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the wave-exciting forces and float forces due to motions which
are evaluated from special tests on a single float, has demon-
strated good agreement with tests on a free model. The pre-
dicted phase relation of motions to wave passage is not as
satisfactory as predicted amplitude and should be further in-
vestigated.

This approach should be especially useful in design develop-
ment and in the structural load evaluation of multifloat ve-
hicles and other types of marine structures. The simple ap-
paratus developed for the tests proved effective and should be
further developed for testing at lower frequencies of oscilla-
tion.
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Preliminary Design of Hydrofoil Cross Sections as a

Function of Cavitation Number, Lift, and Strength

TroMmas G. Lang*
Naval Undersea Research and Development Center, San Diego, Calif.

A set of graphs and equations is developed for quickly determining the minimum-drag
form of noncavitating and supercavitating hydrofoils designed for high Reynolds numbers

where the boundary layer is fully turbulent.

A single classification parameter is derived

which simplifies design selection. The results are applicable to the design of propellers,
struts, lifting surfaces, and fins for both submerged vehicles and surface craft. It is shown
that hydrofoil cross sections can be classified into six basic types of design forms, five of which

are cavitating.

Nomenclature

hydrofoil span (L)

c = chordlength of a hydrofoil (L)

Ca = hydrofoil drag coefficient = D/pU?%c/2

Cuc = cavity drag coefficient

Caw = cavity drag coefficient when ¢ = 0

Cy = skin friction drag coefficient

CyL = lift coefficient = L/pU?c/2

Cro = lift coefficient at ¢ = 0; Cro = Cr — 20

(o = section modulus coefficient = 2I /3¢

D = hydrofoil drag (F)

D, = cavity drag of a hydrofoil (F)

I = design bending stress, including load factor and factor
of safety (FL—2)

I = area moment of inertia (L*)

k = designates the amount of camber of a 2-term hydro-

foil camber line
K = hydrofoil classification parameter = (¢ — C./2)/
(M2 = /(M2 = —Cro/2(M" )12
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T Dimensions are in force F, length I, and time T.

L = length of a cavity (1)

L = hydrofoil lift. (F')

M = applied bending moment about some cross section of a
hydrofoil (FL)

M’ = M /fc?

P = freestream pressure (FL~?)

P, = vapor pressure of the fluid (FL~2)

P, = minimum pressure on a hydrofoil (FI.—2)

r = characteristic roughness height (L)

7’ = r/c

R = Reynolds number = Uc¢/»

¢ = maximum thickness of a hydrofoil (I.)

t = t/c

Iy = hydrofoil base thickness (L)

te = maximum thickness of a cavity (L)

U = freestream velocity (LT™1)

U = velocity at the minimum pressure point on a hydro-
foil (LT 1)

x = chordwise distance to a specific point on a hydrofoil
fromits leading edge (L)

z’ = z/c

y = distance from the chordline to a specific point on a
hydrofoil surface (L)

y’ = y/c

y"i(2") = local nondimensional lower-surface height above the
chordline
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y'm(z’) = local nondimensional meanline height above the

chordline

#'o(z’) = nondimensional meanline of the NACA uniform
pressure (¢ = 1.0) meanline designed for a unit lift
coefficient

y'u(2') = local nondimensional upper surface height above the
chordline

¥1-s = nondimensional heights of hydrofoil parameters
listed in Table 2

8 = angle of attack used for generating thickness for a
supercavitating hydrofoil, rad

v = kinematic viscosity of the fluid (LT 1)

p = mass density of the fluid (FL-+T?)

a = cavitation number = (P — P,)/(pU?/2)

our = incipient cavitation number, i.e., value of ¢ when
cavitation is about to begin as ¢ reduces

a0 = represents ¢ when Cr, = 0; op = ¢ — Cr/2

T = designates amount of parabolic thickness added to a

hydrofoil
terms with a bar over them are defined in Eq. (37)

i

Introduction

HIS paper is an abstract of the section titled “The Design

of Hydrofoil Cross Sections” in the author’s Ph.1). thesis!
on engineering design theory. Consequently, any back-
ground information and detailed explanations that have been
omitted from this paper may be found in Ref. 1.

