, and K are for the Canard Fal ( Snmpk A.)

E :o 0070 redians at 30 Khefs
e 0.003! radians at 45 Knets

Incrense Ox Prag On Maw Faic

Drag 15 Lisr x Downwash ~ [ = 19,910 v 0.0070+ 55‘,“'30'60
. x 0.0031 244'0 45 Khas

CONFIDENTIAL
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CONFIDENTIAL LIFT AND DRAG CAILCULATIONS

DESIGN EXAMPLE NO. A.3

SH i OF 2

GALGULATE THE FOIL ANGLE SETTINGS
AND FLAP DEFLEGTIONS FOR THE 50 TON

CANARD GCONFIGURATION AT 30 AND 45KNOTS

DESIGN CONSIDERATIONS

The main foil is Fixed in confiquration with 25%
full-span flaps on o cambered foil section. The
foil is set so that the flap deflection is zero
ot 45 knots.

The canard foil has no section camber, and
pivots about an axis thru its quarter -chord.

The main foil setting is referred fo the section at

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 1s set at zero angle to the effective
fluid flow at 45 knots (the foil section camber is
designed to account for the Iift ot 45 knots).

The in.uced and downwash angles are:
di+dv = [ 354 e (10 wcr)

= 0.0132
€  =00031 (from Example A.2)
Ther, foil angle at 45 knots:
dively + E= 0.016% radians = 0.93°

mid-span, and is thus the angle derived below, without
correction. The main foil flap and the canard foil angles

[0.0566 + 0,0072] x 0.205.x .02 (from Example A.I)

v s

CONFIDENTTAL
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CONFIDENTIAL LIFT AND DRAG CALCUTATIONS

DESIGN EXAMPLE NO. A.3 4 2 oF 2

MAIN FOIL (CONTD)

Required foil angle - 0.0502  (Example A1)
Devved fail setfing =0.0163 B
Equivalent angle due to .0.0339
foil camber
NOTE' The fol sechion must be chosen To have .
30 KNOTS kio = -0.0339 T2:0.0355:2.0°
Regiured Foil Angle = Q.63 (Example A1)
Dawnwash Angle + 0.003'(Exampie Al)
Equivalent Seffing af 45 knols - 0.0502
Requred for flaps = 0.0692

Flap effecfiveness (Equalian 5.2)
kRf=11/025 =055

Required flap angle equwvalent
©0692/5.55 01157

Actual flap derlection(about own axis)
4+ 01257 322 = 01317 radians
= 7.55°
CANARD FOIL

Required foil angle= Q.13 @ 30 Knofs}
0.0569 € 45 Knols} EX¥mPle LY)]

Required angles aboul own axis

4+ Q1 x S2720201434 radians - 8.22° @ 30 Kuots
4+0.0569 S22 = 0.0622 radians® 3.56'@ 45 kuors

CONFIDENTIAL
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CONFIDENTIAL LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A4 M 1 OF 4
CALCULATE THE PARASITE DRAG OF THE SOTON
CONFIGURATION AT 30 AND 45 KNOTS
FOIL PARASITE DRAG
(From Cl‘-o.fafer 4)

' MAIN FOIL CANARC A FOIi.
30 KNOTS | 45 KNOTS|| 30 KNOTS |45 KNoTS
Mean Chord 283 | 2.83° 165" 165
Reynolds No L2 =107 |1.68 =10 ||6.51 = 108 [9.76 = 10°
(s.w. at 59°F) '
Cr (sta) - Equation(@.13| 0.00368 | 0.00350 ” 000393 |0.00374
Lre10(%)] (% +0%)| 10 110 1.10 1.10
2Cpmg [1+10(%)}] | 000810 | 000770 | 0.00865 | 0.00822
ac, =0 =0 0.500 | 0.222
C,o(m) Eq (413) 0.00810 | 0.06770 o.ovogl 0.00863
€/2 V3§ =gs 174000 | 3a0,000"|| 59,000" | 137,500"
e ,410% | 3000% | &38% | 143"
TOTAL FOIL PARASITE DRAG
AT 30 KNOTS 2048 %
AT 45 KNOTS 4143 "

