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ABSTRACT

In this Report we discuss (1) the development of a digital
computer program to compute hydrofoil loads and (2) some aspects
of hydrofoil control. The program computes the 1lift, pitching
moment, and flap hinge moment on a two-dimensional hydrofoll with
a traliling edge flap operating near a free surface with waves.
The computational approach involves the numerical solution of an
integral equation relating an upwash distribution to a kernel
function and pressure distribution. The pressure distribution
is expanded in a truncated Glauert series, the integration is
carried out numerically using a Gaussian quadrature, and the co-
efficients of the Glauert series are evaluated by a minimum errcor
collocation method.

The control problem investigated involves the positioning
of a pivoted hydrofoil by means of a servo-controlled trim tab.
When the foil is pivoted at its quarter chord and control 1is
implemented solely by means of a servo tab, the system is virtually
uncontrollable. owever, by pivoting the foll off the gquarter
chord point or by augmenting the servo tab with a servo attached
direcetly to the foill, the system can be controlled.
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1. INTRODUCTION

One of the principal features of a hydrofoil craft with
fully submerged folls is its ability to maneuver in a seaway with
greater isolation from the sea surface than virtually every other
type of (surface) vessel. A hydrofoil craft is able to "platform"
or traverse the short waves of a rough sea without undergoing
significant vertical motion and to "contour" over high-amplitude
long wavelength swells. During turning maneuvers the craft leans
or banks into the turn much like an aircraft or bicycle, thereby
maintaining a shipboard environment in which the lateral loads
are minimal. This 1is particularly desirable for personnel on
board.

To control a hydrofoil craft, the folls must be continuously
adjusted. When the craft 1s travelling a straight course at a
constant mean height in waves, the orbital motion of the water
resulits in a time-varying upwash and 1ift fluctuaticns on the
foil. Typlcally, the foil angle of attack or the deflection of
flaps 1is varied to counter the 1lift fluctuations due to wave mo-
tion. Folls or foll control surfaces must be similarly moved to
contour over waves or to make coordinated (i.e., properly banked)

turns.

Varying the foil angle of attack to control 1ift forces re-
quires especially large, heavy, speclal-purpose servomechanisms.
These servos require a great deal of power (as much as 800 hp)
and high-pressure, high-volume hydraulic lines which are often
hazardous. In order primarily to reduce the servomechanism re-
quirements, we have undertaken a study of the unsteady hydrody-
namics and control of hydrofoils.

The four hydrofoil configurations we studied are 1llustrated in

Fig. 1. Lift on the basic foil, illustrated as configuration 1, is

P .
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controlled by varying the angle of attack of the entire foil.
The foil in configuration 2 is rigidly attached to the craft and

" 11ft is controlled by deflecting a trailing-edge flap. Both of

these configurations are presently used on hydrofoil craft. Con-
figuration 3 uses a tralling-edge tab to rotate the foil about a
pivot point. This configuration has the potential for very low
power consumption but possesses certain inherent controllability
problems. The foil in configuration 4 uses a leading-edge flap
to rotate the foil. It has potentially low-power requirements
and ease cof control but is probably more susceptible to damage

by impact with submerged debris.

The greatest part of this Report deals with the development
of numerical methods and a digital computer program to determine
the unsteady loads on a hydrofoil with a flap operating in waves
in the vicinity of a free surface. This represents an extension
of an earlier work [I7] which did not include the effects of a
flap. We do not explicitly develop results for a leading-edge
flap; however, this configuration is simply the superposition of
a rigid foil rotation plus a flap deflection. We also discuss a
study of the control of hydrofoils, with emphasis on the tab-
control system described by configuration 3.
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2. UNSTEADY HYDRODYNAMICS 1

2.1 Hydrodynamic Coefficients

i Assuming that the flow/foil interaction is linear (which is

valid for csurface wave heights that are small compared with the

foil depth), the net forces and moments are equivelent to the sum
of the loads generated by the upwash on a foil moving steadily at
constant speed U through rough water plus the loads caused by the

heave and rctary motion of a foil moving through calm water. The 1
1ift and moments due to upwash velocity V are given by |
Ly = CLV(k)V(k) (1a)
My = CMaV(k)V(k) (1b)
May = CMBv(k)V(k) (1c)

where most of the variables are defined in Fig. 2 and k is the re-
duced frequency (k =wb/U), nondimensionalized by the semichord b
and by U.