Hydrofoils are found in a wide variety of commonly en-
countered situations. They are used as propeller blades on
boats, as sailboat keels, ship rudders, submarine and torpedo
fins, lifting surfaces of hydrofoil boats, underwater cable
fairings, shroud ring stabilizers for missiles, rotor blades for
water jet propulsion units, impeller blades in many kinds of
pumps, support struts, etc. The many different uses of
hydrofoils have resulted in the development of a wide variety
of hydrofoil forms. The streamlined fully-wetted hydro-
foils are the most commonly encountered type, and have
excellent performance characteristics at speeds up to the
beginning of cavitation. Cavitation is characterized by the
formation of small cavities filled with water vapor which
appear and collapse in the low-pressure region of the hydro-
foil surface. As cavitation increases, there is a corresponding
increase in the number and degree of such undesirable char-
acteristics as noise, drag, surface pitting, reduetion in lift,
and unsteady performance. Cavitation can be avoided in
certain situations by reducing speed, reducing the hydrofoil
thickness or lift coefficient, improving the cross-sectional
shape, increasing the freestream pressure, or by operating
closer to the design angle of attack of the hydrofoil.

If cavitation cannot be avoided, an entirely different type
of hydrofoil can be utilized which provides steady perform-
ance, but has somewhat more drag than the best fully-wetted
hydrofoils, and produces more noise. One form is called a
supercavitating hydrofoil which is analyzed by Tulin and
Burkart? and operates with its upper surface entirely im-
mersed in a cavity and with its lower surface fully wetted.
Another form is a cavitating, nonlifting strut which is an-
alyzed by Tulin® and which is entirely immersed in a cavity,
except for the nose section.

A third type of hydrofoil is called a base-ventilated hydro-
foil, various forms of which are described by Lang.* Venti-
lated hydrofoils characteristically operate with a steady cavity
of noncondensing gas in contact with the surface. At cavi-
tation numbers greater than zero, this type has lower drag
than a cavitating hydrofoil, and it operates more nuietly.
Its use requires a gas source to maintain the cavity.

TFor the purpose of this paper, it is assumed that a gas
source is not available and that the hydrofoils are either fully
wetted or else designed for cavitation. Some of the ad-
vantages and disadvantages of the various hydrofoil cross
sections will become evident later.
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Specification of the Design Problem

Many hydrofoil design problems can be reduced to the
need for a hydrofoil cross section which provides a certain
lift coefficient, sustains a given bending moment, and operates
well at a given cavitation number, Reynolds number, etec.
Typical hydrofoil cross sections are sketched in Fig. 1.
The objective of this design problem is to determine the
hydrofoil cross-sectional forms which have minimum drag.
For simplicity, it is assumed that the flow is steady, that the
only critical stress is bending stress, that all cross sections
are solid, that the water surface is sufficiently far away so
that it has no hydrodynamic effect, that no tensile forces
exist in the fluid, that cavity walls are smooth, and that the
angle of attack is fixed at the design angle.

Design Problem Variables.

The design problem variables are assumed to be the design
stress f of the structural material, i hydrofoil chordlength ¢,
characteristic surface roughness r, freestream speed U, free-
stream pressure P, fluid viscosity », fluid density p, fluid
vapor pressure P, lift per unit span /b, and applied bending
moment M. In summary, the 10 design problem variables
are f,¢c,r, U, P, v, p, P,, L/b, and M. Applying the design
procedure of Ref. 1, the dimensional variables are reduced to
five nondimensional design mission variables. These new
variables characterize a nondimensional design problem, and
are the lift coefficient €'z, moment coefficient 31’, cavitation
number o, Reynolds number B, and roughness ratio »’ where

CL = (L/b)/cgpU? (1)
M= M/fc? (2)

v = (P = P)/3pU? @)
R = Uc/v 4)
"= r/e %)

Optimization Criterion

The objective of the nondimensional design problem is to
minimize the drag coefficient €', where

Ci = (D/b)/c3pU? (6)

where D/b is the drag per unit span.

Physical Relationships

The relationship for bending stress is considered first.
The design bending stress of the minimum-drag hydrofoil
cross section must be equal to the actual bending stress; so

I = M/Ci(t/e)%c (N

where ¢t = hydrofoil thickness, and C; is the section modulus
coefficient. Rearranging,
M= M/fe* = Ci(t/e)? (8)
Javitation is considered next. Let P; be the minimum
pressure at some point on a fully-wetted hydrofoil wherve the
local velocity is Ui According to the Bernoulli equation,
Pl iS
Pi= P+ 4pUs = 3pUs = P+ 3pU21 = (U3 ) (9)
Cavitation will occur when P; reduces to the vapor pressure
of the fluid P, (assuming no tensile stress in the fluid).
The critical (incipient) cavitation number is defined as
0o = (P — Pp/3pU? = (U/U) =1 (10)
Cavitation will occur whenever o < o.. where ¢ is the cavita-
tion number.

