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ABSTRAQT

/7}0 provide further capability for prediction and anal-
ysis of hydrofoil hullborne seakeeping, a mathematical model and
computer program have been developed to predict roll, sway and
yaw motions of hullborne hydrofoil ships in beam seas. Predic-
tions agree well with towing tank data for a 1:20-scale model
of the PHM hydrofoil craft.A?/



SOMMAITRE

Afin d'accroitre les possibilités de prédiction et
d'analyse de la tenue en mer des navires hydroptéres en flot-
taison sur leur coque, on a créé un modéle mathématique et un
programme d'ordinateur pour prévoir le roulis, le tangage et
1'embardée des navires hydropteres en mers du travers. Les
prédictions s'accordent bien avec les données obtenues dans un
réservoir de remorquage avec un modeéle & 1'échelle de 1/20 de
1'hydroptere PHM. : :
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NOTATION

subscript and superscript referring to aftermost
hull section

added mass coefficient

damping coefficient

stiffness coefficient

lift coefficient

1ift curve slope

flat plate normal force coefficient
strut wave-making damping coefficient
Theodorsen's function

superscript denoting foil contribution
exciting force or moment

metacentric height

superscript denoting hull contribution
rolling moment of inertia

yawing moment of inertia

foil 1ift, also length between perpendiculars
foil yawing moment

foil area

Sear's function

coefficient dependent on flap-chord ratio
ship speed

sectional added mass

sectional wave-making damping

foil span
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C foil mean chord

cp flap effectiveness parameter
fj sectional Froude-Kriloff force
g gravitational acceleration

h foil mean depth

hj sectional diffraction force

k reduced frequency

kw wave number

k¢’kW’ etc. control systems gains

m ship mass

n,, n, y and z components of unit outward normal to hull

p distance from flap hinge line to mid chord % semi-
chord

s X - coordinate of foil mid chord

t time variable

u Qave horizontal orbital velocity

w wave vertical orbital velocity

W component of wave orbital velocity perpendicular

to the foil

X, ¥, 2 coordinate system (Fig. 2)

r foil dihedral angle

o foil angle of attack

B flap deflection

§ rudder deflection

¢j two-dimensional section potential

VY

wave amplitude

Y

8 flap control system damping ratio
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LL)B

[$V)

4§

rudder control system damping ratio

wave elevation

sway displacement

roll angle

roll amplitude

yaw angle

variable of integration in longitudinal direction
density of water

frequency of encounter. ( = wave frequency for beam
sea)

flap control system natural frequency

rudder control system natural frequency
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1. INTRODUCTION

Although hydrofoil ships will spend some of their op-
erational time in the displacement condition, little attention
has been paid to the theoretical analysis of hullborne hydro-
foil seakeeping until recently. Indeed, Ref. 1, which treats
pitch and heave motions in head seas, appears to be the first
published work to address this problem. The present report
describes a mathematical model to predict roll, sway and yaw
motions of hullborne hydrofoil ships in beam seas; also in-
cluded is a computer program which applies to craft with fully
submerged foil systems arranged in either a canard or airplane
configuration. This work is thus a logical extension of Ref.l
and together they furnish computerized procedures for predic-
ting hullborne hydrofoil motions in the five major degrees of
freedom. Further, these programs are applicable to a wide
range of hull and foil configurations.

As in Ref. 1, hull exciting forces, added mass, and
damping are computed by the usual means of strip theory, and
upon these are superposed linearized hydrofoil terms. Predic~
tions agree well with towing tank data for a 1:20-scale model
of the PHM hydrofoil craft. However, because of the limited
scope of the test results, one should not base general conclu-
sions on this comparison.

2.  MATHEMATICAL MODEL

The mathematical model is obtained by adding lin-
earized hydrofoil terms to the strip theory of Ref. 2. The
most important assumptions and restrictions are:

(1) Ship response is a linear function of
wave excitation.

(2) Ship length is much greater than either
beam or draft.

(3) The hull does not develop appreciable
planing lift.

(4) All viscous effects are negligible ex-
cept for zero speed foil and strut
damping.

(5) Hull-foil interaction is negligible.

In applying strip theory to a displacement hull, (1)
to (3) are normally assumed, but (4) is changed to "all viscous
effects other than roll damping are negligible'", and the effect



of viscosity on roll damping is included at all speeds. For
hydrofoil ships, however, which do not have bilge keels, hull
viscous damping is always negligible compared with foil and
strut damping. Assumption (5) makes the problem theoretically
tractable by permitting direct superposition of hull and foil
terms.