The forces and moments owing to the motion of the foil are

L = Cp (k) +Cpa(k)B +Cpp(k)h (2a)
M =¢C, (kla+C, (k)B+C, (k)h (2b)
o Maa Mag Mot
M, = C, (k)a+C, (k)B8+C, (k)h .  (2¢)
B Mgy Mag Map,

The purpose of our hydrodynamic analysis is to evaluate the
twelve functions Cij(k) in Eqs. 1 and 2. This has been done by

a et e R " s Lt
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modifying an existing digital program [1], which computes the un-
steady 1ift and moment on a two-dimensional foil near the surface,
to include the effects of a flap and the upwash caused by surface

waves.

2.2 Hydrodynamic Analysis

The unsteady pressure distribution cover the surface of a hy-
drofoil is related to the upwash by an influence function, the
kernel function [1], which is a complex function of reduced fre-
quency, depth, and Froude number. For a foll which has its leading
edge at x = -1 and 1ts trailing edge at x =+1 as shown in Fig. 3,
this relation can be written as:

. |
V(x) = 5 J8R(E)K(x-E)at . (3)

Here, AP 1s the pressure difference across the foll, V 1s the up-
wash nondimensionalized by the veloclty U, and K is the kernel.

For a foil operating at finite depth, the kernel function
must satisfy the boundary conditions of the free surface, as well
as those of the foil itself. Thc free surface 1s modeled by in-
cluding a virtual image of the foil pressure distribution on the
opposite side of the surface. During operation at low Froude num-
bers, the moving pressure disturbance from the foll causes a large
enough gravity wave to affect the kernel significantly. The com-
plex kernel as a funstlon of depth and Froude number for two-
dimensional flow is developed in detail by Widnall [1]; the result
is given here in Appendix A. For a rigid foll oscillating in
heave or pitch, the upwash V(x) is known, as 1t 1s simply the
local vertical velocity of the foll. That is:

- - TR e b s S PN, St e s e e e i e
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heave: V(x)

a+d(x-a) 2 = (@ ™)1 +1k(x-2)] .

piteh: V(x)

Here, h is nondimensionalized by U and a is the location of the
foil pivot point (see Fig. 3). With the kernel and upwash known,

Eq. 3 can be solved for AP(x).

Numerical technique for solving AP

For attached flow on the hydrofoil, the Kutta condition at

the trailing edge must be satisfied. Thils boundary condition is

satisfied by writing the pressure distribution as a Glauert series:

-]

AP =} pa,(x) (4)
n=1
where
a = cot(e/2) n=1
n  sin(n-1)6@ ’ n>2
and
X = -c0s0O .
By combining Eqs. 3 and 4, the velocity may be written:
o +1
V(x) = 1 p, [ a (E)K(x-E)dE . (5)
n=1 -1

If this series is truncated at NOLT terms* and the integration

carried out, Eq. 5 can be written as

*¥We use somewhat cumbersome terms such as NOLT in this text to be
consistent with expressions used in the computer program.

s B s M s M|
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NOLT .
V(x) = nzl pnIn(X) (6)
where
+1
1 = _Il a (E)K(x-E)dE .

If, in the numerical solution for AP, the veloclty is specified
at NP collocation points, there will be NP equations of the form
of Eq. 6. Using a notation A{B}, where { } is a matrix with

A rows and B columns, this set of equations can be written

N
1 NOLT
N _ N 0,1
hevy = 3y 2 qply . (7)
T

By making the number of collocation points, NP, larger than the
number of terms in the Glauert series, NOLT, the set of equations
is overdetermined and the pressure modes can be sclved for by a
method which minimizes the mean square error of the resultant
downwash at the collocation points. The coefficients Pp which
minimize the mean square error satisfy the following equation:

3 [ %? [ NO%T 2
= V(x.) - p. I (x.) =0 for n = 1,2,+++,NOLT
apn r=1 r n=1 DR

(8)

The result [2] 1s
(o} = (T (1 11 (T)T (v (9)

where {T}T is the conjugate transpose of {In}.

e e ayan B L ey




Report No. 1970 Bolt Beranek and Newman Inc.

The 1ift and moment acting on the foil can be found by in-
tegrating the pressure and its first moment over the chord of the
foil. The 1ift a@d the moment about the foll quarter-chord in
terms of the Glauert series are given by

C, = n(p, +1/2 p,) (10a)

Cy = § (P, +p,) . (10b)

Foil with trailing-edge flap

Addition of a hinged tralling-edge flap to the hydrofoil ex-
pands the set of unknown force and moment parameters for unstéady
motions to include the hinge moment due to pitch and heave and the
effect of flap oscillation on 1lift, and moments at the quarter
chord and flap hinge. (The geometry of the flapped hydrofoil 1s
shown in Fig. 2.)