1 The design stress includes the load factor and the factor of
safety.
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Fully-wetted hydrofoils

"Cavitating hydrofoils

Fig. 1 Typical hydrofoil forms.

It will now be shown that B and r’ can be eliminated from
the list of important variables. The Reynolds number E
determines how the hydrofoil should be formed to best utilize
laminar flow, prevent laminar separation, prevent turbulent
separation, and minimize skin-friction drag. However, B
is not normally critical in the range B > 107 because the
boundary layer is generally fully turbulent, and changes in
Reynolds number in this range have only a small effect on
hydrofoil form. Also, it is known that the roughness ratio
7' has little effect on hydrofoil form if it does not exceed
certain critical values which depend upon R; the roughness
can generally be kept below these values.

In view of this discussion, it is seen that the nondimen-
sional design problem can be simplified by assuming that
r* = 0 and B > 107; the results will still be very general and
useful. The design variables are consequently reduced to
C., M', and ¢. In order to approach this three-dimensional
(i.e., three-variable) design problem, the simpler two-dimen-
sional design problems will be considered first where one of
the three variables is assumed to be zero.

Design Problem Where C, = 0

The first two-dimensional design problem is where O, =
0 and where M’ and ¢ are variable. Since ¢z = 0, all points
in the two-dimensional design problem space represented by
a graph of ¢ vs M’ will be satisfied by uncambered hydro-
foils, called hydrofoil struts. All laminar boundary-layer
effects can be disregarded since the boundary layer will be
fully turbulent at B > 10°. The problem reduces to finding
the minimum-drag hydrofoil strut section as a function of
o and M’, where the boundary layer is turbulent and C; is
very small in view of the high Reynolds number.

As shown in Ref. 1, if the cavitation number is sufficiently
high, an efficient fully-wetted streamlined hydrofoil can be
designed to satisfy the strength requirement. However, if
the cavitation number is low, the most efficient (i.e., mini-
mum-drag) strut is bluff ended and cavitating. Conse-
quently, the graph of M’ vs ¢ will split into two regions
where the upper region is satisfied by fully-wetted struts,
and the lower region is satisfied by less-efficient cavitating
struts.
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Fully-Wetted Region

Assuming that the fully-wetted struts have no boundary-
layer separation or pressure drag, the minimum-drag form
is shown by Ref. 1 to have an elliptical cross section. The
pressure is theoretically approximately uniform on both
surfaces from a point near the leading edge to a point near
the trailing edge. Since the boundary layer will, in actual
practice, separate near the trailing edge, a short cusp-shaped
or wedge-shaped trailing edge can be added to the basic
ellipse to minimize its drag. For the purpose of this paper,
however, it will be assumed that the values of Cyz, o, and M’
are based upon the chord length ¢ of the basic elliptical sec-
tion. Reference 1 shows that the stress relationship [Eq.
(8)] for an ellipse becomes

(ellipse)t/c = (10.2M1)1/2 (11)
also, the cavitation-relationship [Eq. (10)] becomes
(ellipses)o.r = 2t/c (12)

Let region I be the portion of the ¢ vs M’ graph which is
best satisfied by fully-wetted hydrofoils, and region II be the
portion which is best satisfied by cavitating hydrofoils. The
boundary between the two regions is obtained from Egs.
(11) and (12) by letting o, = o, which gives

boundary between

regions I and Ila ) a0 = 6.39 (M2 (13)

where o designates the value of ¢ when C is assumed to be
zero. Equation (11) gives the ellipse ratio t/¢ as a function
of M’ for region I where the form is independent of ¢.

The drag coefficient for the region I forms is caused by the
skin friction only, and is shown by Ref. (1) to be

ion I
Cr o 0) Ca = 2C,16.39(M )12 + 1] (14

where (' is the drag coeflicient of a flat plate at the Reynolds
number K.

Cavitating Region

The cavitating strut family which corresponds to region I1
is shown by Ref. 1 to be the family of truncated ellipses where
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Fig. 2 Section modulus coefficient of truncated elliptical
struts.
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the strut lies just inside the cavity formed behind its leading
edge.