2.1 EQUATIONS OF MOTION

Consider a hydrofoil ship whose length is signifi-
cantly greater than either its beam or draft and assume that
this ship is travelling at constant speed U along a mean course
at right angles to the direction of propagation of a train of
long-crested regular waves of frequency w (Fig. 1). Let x, v,
z be a right-handed orthogonal coordinate system fixed with
respect to the mean position of the ship with the origin at
the mean position of the centre of gravity. The positive x-axis
points forward in the direction of motion, the positive y-axis
to port, and the positive z-axis vertically upward (Fig. 2).
Denote sway by nz, roll by n4, and yaw by n6.

The coupled sway, roll and yaw equations are given
below, using the same subscript convention as in Ref. 2. Flap
(B) and rudder (8) equations are also given, with notation
similar to Ref. 1.

Sway:  (Ay,+m)n, +B,,n,+ 24 1 T BNy T Couny, T AT
+B26n6+C26n6 BB+B BB+CZBB+A 66+B266
+C266 =F2 (1)
Rollz  Auoly ¥ Byony + (A, +1 00, +B,,n, +C, n, +4, i
T BueNe T CupNe T A4pR + B, gB +CugB+ A, O+B, O
+0466 =F4 (2)
Yaw: Bgofig ¥ Bgyny + A, Hi, + BeaNy v Couny ¥ (AgetI Mg
+B66n6+c66n6 BB+B BB+C6BB+A666+B666
+C666 =F6 (3)
Fl : U) k + k-' + k + + 2 > + 2 =
ap 2 ( ¢T14 q)ﬂ ¢ ) B ?;B BB wBB 0 (4)
Rudder: -w? (kw 6 + k¢ + kw 6) + 8 + 2C5w § + w?s = 0 (5)

8 $



The A,.'s, B,,'s, C,

's, and Fi's are ascribed the

general form +J +J 13
H F
= A + A
Mg T A T A (&)
where A?j and A;j denote contributions from the hull and foils,

respectively.

H

ignored. Expressions for the Aij’

2.2 HULL COEFFICIENTS

N
1]

etc.

Interaction between hull and foils has been

are given below.

The strip theory used to compute hull coefficients

is obtained from Ref. 2.

2.2.1 Added Mass and Damping

Agz = £a22dg - gzbgz

BN, = /b, ,dE + Ua‘;2

L

Ay = Agp fagq®t - %zbg
Bga } Bgz - £b24d£ + Uaga
Ay = iazzgdg - EZ[XAbgz
Bhe = ibzzgdg + U[XA?§2
AH = fa, 6 dE - szA

ah T 144 2044
Bz4 = £b44d€ + Ua‘Z4
Mg = iazagdg - %Z[XAbga
By = £b24gdg + Ulx,ay,

U A
Agy = fizz‘c’d‘g - L2 %aPoo

szzdg] +

L

{azzdg] + wzb

Since an adequate derivation is
given therein, only the final results are presented here.

u? A
w222
2 A

22

U? A
fb24d€] + 82324
L
fa. ag] + LA
24 w2 24
L ,
+ /b dé]
L2207

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)



B62 = szzgdg + U[an22 + fazzdg] (18)
L L
H U A
A64 = iazAEdg wZ[XAb24 + {bzadg] (195
Y = Sb. £dE + Ulx.ad, + fa. dE] (20)
64 24 A% 24 24
L L
Ho_ 2., U 2. A U’ A
A66 fazzé d& ) X b22 + u)?_[anzz + {azzdg] (21)
H 2 2 A u? A .
B66 {bzzg dg + Uan22 + wZ[XAbZZ + {bzzdg] (22)

The above integrations are over the length of the
ship. In practice, the length of ship is divided into ten or
more sections and the two-dimensional sectional added mass (a)
and wave-making damping (b) computed for each section using,

for example, the Frank close-fit method. a5, and b22 result

a and b44 apply to roll, while Ay, and b24

are due to cross-coupling between sway and roll. Subscript and
superscript A refer to the aftermost section.

from sway motions,

H
Note that B44 contains no hull viscous damping term.

This simplification has been made since extensive calculations
have shown that hull viscous damping is negligible in compari-
son to the viscous effects of the foils and struts.