Hinge moment

The moment at the flap hinge can be computed by integrating
the moment of each of the pressure modes over the flapped portion
of the foll chord, ec+n. The result is:

10

o

s O o S s S s |
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0
L 0
Cy =P, [ cot 3 (cosd -cos6_)sin6do
c
B 0,
NOLT T
+ ) P, | sin(n-1)0(cos® -cosO_)sindde
n=2 "o ¢
c
m
= p, [ (1 +cos0)cos0de
¢]
c

) -6, ) sin(ﬂoc) . sins(ec)
P31 =T 16 P2 73

NOLT sin(n-3)Oc sin(n+1)0c
(n-3) n+l

* Loe o

1 .
+350p, cosOc[ﬂ-@c-51neccosec]

+

(11)

=

sin nOc sin(n-2)0c
050D, n - n-2

Oscillating-flap

A foil with an oscillating trailing-edge flap has a pressure
distribution with a logarithmic singularity at the flap hinge,
which is fit by the pressure series [3].

—L - v §
pUz nzl Pnép + Poag » $2E)

where

11
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B -
P. = = 51rp B = amplitude of angular
CHRE e deflection of flap

sineg ln(x-c)2

o
"

[+
and ] poa is the Glauert series.
n=1

A relation for the oscillating flap analogous to Eq. 5 1is,

— 1 1
Vv= ) p_ [ akdf +p [ aKdg . (13)
n=1 1 n ch ¢
This can be written:
e J
Ve = p a_Kdg (14)
n=1] % -1 1

with the "equivalent" upwash V¥,

V*:V_p

1
. ﬁ a KdE , (15)

which can be calculated directly since P, is known. Using this
equivalent upwash, the Glauert pressure modes can be computed in

the same manner as was used for the plain foll, Eq. 9.

In order to find the equivalent upwash, the integration over
the chord for the product of the flap hinge pressure mode times
the kernel must be performed. This integral,

1 1 ’
g a Kdg = g sind 1n(f-c)®KdE , (16)

12
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has a logarithmic singularity at the hinge point which can be
isolated by writing

1 1
s q 2
;é a KdE = ;£(51n6K-31nOcKc)ln(g—c) dg
l 2
+ sin6 K [ 1n(&-c) dg . (17)
ce 4
Writing the kernel as K(x-§) = %% ;%E + K(x-£), where X is a func-

tion of frequency, depth, and Froude number, and integrating in the
second term, Eq. 17 becomes

1 1
e = 1
;Q a Kdg = _é H(E)dE + sinOc[Kc - 57 x_c)]
x |-4 +2¢c 1n %}%)-+2 1n(1-c)? (18)

where

H(E) '= {Siﬂ@[ﬁ = m] = sin@c[ﬁc - éﬂ_i—-a_] 11’1(&-02}. (19)

When the last singularity at x =§ 1s evaluated analytically, the
equation can be written

1 X-€ Cc-¢ 1
[ a Kdg = [ N(g£)dE + [ N(E)AE + [ N(E)dE -Q(E) for x <c¢
-, ¢ Sl x+e cte
(20)
13

—y
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r

1 c=-€ X-€ 1
/ achE = [ N(E)AE + [ N(£)dAE + [ N(E)AE -Q(E) for x > ¢ B
-1 -1 c+g X+e -
(21) -
where “
, =
N(E) = H(E) *er"("i'ri—eé‘)“ In(x-c)? (22) N
X 1 -
Q(E) = - I 1n(x-c)2+ SinOC[-l-(-c - m] _
x [-u + 2¢c ln(-ﬁ—g + 2 1n(1-c2)]. (23) [

The integrals in Egs. 20 and 21, having no singularities, may be
evaluated by a simple numerical scheme. ’

The equivalent upwash, V* as given in Eq. 15, may now be
solved, using the values for the upwash due to flap oscillation:

0 -1 <x
v = , .
-B -B(x-c)b/U c<x<1

A
o

same as developed in Egs. 4 - 9.