The cavity drag coefficient of a full cavity is shown by
Ref. 5 to be

Cac = (w/8)0o*(le/c) = D./beypU? (15)

where D./b is the cavity drag per unit span, and [, is the
cavity length. Assuming that o, is small, Ref. 5 also shows
that the shape of a full cavity is an ellipse.

The minimum-drag strut form is a truncated ellipse and is
shown by Ref. 1 to be expressed by the following relation-

ships:
oo [ 2 /M2 12
:t _ . ' __ no
2 I:Uo <01> ’ (x) ]

(region IIa )
10.2 = 0¥/ M’ £ 40.8
y = =2 (16)

(o)) Jl ! 12
:t v PO S ne
2 [((71002 + 1) o=@ :|
region IIb
0 < o/ M’ <102

where y' and @’ are the nondimensional semithickness and
distance from the leading edge, respectively, and where re-
gion ITa corresponds to those struts whose chordlengths are
greater than half the cavity length, and region IIb corresponds
to those struts whose chordlengths are less than half the
cavity length.

Because of the mathematics involved, two different equa-
tions are required to define the strut form, and these are
called regions Ila and IIb. The equation for the boundary
between regions 1Ta and ITb is seen from the region expressions
in Eq. (16) to be

A

(region Ila to TIb boundary) o¢* = 10.2.W’ (17)

The value of the section modulus coefficient C for the two
families of truncated ellipses is shown in Fig. 2 as a function
of the parameter o¢2/47’. This relationship was obtained
by 1) integrating over a truncated ellipse to determine the
moment of inertia I as a function of ¢/l.; 2) caleulating the
value of C; where C; = 2[/t%, and 3) obtaining o¢?/M’ as a
funetion of ¢/I..

The struts cavitate from their leading edges rearward
because their surfaces are designed to lie just inside the
cavity in order to eliminate friction drag. Their drag is
therefore cavity drag only, and is obtained from Egs. (15)
and (16) as

egion 11:
(/40 (M /a2 <12i=i‘)‘; 0‘)

Cy = (18)

(r/S) o[/ 0C) + 1] ("‘zf“)“ )
=0

where C| is obtained from Fig. 2.

The upper expression in Eq. (18) must be reduced some-
what to include the effect of the thrust produced by impinge-
ment of the re-entry jet (which exists at the rear of all cavities)
on the strut trailing edge. In view of the lack of experi-
mental data on the re-entry jet effect, it is assumed that
half the cavity drag is recovered as thrust when the strut
almost fills the cavity, and that the effect tapers to zero re-

Table 1 Values of y/i(x’) for the NACA a = 1.0
(aniform pressure) meanline at C;, = 1.0

x’ 0 0.1 0.2 0.3 0.4 0.5
x’ 1.0 0.9 0.8 0.7 0.6 0.5
yolz") 0 0.0259 0.0398 0.0486 0.0536 0.0552
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Fig. 3 Hydrofoil struts and drag coefficients for the case
when Cr. = 0.

covery when the trailing edge of the cavity is loeated more
than 4 of a cavity length behind the strut.

1Hustration of the Design Result

Figure 3 consists of two graphs of ¢ vs 31’ which illusirate
the design result. Both graphs show the boundaries be-
tween regions I, Ila, and IIb. Sketches of the corresponding
design forms are superimposed on the lower graph at various
selected points.  The corresponding value of C,is plotted on
the upper graph of ¢ vs M’. The dashed lines represent the
regions where the re-entry jet influences cavity drag.

Design Problem Where M’ = 0

This two-dimensional problem is represented by a graph
of o vs C1, where €, is selected as the abscissa. Since 1/’ =
0, there is no strength requirement, so all forms will bave
minimum thickness because minimum thickness produces
minimum drag. As in the previous design problem, the
graph will split into a fully-wetted region I and a cavitating
region II.