2.2.2 Hydrostatic Restoring Coefficient

The only hydrostatic restoring coefficient affecting

lateral motions is C44, given by
H P
= A
Chy GM (23)

where A is displacement and GM the metacentric height.

2.2.3 Exciting Force and Moments

H o U A

F2 = pC[i(f2 + hz)dg - lth] (24)
B _ L uA

H o U, .U A

Fe = DCii[E(fz + h,) - i7lde 1wah2} (26)



where C is the amplitude of the incident wave and the integra-
tion is over the length of the hull. fj and hj are the sec—

tional incident and diffraction forces, respectively, given by

£,(6) = & é nyexp(k _z' + ik y)dl | (27)
g

£,(0) = 8 é(yn3 - zn,)exp(k _z' + ik y)dt (28)
g

hZ(C) = W é d)z(in3 - nz)exp(sz' + ikwy)dQ (29)
g

h4(€) = w é ¢4(in3 - nz)exp(sz' + ikwy)dQ (30)
g

The integrations are performed over the submerged hull section.

n, and n, are the y and z components of the unit outward nor-

mal to the hull at (£,y,z). ¢2 and ¢4 are the two-dimensional

section potentials for sway and roll oscillations, respectively.
kw is the wave number, given by

2

w
kw = 2 (31)
' =
and z Z+hCG, (32)
where h is the height of the CG above the waterplane. The

CG
Frank close-fit method may be used to evaluate ¢2 and ¢4.

2.3 FOIL COEFFICIENTS

2.3.1 Nonzero Forward Speed

The foil coefficients are derived in much the same
way as in Ref. 1. We begin by considering a foil of dihedral
angle I' and resolving its lift force L and moment N into sway,
roll and yaw components.

sway force = -Lsinl | (33)
roll moment = L(ycosl + zsinl) (34)
yaw moment = Nsinl (35)

Here, no distinction is made between foils and struts. The fol-
lowing sign convention is adopted for dihedral and anhedral angles:



for a port dihedral foil of angle T r, =r7

'DP’ i DP
for a starboard dihedral foil of angle FDS’ Fi = _FDS
for a port anhedral foil of angle FAP’ Fi = _FAP (36)
for a starboard anhedral foil of angle FAS’ Fi = FAS

Denote by Ld and Nd the 1ift and moment acting on a

foil as a result of swaying, yawing and rolling motions. Then,
from Ref. 1, equation (21),

Ld = LNC+LC (37)

where the subscript NC denotes noncirculatory and C circulatory.
In equations (23) and (24) of Ref. 1, we substitute

-7

2sinI‘ + (ycosl + zsinF)ﬁ4 for z

n,sinl’ for 6

6
and obtain -
= E_ 2 . _ s . .
LNC ﬂpb(z) [(sn6 Uneolnr-kn231nF
—(ycosF+—zsinF)ﬁ4] (38)
1 AN ;
Lo = szSCLaC(k)[{(s 4)n6 Un6}31nr
. . . . oL
+n231nF-(ycosT-F281nF)n4] _th(k)yn4 (39)

where the last term in (39) has been obtained by intuitive
analogy with the last term of equation (24) in Ref. 1.

Similarly, from equation (22) of Ref. 1
_ _ _mpbe®sinl - [
Ng = “Lyes - L.x 6 (UNg T 3Mg) (40)

Consider now the foil exciting force and moment and
denote by L _ and N the 1lift and moment due to wave action on

W W
the foil. Then from equations (38) and (39) of Ref. 1,
1 ., 0L
Lw = szSCLuSe(k)wi-ahC(k)n (41)
Nw = —wa (42)



where n is wave elevation at mid-chord and % the component of
wave orbital velocity acting perpendicular to the foil:

~
w =

w

cosl 4+ usinl

(43)

where w is the vertical component and u the horizontal compo-

nent. u is regarded as positive in the direction of propaga-
tion of the seaway. For beam waves,
-k h ik vy
u=we " e " (44)
-k h ikwy
w = iwe e (45)
ik y
n=e " (46)

where kw is wave number.

Substitution of equations (37) to (46) into (33) to

(35) yields the foil coefficients listed below.

over all foil and strut elements.