The 1ift and noment coefficlents are the same as those ex-
pressed in Eqs. 10 and 11, plus the effect of integrating the
flap pressure mode, p, (Eq. 12), over the foll. An equivalent

set of equations 1s

14
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1
Cp, = ﬂ(p1'+% p,)+ P, [_{ acdﬁ] (24a)
m 1 1 1
CMa = - g (p,-p;) - 5 p, ;& a, (g +5)de (24Db)
1% 1 1
Cy =-35Lp|fafde-c/adt
B 1 e c

1 1
- 5 .|/ a (€ -clag| . (24e)
c

The singularity ian the 1ift coefficient integration can be iso-
lated leaving a nonsingular integral (Eq. 24a) which can be evalu-
ated numerically.

1 2
[siné 1n(g-c)” dE
-1

1
;g a d§

e

1 1
[ (sin® - sinec)ln(g-c)zdg +sing / 1n(E-c)? dg
-1 -1

e o R eah

¢ 17 ,
f +f (sind —sinec)ln(g-c) dg
-1 c&q

e M 1 4 . g Wttt 5

>

+ sinec -4 +2¢ 1n

l+c
! 1-c

]
+2 ln(l-cz)j . (25)

The integral in Eq. 2l4c for the flap contribution to the quarter-chord
moment 1s:

15
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1 1, 1
;Q a (&-c)dE + (c +§J ;g a dg

e 1
ENCEEE

C—€
[ /1-£% 1n(g-c)® (£-c)dE
&S]

+1 1
+ [ g% 1n(e-c)? (g-c)ag + (c+2) [ a.aE ,

cte 2 1 °
(26)
and the contribution to the flap hinge moment is simply
1 1 |
[ ag(e-o)at = f A-£? 1n(E-c)® (g-c)dg . (27)

Unsteady 1ift in waves

Superposed on the hydrofcll steady velocity U are the verti-
cal and horizontal components of the orbital motion of water as-
soclated with surface-wave propagation. Although the 1lift owing
to the horizontal component of this orbital motion has been shown
by O'Nelll to be present for folls with a mean value of 1lift
or camber [4], it is usually small and shall be neglected here.
Let us evaluate the vertical component or upwash with respect to
a foil moving in a seaway.

The upwash (nondimensionalized by U) at depth D associated
with plane waves of amplitude A, traveling at an angle ¢ with re-
spect to a stationary x',y' coordinate frame (see Fig. 4) is given

by

16
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Ao'kwg e_ka+i ('kwg t - kx,x' +ky1y‘)

Vix'y't) = 0 (28)
where kx' = kwcos¢
ky‘ = kwsin¢

kw is the wavenumber, on/wavelength, and g is the gravitational

constant.

To account for ship velocity through the water, we may de-
fine a codirectional coordinate system moving at the speed of the
ship along the regative X axls with velocity U and write

x =+ x' - Ut . (29)

Substituting this equation into Eq. 28 for V(x',y',t), and neglect-
ing y' variations gives

Ao/kwg e—ka +i[(/kwg+UkW cos$)t - k x” cos¢%3

U 0)

V(x',t) =

The kx'cos¢ term describes the spatial variation of upwash which
will depend on the angle of the foil with respect to the waves.

The 1ift assoclated with this upwash 1s solved in the same

manner used for the heave and pitch upwash.
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3. COMPUTER PROGRAMS

Two Fortran II programs for the calculation of the unsteady
hydrodynamics of two-dimensional hydrofoils operating near a free
surface are presented. The first program computes the unsteady
1lift, quarter chord moment, and flap hinge moment owing to foil
pitch and heave, and to flap oscillations. The second program
computes the unsteady 1ift and the moments at the flap hinge and
the foil quarter chord for a hydrofoil platforming in waves.
Both of the programs are based on an NSRDC program (see Ref. 1
for a description) which computes the unsteady hydrodynamics for
a foil without a flap, oscillating in pitch and heave. Results
are computed and plotted for specific cases and found to be in
good agreement with theory.

The programs are written in Fortran II for use on the SDS 940
research computer in conjunction with the Bolt Beranek and Newman
time sharing system.* The subroutines used are the same as those
in the NSRDC version of the program by Widnall except for changes
necessary in going from Fortran IV to II. These changes include
the addition of an arctan function, THETA (X,Y) and, to reduce
programming time and storage space, the substitution of a less
sophisticated version of the exponential integral subroutine,
EXPINT. In the subroutine for complex matrix inversion, CMPINV,
the variable field, BLANK, has been broken down into its real
number and interger components, PIVOT and INDEX. This was done
because the SDS-940, unlike many other computers, allocates more
space for the storage of real numbers than for intergers. The
subroutine storage as changed, is still compatlble with systems

¥Number 1.85, using the 21 January 1969 Fortran operating system.
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using the same amount of space for the storage of real and inter-
ger numbers.