Region I

Consider first, the noncavitating region where ¢ is so large
that cavitation will not occur. As shown in Ref. 1, all
minimum-drag fully-wetted hydrofoils which correspond to
this region are cambered meanlines which have a uniform
pressure distribution. These cambered lines are the set of
NACA a = 1.0 meanlines which are presented by Abbot and
Doenhoft.*

The nondimensional meanline height is expressed as

yY'ul@’) = y'o@)C (19)

where y'y(z’) is the meanline height for €z = 1.0. Some
values for y’o(@’) are reproduced in Table 1 from Ref. 6.
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Table 2 Approximate values of y':(x’) through y’;(x’) for the basic two-term camber, 5-thickness, and
parabolic thickness distributions designed for ¢ = 0 and infinite depth

z’ 0.0 0.05 0.1 0.2 0.4 0.6 0.8 1.0
Yy 0 0.009 0.017 0.030 0.053 0.073 0.091 0.107
" 0 0.018 0.037 0.071 0.111 0.102 0.038 —0.085
Y's 0 0.10 0.16 0.25 0.39 0.50 0.59 0.68
Y's 0 ~0.05 -0.10 —-0.20 -0.40 —0.60 —0.80 —1.00
s 0 0.22 0.32 0.45 0.63 0.77 0.89 1.00

The drag is assumed to consist solely of turbulent skin-
friction drag. Utilizing the velocity distribution as a fune-
tion of Cz, Ref. 1 shows that the drag coeflicient is

Cq = 2C; (20)

Also from the velocity distribution, Ref. 1 shows that the
critical cavitation number of the region I forms is the bound-
ary expression between regions I and II, which is

(regions I and II boundary, M’ = 0) ¢ = 3Cr (21)

and which is valid for Cr small relative to 1.0.

Region 11

The general form of the cavitating hydrofoil family is
shown by Ref. 1 to be a supercavitating profile whose lower
surface is fully wetted and whose upper surface is entirely
covered by a cavity which springs from the leading edge.

The design of hydrofoil forms for ¢ = 0 is considered
first. Utilizing the results of Refs. 7-9, the supercavitating
forms which have lowest drag when ¢ = 0 (for nearly all
values of reasonable strength) is described by the parameters
k and & of these references. The parameter k indicates the
amount of two-term camber,$ and § indicates the amount of
thickness introduced by angle of attack where

k = 0.875C 10 (22)
8 = 0.0787C 1 (23)

and where C 1 represents €, when ¢ = 0.
The upper and lower coordinates of the hydrofoil surface
(assuming that the hydrofoil just fills the cavity) are

_ . y'e = yilxHk 4 y'5(x’)d
=0 =0 (T L L @
where approximate values of y'i(z) through y's(z") are ob-
tained from Ref. 8 and presented in Table 2, together with
the values for y’s(z’) which will be utilized later.

The next problem is to determine the best forms for points
in region II where ¢ > 0. Although both nonlinear and
linearized theories exist for determining the lower-surface
shape, cavity shape, and lift and drag coefficients for the
case when ¢ > 0 (Refs. 10-12), the results would require a
lengthy computer study to determine which form has the
lowest drag for a given Cy, ¢, and strength.

A relatively simple solution to this problem is to linearly
add the appropriate NACA a = 1.0 uniform pressure mean-
line to the appropriate two-term supercavitating hydrofoil
form (and cavity) designed for ¢ = 0. The result is a8 mini-
mum-drag hydrofoil form for ¢ > 0. Letting ¢ be the in-
cipient cavitation number of an NACA ¢ = 1.0 meanline,
and Cro be the lift coefficient of a two-term hydrofoil form
at ¢ = 0, the lift coefficient C;, of the linearized combination
is approximately

(region Ile) Cz — Cry = 20 (25)

where (', is assumed small; region II is now called region

§ Called ‘“two-term’’ in view of the number of terms in a certain
trigonometric series used in defining the pressure distribution.

IIe for reasons which will be presented later. Notice that
the pressure along the upper surface of the linearized combina-
tion, which shall be called the region Ile form, is exactly
cavity pressure when ¢ = g.. The nondimensional pressure
along the lower surface is approximately the nondimensional
pressure at ¢ = 0 for the two-term hydrofoil designed for
C1 = Cpo plus the pressure o.,. Notice that the NACA a =
1.0 meanline is designed for a lift coefficient of Cz — Cpy =
20.

The region Ile forms are seen to satisfy the necessary
boundary conditions for minimum drag, which are 1) the
upper-surface pressure is uniform and matches the cavity
pressure, 2) the lower surface is fully wetted, and 3) the re-
sulting form has minimum-thickness and minimum-cavity
drag. Furthermore, the region Ile forms are seen to merge
into the region I forms at the boundary between regions I
and Ile, since €'y = 0 along the boundary line where €, =
20. Therefore, the region Ile forms change smoothly from
supercavitating two-term forms designed for ¢ = 0 to the
NACA a = 1.0 meanlines corresponding to the boundary
line 0 = C1/2.