ﬂpr(%)zsinZT

1 ;o2
ZDUZSCde(k)Sln T

AZZ = —ﬂpr(%)zsinF(ycosF-FzsinF)
¥ = —Louzsc. c(k) sinl( I+ zsinl)
42 5P La ) sinl' (ycos zsin
aC
-20U%TS ?ﬁ%C(k)ysinF
AF =7 Zb(g)zss' 2r
62 Peb iy in
in? cy2 . 1 _c
pUZsin T[—ﬂb(z) -FZSCLQC(k)(S 4)]

_l 2 . 2
2pU ZSCLQC(k)51n T

9C
L
5n ¢ (k)

-kyh

+C. S (k)we v (sinl + icosT) ]
Lo e

ﬂQZb(%)z(yCOSF'+ZSinF)2

iky,y
—%pUZSe WY sinT [U

Summation

is

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)



F 1

- = al . 2 -
844 = 2pUZSCLuC(k)(ycosI+251n1") (57)
aC
F — 1—_ 2 L . oo
C44 = sz ZS—gﬁ—C(k)y(ycosf-+251nf) {(58)
AY = AT - a0 (S)2ssinT (yeosT + zsinl) (59)
46 64 2 '
F . C\2
B46 = pUZsinF(ycosF~+251nF)[ﬂb(§)
1 c
—ZSCLaC(k)(s-Z)] (60)
cf = Lou2rsc, c(k)sinT (ycosl + zsinl) (61)
46 2 Lo :
ik, y BCL
FZ = %pUZSe v (ycosF+—zsinF)[U3h C (k)
—kwh
+C. S (k)e w(sinl + icosl')] (62)
La e
Y = Lourxsc, c(k)sin?T (63)
62 2 Lo
BF =-lQUZXS C(k)sinl(ycosI' + zsinl) (64)
64 2 CLa
F _ -—]:— 2 BCL . T
C64 = sz ZxS—gH—C(k) ysinl (65)
F _ 2 C\2 bCu . 2
A66 = mpiis b(2) -F128]51n T (66)
Foo_ _ cy2 o 1 _Cyoin2
B66 = pUZ| Wb(z) -+2xSCLaC(k)](s 4)51n T (67)
cf = _Lou2zxsc, c(k)sin?T (68)
66 2 Lo
F _ 1 ikgy | 9Cy,
F6 = —ZpUZxSe 31nI'[Uah C(k)
-~k h
+-CLaSe(k)we (sinl' + icosT)] (69)

The flap coefficients are obtained by using equations
(50) to (53) of Ref. 1 to evaluate the 1lift and moment due to
deflecting a flap through angle B (Fig. 3). Resolution of this
force and moment via equations (33) to (35) results in the flap
terms given below.



C

- _ Fys .
A28 = ZDbFTl( 2) sinT (70)
B - - Loup (T L C(k) Ysinl (71)
28 T T 2PUPECrY Y, T ow MLa T ,)sin :

— 2
CZB = pU bFCFCLaC(k)eBSinF (72)
A = 20b_T (52)3(y cosI' + z_sinl) (73)
48 F1'2 F F
B = foUb_c2(T, - = ¢C. C(k)T.)(y.cosT +z_sinl) (74)
4R 2 F'F "4 27 Lo Tll F F

- _op2 :
048 = -pU chFCLaC(k)eB(chosF-PzF31nF) (75)
A = A s+ 20b (-E)*(T_ +pT.)sinl (76)
68 28 Pbpis 77 Ph
B = LoUub_c2sinlT[-T,s +—=C. C(K)T,.x
68 2 F°F 4 21 Lo 11

_CFip g 1 -
5 (T1 = Tg = PT, +35Ty4)] (77)

C = C..x - 200%b_(SEy2(T, + 7T, )sinT (78)
68 28 F' 47 10

where p is the distance from the flap hinge line to mid-chord
divided by the semi-chord (see Fig. 3). eB is the flap effec-

tiveness parameter. The Ti's are given in Ref. 1. The con-

tribution from both port and starboard flaps has been summed in
the above equations. Vg and Zp apply to the port flap, and B

is positive for port flap down.
Consider now the rudder. Side force due to rudder

deflection may be calculated by substituting 6 for ¢ and - <
for s in equations (23) and (24) of Ref. 1. Then &

- Cy2(_C% _yiy+ L _Cs
LR —-Tpr(z) ( 46 U6)+2pUSCLOLC(k)( 26 us) (79)

where LR is rudder side force, assumed positive when acting in

the negative y-direction in keeping with our convention regard-
ing dihedral angles. Rudder moment is given by



B _C_2 S.. . —1— _9'
NR = npb(z) s(4 64—U6)+-20USCLaC(k)x (26-+U6)

s .
¢ yé 48
--Tpr'l—g(Ué'i‘ 3 ) (80)

Substitution of (79) and (80) into (33) to (35) yields
the rudder terms.