3.1 Flap Program

Extending the NSRDC program to compute the flap hinge moment,
foil pitch moment, and 1lift, owing to flap deflection, consists
The first 1s the integration of each term of the
Glauert series over the flap to determine the moment about the

of two steps.

hinge; the second step is the computation of the complex pressure
distribution over the entire folil due to flap oscillation.

The integration for the hinge moment is done using the ex-
pression derived analytically in Eq. 11.

The computation of the pressure due to flap deflection, a,
The first step is the

calculation of the amplitude of the logarithmic pressure term for
the flap (Eq. 12).

Glauert pressure series due to the equivalent upwash (Eq. 15).

in Eq. 12, 1s done in two separate steps.

The next step is the computation of the

In order to
a numerical
seen in Eq.

calculate the 1ift and moment generated by the flap,
integration of the flap mode must be done, as was
20. This integration is done by a Gaussian quadra-

ture [§] in the same manner as all the numerical integration in
the original NSRDC program.

The program divides the specified number of collocation points
evenly between the flapped and unflapped portions of the chord.
In each portion of the foil the points are distributed sinusoidally
in order to concentrate them at edges where the computed functions
change most rapidly. The equations governing the distribution of

collocation points are:
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_ c=1 1l+e 7i
Xi—-—z——— —é—COS—N—' for -1 < x < ¢
_ ¢+l l-c "l
Xi = —2—-— —2— cos —N- for ¢ <x < 1. (31)

3.2 MWave Program

To compute the hydrodynamic coefficients of a hydrofoil
operating in waves, we have expanded the program to determine
the upwash on the foll as a function of the input parameters:
foil depth, Froude number, heading angle (see Fig. U4), and wave-
length. This is done by application of Eq. 30, modified to give
the phase of the coefficlents relative to the maximum vertical
wave velocity at a specified point on the foil chord (e.g.,
quarter chord point). The computations for this upwash are
handled in exactly the same manner as those for heave and pitch
in the original program. The integral for flap hinge moment as
a function of hinge location (Eq. 11) has been added. The method
of collocation point location is the same as used for the flapped
foil.

3.3 Program Flow Charts and Print-Qut Listings

Appendix B contains functional flow charts of the programs
for hydrodynamic coefficients of a foll with an oscillating flap
and for a foll operating in waves. There has been an attempt
here to 1dentify variables by theilr symbolic names in the program
and their name- -om the theoretical development. Appendices C,
D, and E contains listings of the two main programs plus a list-
ing of the subroutines.
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3.4 Input-OQutput

The inputs to the program are adapted to the BBN console-
operated time sharing computer system. Some of the 1nput that
was introduced many times was stored on disk files for ease of
operation. In a punch card system, this input would probably be
more easily handled by reading the data from cards for each run,
The inputs for the flap program, which follow the standard For-
tran convention for interger and real number identification, are:

file NAME
(which reads from a file
NP, NOLT, IM, IFF, RF, FR, D)

The operator types in the values of the variables,
CFLAP, NFLP, NLE, NTE

using FORMAT (F 1f.4, 31 1¢).

The inputs to the wave program from file are the same as
those for the flapped foil. The typed-in variables are,

WL, THET, FR, PPA, CFLAP, NLE, NTE
using

FORMAT (5 Fifg.4, 214),

The Froude number, FR, which had been read in from file was typed

in again to facllitate easier variation of tnis parameter.

Table 1 lists and describes the inputs to the both programs.
Figures 5 and 6 are sample runs of the FLAP and WAVE programs.

The underlined portions were typed by the operator.
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NP

NOLT

IM

IFF

RF

FR

CFLAP

NFLP

NLE

NTE

WL
THET

PPA

TABLE 1. Input for Flap and Wave Programs

total number of collocation points (even number, greater
than 2 NOLT)

number of terms In the Glauert Series

determine whether or not virtual image on opposite side
of free surface 1s accounted for in kernel. Set IM = ¢
to exclude free surface effects of image. Set IM = any
integer other than zerc to include free surface effects
of virtual image.