The nondimensional heights of the upper cavity wall and
the lower hydrofoil surface %', and y';, respectively, are

Y = y1@)k + y's(2")0 + ()20

esion 1) (1= L e 1 v

(26)

Equation (26) is valid only for low values of Cz because of
the assumptions made in the linearized theory; however,
Ref. 9 reports negligible error up to Cro = 0.2, but that con-
siderable error may exist for Czy = 0.6. Therefore, the
value of C'z in this analysis is limited to a maximum of 0.6.
The drag coefficient for the region Ile forms is shown by _
Ref. 1 tobe

(region Ile) C; = 0.142(C, — 20)% +

0.2360*(Cs = 20) (1 _ G g>2 o

o+ 071(Cy — 20)

2 2

where the last term is friction drag and the other terms are
cavity drag.

Hlustration of the Design Result

Some of the hydrofoil forms corresponding to the graph of
o vs Cr, where M’ = 0 are shown superimposed on the lower
graph of Fig. 4 together with the boundary line between re-
gions I and ITe. The corresponding values of C; are plotted
in the upper graph. Only the cavity drag is plotted in re-
gion ITe since Cy is negligible relative to €. when B, > 107,
Values of €'y, are plotted only up to 0.60 because of the limita-
tions of the linearized theory. The most practical range of
Cp for supercavitating hydrofoils is around 0.20, so the
coverage is adequate.

Design Problem Where ¢ = 0
Since ¢ = 0, all points in the graph of Cy, vs M’ will corre-

spond to supercavitating design forms consisting of different
combinations of the two-term camber configuration repre-
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sented by k, parabolic thickness represented by =, and angle-
of-attack thickness represented by 9.

Reference 1 shows that region II splits into the following
families of supercavitating hydrofoils:

(reg“’“ HC) 0.0502C > < M’
o =
k=20 .
where <6 = (2/m)Crs (28)
7 = 1.93(M" — 0.0014C 1,22 — 0.426C 10

(region 1Id

g =

> 0.0016C o> = M’ = 0.0502C 1o?

7=0
where <k = 0.962C1, — 4.35(M’ — 0.0012CLH)Y2 (29)
§ = 0.024C L + 2.76(M’" — 0.0012C ,2)V/2

7=0
(region ITe) 0 = M’ = 0.0016C 1,? gk = 0.875C, (30)
& = 0.079C 1,

where Czg is defined as
Cro=CL— 20 (31)
The upper- and Jower-surface coordinates are
regions ITec, {y’u =y &k + y'5@)8 + y's(@)r
1Id, and Ile/ \y" = y"2(&Vk + y's&")8 — y's(z")7
(32)
where the values of y'1(z") through y’s(2") are listed in Table 2.

The drag coefficient for all region IT forms when ¢ = 0 is
shown by Ref. 1 to be

(region II, ¢ = 0) Cy = [0.319% + 1.25(r + 6)]* +
Csfl — (Cre/2)1* (33)

The lower graph of Fig. 5 illustrates the design result where
o = 0, and M’ is plotted against Cz. Sketches of the corre-
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Fig. 4 Hydrofoil forms and drag coefficients for the case
when M’ = 0.
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sponding design forms are superimposed. The upper graph
of Fig. 5 shows the values of the cavity drag coefficient,
which is Eq. (33) less the last term.

Solution of the Entire Three-Dimensional
Design Problem

The solutions to the three previous two-dimensional design
problems can be used as guides in solving the three-dimen-
sional problem represented by the three coordinates, Cr, M’,
and ¢. The same physical equations are used, and the same
general design concepts are applied. The expressions for
the hydrofoil forms, their drag coefficients, and the boundaries
between regions I and Ila—e in the three-dimensional space
of Cz vs M’ vs o, will be presented later. The boundaries,
as derived in Ref. 1, are shown in Fig. 6, and the correspond-
ing hydrofoil forms are shown superimposed in five different
planes of the three-dimensional space in Fig. 7. Notice
how the optimum hydrofoil forms change continuously be-
tween any two points in the three-dimensional space.