3

CR \

Ays = ~TPbRr T (81)
CR 8

BZ(S = —QUSRT(TT'*CLO‘C(R)). (82)

C = —-lpUZS C. C(k) (83)

28 2 R Lo

Aus = “Aos?R v | (84)

Bys = “BasZp (85)

Chs = ~Cr5% (86)
CRl+ 8

Ags = BysSp T TPbp 1373 (87)

_ CR R
B66 = —pUSR—Z— (ﬂ[SR— -4—] + CLOLC(k)xR) | (88)
Ces = Cos*r (89)

2.3.2 Zero Forward Speed

At zero forward speed, viscous drag forces opposing
lateral motions act on the foils. By regarding the foils as
oscillating flat plates and equating the energy dissipated by
the non-linear viscous effect during one cycle to that dissi-
pated by a linear damping term, we obtain the following viscous
roll damping coefficient:

pf - A e 7 ( 2+z2)3/2 SC sino (90)
44 = 3PP n

where ﬁ4 is roll amplitude and Cn is the normal-force coefficient

for a flat plate tilted at angle o to the flow. From Ref. 3,

10



0.0467c a < 40°
c_ = (91)
1.17 a > 40°

and from geometrical considerations

| y/z + tanl | (92)

tant 1-(y/z)tanT

Similar equations may be derived for the other foil
damping terms, but these are much less significant than the
viscous roll damping term. Equations are given below for B22

and BF .
66
| BF - N w rSC sina (93)
22 T 3q PNy adb,Sin
P4 s
Beo = 3 pwnZZSCn|s| sina (94)
where ﬁz and ﬁ6 are sway and yaw amplitudes, and
a = |T] (95)

2.3.3 Strut Wave~Making Damping

A strut in or near the free surface will generate
waves when oscillated laterally. The resultant damping terms
due to wave-making affect roll significantly at low speeds.
For a vertical strut, the sway wave-making damping term is

W - 2
B22 2pwb ch » (96)
w?b
where Cw is a function of z A curve obtained using the

Frank close-fit method is given in Fig. 4.

Roll and yaw wave-making damping terms are obtained

by multiplying Bw by the appropriate foil coordinates.

22

11



3, COMPUTER PROGRAM

Based on the foregoing mathematical model, a computer
program has been developed to predict hullborne hydrofoil lat-
eral motions in beam seas. A program listing is given in the
Appendix, together with detailed descriptions of input and out-
put. Note that since hull viscous damping is neglected, this
program applies only to the "foils down" case. A further
restriction is that the foil system must be of the fully sub-
merged type and either canard or airplane in configuration,
i.e. one foil unit in an inverted T while the other is either
an inverted T or two inverted T's. Full details are given in
the Appendix.

b, COMPARISON OF THEORY WITH EXPERIMENT

The Davidson Laboratory has recently measured wave-
induced motions for a 1:20-scale model of the 220-ton PHM
hydrofoil craft during hullborne operation in sea states 3 and
5 (Ref. 4). Representative wave height spectra, as measured
during the tests, are shown in Fig. 5 for the full-scale
craftet.

Unfortunately, Ref. 4 gives rather scanty lateral
motion data because of towing tank test restrictions. The only
useful frequency response measurements are for beam sea rolling
at zero speed (Fig. 6). Root mean square roll, yaw rate, and
lateral acceleration were measured across the speed range in
sea state 3 (Fig. 7), but the rather academic nature of this
spectrum (Fig. 5) does not permit generalizations based on
these results, since little or no seaway energy is present in
the frequency range of greatest interest (.3 to 1.5 rad/sec).

Fig. 6 shows generally satisfactory agreement between
computed and measured beam sea roll response at zero speed. One
may reasonably conclude from this comparison that hove-to roll-
ing predictions should be satisfactory.

Predicted and measured beam sea root mean square lat-
eral motions are compared in Fig. 7. Agreement is satisfactory
but, as mentioned above, because of the peculiar nature of the
seaway spectrum, one cannot base general conclusions on this
comparison.