COMFTDENTIAL
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CONFIDENTTIAL 'LIFT AND DRAG CALCULATIONS

DESIGN EXAMPLE NO. A4 | swzors

STRUT DRAG
AREAS
Item . Length | chord Area | to.l Tdal Avea
Main Foil- ¢ Strut 258" 208 | 1958 | | 7.9.5324"54
A 2.6% 208 | s | 2 |1620)
Canard Foil-¢ Strul 300" | 242 | 6368 | 1 | 636
" " oplse 174 175 | 3048 | 2 | 608
DRAG |
30 KNOTS 45 UNOTS
MAIN | CANARD | CANARD MAIN CRAHARD | CANARD
Pls¢¢ | ¢ pls {{vlsd| & pls
chnoids No 1226107 | 831x10° 91 ¥10© || 1837107 | 126x307 | j04xi0”
¢y Csld) Eql4.12) 10.00362 | 0.00380{ 0.00390 |/0.00345 | 0.0036! | 0.00370
Coa (st) Eq(443) 000796 |0.00835|0.00858 ||0.00760 |0.00794| 000814

Drag Area (Coox5)sq ¥t 10192 | 0053 | 0052 || 0183 | 0051 | 0.050;
Co spray(Assumeo-Fiquell) 0.012 | 00 | 002 || 0012 | ooz | oon

txc (sqFt) 0924 | 0212 |0.350 || 0924 | 0.212 | 0350

Spray Draq Avea oqi | 0003|0004 |l oo | 0063|0004

Total Draq Area Q.203 | 0.056 | 0.056 || 0.194 | 0.054 | 0054

Total Stril Drag Area 0.3)5 | 0.302

SNt 2560 5750

TOTAL STRUT ORAG goc¥ ,737
CONFIDENTIAL
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CONFIDENTIAL LIFT AND DRAG CALCUT.ATIONS

DESIGN EXAMPLE NO. A4 | seors

NACELLE DRAG
(Chapfer 9)

Nacelle 285" dia. x 9-0" long
| 1/d = 372
Frontal Area = W[4(2.42)%= 4.60 § '

Drag. 30 KNOTS 45 KNOTS
Reynolds No. 356 x 107 5.35 x 10
Cy (std) 0.00318 0.00302
Cpg (Equation 9.3) 0.0413 0.0392
Drag Frea [Cpg x460) |  0.190 0.180
Afz v 2560 5750
Drag 486# 1035 #

AIR DRAG (HULL) - "
(Chapter 1) ‘ 4
Cross-Sectional Area of the : 19

Hull ¢ Main Superstructure: b
5=12x8+16x9 x 0.8=211§ . —

From equation 1.4, use a coefficient of 0.0015 , §or a fair
bow and square stern).

Then,

Air Drag Dgi- = 0.0015 x 21l x 30" = 284 % (30 KNOTS)
= 0.0015 x 21 x45% <640% (45 KNOTS)

CONFIDENTIAL
IT - AJ16



-

CONFIDEMTTAL LTFT AND DRAT CALCULATICNS

DESIGN EXAMPLE NO. A.4

SH4 OF 4

SUMPMARY OF PARASITE DRAG

WA SQHANOTS

<45 HKNOT S

FOILS 2648

STRUTS | 506%

NACELLE 286 7%
: ¢
IR DRAG 284

TOTAL LIRASITE DRAG 3,624

4/43%
17377

/035%™
6407

75557

CONPTLTITIATL
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LIFT AND DRAN CAICUTATICONS

DESIGN EXAMPLE NO. A.5 S 1 oF y

SUMMARY OF DRAG AND FOIL SETTINGS
FOR 50 TON CANARD CONFIGURATION AT °

30 AND 45 KNOTS

FOl/L SETTINGS

MRIN FOI RNGLE

*
PN FOIl FERAR DEFLECTION

CANBRD FOIL PNGLE*
* _
HBOUT OWN RX/S

ORAG
INDUCED DRAG

WRKE EFFECT
PARASITE DRAG

TOTRL

L/D RRT/IO

S0KMOTS 4SKNOTS

0.93° 0.93°
7.55° _—
8.22° 3.56°

3/88 /32/
559 248
3624 7555

7,37/

52 /2.3

9,24 % |

CONFIDENTIAL
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