=@; (Fr = ») Froude effect is not included in kernel
#%: Proude effect is included in kernel

reduced frequency (k = [wb]/[U,]) of oscillation (heave,
pitch or flap)

Froude number, F = (Uo)/(fgg)
depth in semichords
fractiocn of the foil occupied by flap

number of terms 1n the integration for flap pressure

term

number of terms in the integration for In in the region
£ < x (see Eq. 6)

number of terms in the integration for In in the region
E > x (see Eq. 6)

wavelength in semichords
angle (radians) of foil heading

coordinate on foil to whict wave phase 1s related (e.g.,
the PPA for the quarter chord is -0.5)
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3.5 Flap Sample Problem

A sample problem using fhe FLAP program for a hydrofoil with
a 25% flap, reduced frequency of 0.2, and no effect from the free
surface (IM=IFF=g) is shown in Fig. 5. Twenty collocation points
and six Glauert terms are used, while eight terms are used in the
numerical integration (NLE=NTE=NFLP=8). The depth and Froude
number are arbitrarily read in as 1.4, and will be set infinite
because we have specified IM=1FF=g. Tne input read fr .. .ne file
is printed and identified. The fraction of the chord occupied by 5
the r'lap is printed out after the data from the file. The six a
* columns of numbers in exponential form which follow are the com- "
plex values for NOLT terms of the Glauert series. Here row num- _
ber represents the order of the term and the columns are alter-
nately tﬁe real and imaginary parts of the terms for heave, pitch
and flap oscillations, in that order from left to right. Thus,
= for flap oscillation the amplitude of the third term in the
| Glauert series is P, = ,24946 + 1.11459. The 1lift and moment
B coefficients for the three cases follow. The R and I suffixes

stand for the real and imaginary parts respectively, while L

p stands for the 1lift, M for quarter chord moment and H for the
hinge moment. The "Comparison with Cornell" is the heave 1lift
coefficient divided by 27 (i.e., the coefficient at zero fre-
1 quency without free surface affects). The last two rows of out-
f § put are a summary of the heave and then pitch output in the

Sl iccaig o —

o b g e e

following order:

CLR, CLI, CMR, CMI, RD, D, NP, NOLT.

s GAER $#Sae 2SN 0 e
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3.6 Wave Sample Problem

For the sample problem utiliging the WAVE program, we have
taken a case with the foil operating at a very high Froude corres-
ponding to a foll speed that is much larger than the wave speed.
Thls condition approximates a foll moving through a stationary
sinusoidal gust. Again the free surface effects have been ignored
(IM and IFF are zero). The program computes values in waves based
upon unlty orbital velocity at the surface. Setting D = @ makes
the amplitude of the sinusoldal upwash at the foll unity. The
wavelength is 15.71 semi-chords while the heading, 0.0, is directly
into the seas. The Froude number is 10*, phase is computed rela-
tive to the upwash at -0.5 (quarter chord), and the flap is 25% of
the chord. The output format is the same as for the flap oscil-
lation, except that the third set of coefficients is for operation
in waves, and the wavelength and the heading are printed out.

3.7 Operation

For a giveh computation the operator must select the values
of NOLT, NP, NFLP, NLE, and NTE. Running time is affected by all
of these parameters, being most sensitive to the first two. The
minimum number of Glauert coefficilents, NOLT, is determined by
the flap size and is critical for accuracy of the flap hinge
moment. For flaps which are shorter than half of the chord, this
minimum value will be

NOLT = 2m/(n-6,).
(rounded up to an interger).

For flaps which are hinged forward of the mid chord NOLT must be
at least three.
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A general rule for NP is that it should be greater than 2 X NOLT,
The numerically integrated functions are fairly smooth and values
of eight for NFLP, NLE, and NTE gave good results. Values up to
thirty-two may be used.

3.8 Results

We have computed the twelve hydrodynamic functions for re-
presentative values of depth and Froude number; the results are
illustrated in Figs. 7 through 18. The functions are plotted
in the complex plane with several values of reduced frequency
indicated on each curve. Phase and amplitude may be found di-
rectly from the plots as the angle and magnitude of the vector
from the origin to the point of interest on the curve.

Figures 8 and 9 show pitch and heave functions for foils
in waves for D = », Strictly speaking, there is no influence of
waves at infinite depth; this notatlon merely means that the
free surface effects have not been included but that the foil
penetrates a sinusoicdal gust. We have compared this solution
with the Sears function [6] and have also compared the functions
for foil motion at infinite depth with Theodorsens function [7].
The agreement 1is within one percent.
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4, CONTROL PROBLEMS
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