5. CONCLUDING REMARKS

Although, as demonstrated above, predictions agree
well with the measurements available, the latter are not suf-
ficiently extensive to permit meaningful assessment of the
general reliability of predictions. Onemay reasonably expect,
however, that hove-to rolling predictions should be satisfac-
tory as indicated by the agreement between limited experimental
data and predictions.

Computational experience has shown that the foils and
struts dominate hullborne lateral motions, even at zero speed,
and this dominance becomes more pronounced with increasing
speed. Foil system damping completely swamps hull damping, and
at nonzero speeds the dominant forcing function arises from
action of the horizontal component of wave orbital velocity on
the struts. Further, the control system is effective in reduc-
ing roll angles, particularly for full-scale speeds in excess
of 10 knots.

The present work and Ref. 1 together furnish comput-
erized procedures for predicting hullborne hydrofoil motions
in the five major degrees of freedom. However, the present
work applies to beam seas and Ref. 1 to head seas. Work is in
progress to synthesize the two and produce a computer program
which will predict motions in five degrees of freedom at
arbitrary headings to the sea.

13



SEA
DIRECTION

E > DIRECTION OF

SHiIP ADVANCE

FIG I SHIP AND SEA DIRECTIONS

VAN VAN

z 773 173 Z
7’2 /‘ 774 /\ 775 77‘
U’ G _ _Y ¥ X

AN

n, 1Y
A“X")b X

G _J

FIG 2 AXI1S SYSTEM

14



: F_‘ c/2 #«*}-pc/z —-1 L
\\WB

FIG 3 IDEALIZED FLAPPED HYDROFOIL

2.0
| !
-~ T~
/ ~
/ ~
3 ~
SEKIS / N -
/ ) ~
~
/ ~
/ ~
/
/
/
/
/
/
7/
7/
< | ]
o] 0.5 t.0
w?b

FIG 4 STRUT WAVE - MAKING DAMPING COEFFICIENT

15

)



(FT2/(RAD/SEC))

SPECTRAL DENSITY

o

@

B FH/ = IO'
x 3
[ T = 7SEC
" /x A B,/a 4.5
- X, _
e \ T 4.4 SEC
_ X
%
\&%
S x \
A
A
A
X A/\ A
;X %%
TAYN
A‘ .
l ’4 l ‘AMAM‘“
0.5 1.0 1.5 2.0
w (RAD/SEC)

FIGS REPRESENTATIVE WAVE SPECTRA

16




ROLL (DEG/FT)

N

! i

COMPUTED _ -
X MODEL TEST, SS5
A MODEL TEST, SS 3

A

XX

w (RAD/ SEC)

FIG 6 BEAM SEA ROLL RESPONSE, O KT

17



c)

i

G/S

-
(DE

YAW RATE

ACC{

LATERAL

I ] I

2 - -]

x\_

Ve X X x -
o 1 ] |
I ] ]

0.2 I~ —]

X
X X

O.l - -
0 { ] |
] ] i

0.08 :— ]

X
X X

0.04 |— —]

| ] ]
0 5 10 15 20
) SPEED (KT)
- FIG 7 ‘

RMS LATERAL MOTIONS IN BEAM SEA STATE 3

18



BOW OR TAIL FOIL UNIT

\

MAIN FOIL UNIT (2 STRUTS)

\

MAIN FOIL UNIT (3 STRUTS)

FIG8 SIMPLIFIED SKETCH OF FOIL UNITS

19



0 OBTAINED BY AVERAGING WAVE. PERIODS
-4|N ONE METRE WAVE HEIGHT BANDS

TSEA = 773 4+ 0114 HSEA

! | ! I

—

-

&1}
S

15 20
HSEA (FT)

nN
(4]

FIG S TSEA vs HSEA

20

30



LOAD WATERLINE

3

N

BASELINE

FIG 10 STATION OFFSETS

21



\ / WATERLINE

H(S)

B(5)

GAM (3) 7]
‘1

I B(3) »J

BOW FOIL UNIT

H(4)

GAM (4)

OUTBOARD TIP
[— ]
_ef |
— !
A M
G v (')/ GAM(Z)
l B(1) ,’ B(2) 4 Y(4) J
= il 1

MAIN FOIL UNIT

FIG I FOIL SYSTEM INPUTS

22



L

|

FIG 12

0.

| 0.2 0.3
FLAP /CHCRD RATIO

FLAP EFFECTIVENESS

23



REFERENCES

1. Schmitke, R. T.: Prediction of Pitch and Heave Motions of
Hullborne Hydrofoil Vessels. DREA Report 74/2, January 1974,