Transformation of the Three-Dimensional
Design Problem into a One-Dimensional
Design Problem

As a result of solving the three-dimensional design prob-
lem, Ref. 1 shows that a significant simplification takes place
by introdueing the parameter K where

K = (¢ — C/2)/(M")V* (34)
Alternatively, K may be expressed as
K = ao/(M")V2 (35)
or
K = —Cr/2(1")1* (36)
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Fig. 5 Hydrofoil forms and drag coefficients for the case
when o = 0.
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space.

The equations for the region boundaries are expressed
solely as a function of K in Table 3.

The simplification introduced for the desecription of the
boundaries can be extended to the description of the hydro-
foil forms and the drag coeflicients. The following defini-
tions are introduced:

Cp = Cr/ (M7
7= o/(MHY2

J. HYDRONAUTICS |

Table 3 Region boundaries for subspace
(f) as a function of K

Region boundary Equation
I to I1a K = 6.39
IIa to IIb K =3.19
IIb to Ilc K=20
IIe to I1d K = —-2.23
IId to ITe K= -12.5

where

Cac = Cao + {(@/D)[a(t/c)12/[0(t/c) + 1.5Ca]} (38)

Equation (38) is an empirical relationship developed in
Ref. 1 from theory presented in Refs. 13 and 14.

The hydrofoil forms as a function of K, C;, and the new
variables defined by Eq. (87) are listed in Table 4. The
values for C, are shown in Fig. 2 as a function of K2 The
forms and drag coeflicients for the truncated ellipses of regions
IIa and IIb are presented in Fig. 8. The expressions for
Ca4 and the frictional drag coefficient C,; are listed for all
hydrofoils in Table 5.

The basic form characteristics which consist of ' = (¢/c)/
(M"Y2 4/t 7, k/10, and § are plotted in Fig. 9 as a function
of K. Also shown in Fig. 9 are typical hydrofoil shapes
superimposed along vertical lines which represent the region
boundaries. Notice how clearly and precisely Fig. 9 presents
all of the hydrofoil forms and how the three-dimensional illus-
tration in Fig. 7 has been condensed into a single one-dimen-
sional graph where the only parameter is K. The parameter
K classifies all cavitating hydrofoils and the simpler fully-

=y’ Nz = Ny . . .
yﬂ YO = (y/e)/ (L) wetted hydrofoils much like the specific speed parameter
o=t/ (M2 = (t/e)/ (M) classifies turbomachinery. The nature of the parameter K
5= o/ (M2 37) is somewhat blfoa_der than the specific speed parameter, how-
. ] ever, because it includes the effect of cavitation and struc-
7= /(M) tural strength on design form which the latter does not.
E = k/ (M2 Figure 9 can be utilized together with Tables 4 and 5, Eqgs.
¢ , (387) and (38), and Figs. 2 and 8, to completely specify the
Tde = Cae/M lowest-drag hydrofoil cross section as a function of Cr, M/,
Caw = Ca/M’ and o.
Table 4 Hydrofoil form characteristics®
Region Form equation = (t/c)/ (M2 byt
1 Ju = 3.19[z" — @22 + y'CL 3.19 0
g = —3. 19[90 — (z)2]z + yCr
II =1 K \2 C 1 vz 2 e
& bu= K(C K(C)z - =) + ¥l (€2 K(Cn) K(C)e -1
/2 _
g = I:K(Cﬁ)”z — (= )2] + ¥y CL
K[/ 1 A . 1
1b e = §[<ﬁ + 1)x' L )2] + y'Cr Co 1.0
L K ) e , =
= =3 K”C'1+ ' — (x) + vCi
IIc y’u=y3§+y57+2y0&
7= Yy’ — y'sT + 2y°F —0.436K + 1.0
0 = —1.272K 3.86(1 — 0.0056K )12
7 = 1.93(1 — 0.0056K?)¥? 4 0.85K
k=0
I1d z]'u=y1k+y35+2y
g = y2k+y45+2y o0 —0.451K + 1.0
k = —1.924K — 4.35(1 — 0.0048K?)1/2 3.80(1 — 0.0048K?)12
6 = —0.048K + 2.76(1 — 0.0048K?2)1/2
Fo=0
Ile y"u=y1k+y36+2y
g = y2k+y45+2yoo' —0.602K 1.0
E = —1.750K
6 = —0.158K
Fo=0

a Note the difference in definition between the lower case k¥ and the capital X symbols.
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Table 5 Hydrofoil drag coefficients
Re- Cao (or Cac) Cas
gion
I 0 2C(1 4 6.39(M’")v/2]

HHa Ci = (n/4) /(CLM)V2

IIb  See Fig. 8

I1e [2.41(1 ~0.0056K?)—-0.525K ]2
I1d [2.06(1 —0.0048K2)—0.674K]*
ITe 0.572K?