2. Salvesen, N.; Tuck, E. 0., and Faltinsen, O.: Ship Motions
and Sea Loads. Trans. SNAME, Vol. 78, 1970.

3. Hoerner, S. F.: Fluid Dynamic Drag. Published by the
author, 1958.

4. Henry, C. J.: PHM Hullborne Wave Tests. Davidson Labora-
tory Report SIT-DL-74-1759, 1974.

5. Miles, M.: Wave Spectra Estimated from a Stratified Sample
of 323 North Atlantic Wave Records. NRC Report LTR-SH-118A,
May 1972.

6. Gospodnetic, D., and Miles, M.: Some Aspects of the Aver-

age Shape of Wave Spectra at Station 'India' (59°N, 19°W).
International Symposium on the Dynamics of Marine Vehicles
and Structures in Waves, London, April 1974.

24



APPENDIX

COMPUTER PROGRAM DETAILS

The computer program applies to a hydrofoil shipwith
a fully submerged foil system of either a canard or airplane
configuration. The main foil is an inverted m (Fig. 8), while
the bow foil (canard configuration) or tail foil (airplane con-
figuration) is an inverted T. Specification of a third strut
on the main foil unit is an optional input; another option is
to split the main foil into two T's. The bow (or tail) foil
also acts as the ship's rudder, and the flaps for roll control
are on the outboard tips of the main lifting foil.

A, INPUT DESCRIPTION

(a) ONE CARD, FORMAT (8F10.4)

U speed (kt)

EL length between perpendiculars (ft)

HCG height of CG above waterplane (ft)

XCG distance from CG to forward perpendicular (ft)
RRG roll radius of gyration % EL '
YRG yaw radius of gyration + EL

DISP displacement (tons)

RHO fluid density (slug/ft?)

(b) ONE CARD (12,2F10.3)

NFR number of frequencies at which responses are to be
calculated

FR1 lowest frequency (rad/sec)

DFR increment in frequency (rad/sec)

Notes (1) If computing motions in irregular seas with

U > 0, set NFR=18, FR1=.3, and DFR=.,1. 1If U=0, it
may be necessary to set DFR=.05.

(c) ONE CARD (213)

NSEA number of sea states (maximum of 10)

NPOS number of positions at which swaying motions in
irregular seas are to be computed (maximum of 10)

Note (1) If motions in irregular waves are not desired,

use a blank card for (c).

(2) 1If NSEA=0, ignore data cards (d) and (e). If

NSEA > 0, but NP0OS=0, ignore data card (e).

[¢7]
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(d) NSEA CARDS (2F10.4)

HSW (I
TSW(I

Notes

) significant wave height (ft)
) energy—-averaged wave period (sec)

(1) Fig. 9, obtained using the data of Ref. 5, is
offered as a guide to the variation of TSEA with HSEA.
Caution should be exercised in applying this curve,
however, since considerable variation of wave period
with significant wave height is exhibited by natural
seaways (see, for example, Fig. 1 in Ref. 6).

(e) NPOS CARDS (2F10.4)

XPOS (

(£)

1) X - cobrdinate of position I (stations aft of FP)
z -~ coordinate of position I (ft above CG)

ONE CARD (F10.4)

GMIN

Notes

(g)
FIAV
YAWAV
SWAYA

Notes

(h)
NST

Notes

metacentric height (ft)

(1) If metacentric height is not specified on input,
(i.e. GMIN=0), the program will use a value computed
from the offset data. This GM is not, however, cor-
rected for internal free surfaces.

ONE CARD (3F10.4)

expected roll amplitude (deg)
expected yaw amplitude (deg)
v expected sway amplitude (ft)

(1) These data are only required for U=0. For U > 0,
use a blank card.

(2) When computing motions in irregular seas, set
these inputs equal to 1.25 times the expected root
mean square values.

ONE CARD (12)

number of stations for which offsets are input

(1) The program assumes a 20-station hull representa-
tion, with station 0 at the forward perpendicular and
station 20 at the transom.

(2) The maximum value of NST is 25. However, since
the foil system dominates lateral response, in the
interest of computational efficiency it is generally
desirable to use no more than 10 stations to define
the hull. These should, however, be equally spaced
and include the transom.