Cill — (C1/2) + a/2]?

General Comments on the Design of
Hydrofoil Cross Sections

The resuits of this hydrofoil design problem are applicable
to a wide variety of operating situations. The restrictions
that R. > 107 and ' = 0 are not necessary as long as the
boundary layer is turbulent; an expression for the frictional
drag has been included to correct all drag coefficients for
R and v’. The turbulent boundary-layer restriction is not
necessary for the case of the cavitating region IT forms. The
design assumption that there is negligible effect of the water
surface on performance is often not important, since many
hydrofoils do not operate less than two chordlengths of the
surface where depth affects become significant. The restric-
tion that Aa = 0 can be relaxed to Aa = =+3° for fully-
wetted hydrofoils when the houndary layer is turbulent,
without seriously influencing the performance or design
form, unless cavitation is very critical. The effect of short
periods of positive values of Aa on supercavitating hydro-
foil performance or design form is small; however, if A« is
to be negative, the upper surface should be under cut so that
the cavity clears it at negative angles of attack. The restric-
tion to solid sections is not serious because the designer can
easily modify the specified M’ to account for any amount of
hollowness by using a ficticiously high value of M’. Simi-
larly, the assumption that the separation drag of the fully-
wetted hydrofoils is negligible can be complied with by adding
a cusp-shaped or wedge-shaped trailing edge to reduce
separation of the turbulent boundary layer.T A final com-
ment is that the results of this analysis can also be made to
apply to a relatively new kind of hydrofoil form introduced
by Hydronautics, Inc., called a supercavitating hydrofoil
with an annex.?® This form is essentially a typical region IT
hydrofoil form with an unwetted annex extending rearward
into the eavity from the trailing edge to increase the bend-
ing strength without changing any of the performance char-
acteristics. Such a form can be treated in this analysis
by artificially reducing the required value of M’ by perhaps
309, or whatever value the designer finds reasonable in view
of the anticipated form of the hydrofoil and cavity. When
the design of the region II form has been completed, the
designer can add the annex and check his earlier estimate of
approximate annex size and strength change. By applying
these modifications, the selected conditions for this analysis
are found to be significantly extended.

Notice that the optimum hydrofoil forms split into six
different families in which each family is described by a
different set of equations. Although some of the families

T The low-drag fully-wetted hydrofoil forms are very close in
shape to an ellipse with either a cusp-shaped or a wedge-shaped
trailing edge. For example, see the NACA 16-series and 63-
series airfoils of Ref. 6. Also, a sharp trailing edge is necessary
in order to satisfy the Kutta condition for the case of lifting
hydrofoils. Notice that the value of M’ reduces when such a
trailing edge is added; this reduction in M’ can be accounted
for by reducing the specified value of chord length about 209, or
whatever value appears reasonable for the specific thickness-to-
chord ratio. Notice that the specified value of €'y has to be
changed accordingly. This trailing edge addition affects only
the region I forms.
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Fig. 9 One-dimensional representation of hydrofoil de-
sign form characteristics.

and their boundaries in problem space are uniquely deter-
mined, the determination of others is arbitrary and depends
upon the variables used in describing the hydrofoil form.
For example, the boundary between regions I and II is
uniquely determined because it results from a fundamental
change in physical flow condition. On the other hand, the
boundaries between regions IId—f are not unigque because in-
stead of using the variables k, 7, and o to represent the amount
of two-term camber, parabolic thickness distribution, and
é-thickness distribution, other variables could have been
used to represent other kinds of basic camber and thickness
distributions. Essentially the same hydrofoil form would
be found to correspond with each design problem, but the
equations describing the forms would be different. Slight
form changes and small improvements in performance will
probably be found for regions Ilc—e as a result of further re-
search into new forms. No changes are anticipated in the

J. HYDRONAUTICS

forms or boundary description corresponding to regions I,
IIa, and IIb within the framework of the stated assumptions.
Also, the classification parameter K which resulted from this
analysis should remain unique within the framework of the
assumptions.
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