(3) One each of data cards (i), (j) and (k) is re-
quired for each of the NST stations.
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(i) ONE

CARD (F10.3)

vXA(I)

(j) ONE

station number

CARD (8F10.4)

YA(I,J)

(k) ONE

J=1, 8 horizontal offsets of stationm I (ft)

CARD (8F10.4)

ZA(I,J)

Notes

(1) ONE

J=1, 8 vertical offsets of station I (ft)

(1) Exactly 8 offset points must be specified for
each station.

(2) 'The first point is at the intersection of the
centerline with the station contour while the eighth
point is at the intersection of the load waterline
with the station contour (see Fig. 10).

(3) The vertical offsets are input as heights above
hull baseline (waterline zero).

(4) The points and the straight lines between them
should provide a good geometric description of the

.station shape.

CARD (TI1)

NSTRUT

number of struts on main foil unit (2 or 3)

(m) NSTRUT + 3 CARDS (8F10.4)

GAM(I)
SWEEP (I)
ALF(I)
B(I)
CR(I)
CE(I)
TC(I)

Notes

~.input dihedral angle (deg)

quarter—-chord sweep angle (deg)
angle~of-attack relative to zero lift (deg)
span (ft)

. root chord (ft)

tip chord (ft)
thickness/chord ratio

(1) The number system is shown in Fig. 11.

No. 1 - main foil outboard tip

No. 2 - main foil inboard span

No. 3 - bow lifting foil

No. 4 - main foil outboard strut

No. 5 - bow foil strut

No. 6 - main foil centre strut (if present)
(2) The method of inputting dihedral angles is
shown in Fig. 11. These angles are converted to the

conventional form (equation (36)) internally.
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(n) ONE

CARD (5F10.4)

X(4)
Y (4)
H(4)
X(5)
H(5)

Notes

(o) ONE

main foil strut x -~ coordinate (ft)

distance from main foil strut tip to centre line (ft)
depth of main foil strut root (ft)

bow foil strut x - coordinate (ft)

bow foil strut root depth (ft)

(1) Strut X - coordinates are measured from the quarter-
chord line to the CG. X(4) is negative, X(5) is posi-
tive.

(2) Y(4) and H(4) are shown in Fig. 11. For the par-
ticular case shown, Y(4)=B(2). If Y(4) > horizontally
projected value of B(2), the main foil is assumed to
be split.

(3) Strut tips are taken to be at the intersection

of the struts with the lifting foils (i.e. project

the foils and struts through the intersection pods).

CARD (5F10.4)

BF
PF
EFF
WF
ZETF

Notes

(p) ONE

flap span (ft)

distance from hinge line to mid-chord + semi-chord
flap effectiveness

flap control system natural frequency (rad/sec)
flap control system damping ratio

(1) The flap is assumed to extend to the tip of foil
No. 1 (Fig. 11). ,

(2) Flap effectiveness 1is plotted against flap-chord
ratio in Fig. 12. Note that this plot is based on
aerodynamic data and that considerable doubt exists
as to whether flaps are as effective in water as they
are in air.

CARD (2F10.4)

WR
ZETR

Notes

(q) ONE

rudder control system natural frequency (rad/sec)
rudder control system damping ratio

(1) It is assumed that the bow foil is the rudder.

CARD (3F10.4)

QFDD
QFD
QF

(r) ONE

roll acceleration gain (sec?)
roll velocity gain (sec)
roll gain

CARD (3F10.4)

QRDD
QRD
' OR

yvaw acceleration gain’(secz)
yvaw velocity gain (sec)
yaw gain
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B. SAMPLE INPUT

A sample case of FHROLL input data is given on the
following page for a hypothetical 400-ton hydrofoil ship at
a speed of 10 knots. Note that the hull is trimmed up 1%°
and that offsets are given in local section coordinates, i.e.
the first point is (0,0) for all stations.
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o SAMPLE OUTPUT

A sample case of FHROLL output is given below. This
output results from the above input data and is fairly self-
explanatory. Running time is about 100 seconds on a CDC-6400.

The first three pages of output are basicallya listing
of input data. On the next page are the principal coefficients
of the roll equation; at each frequency the foil coefficients
form the first line, with the hull coefficients immediately
below.

Sway, roll and yaw transfer functions are then listed,
with phases relative to wave elevation at the CG. The final
three pages give root mean square values of roll, yaw, flap
angle and sway in the three specified sea states; also output
are absolute motions at the locations specified. The quad-
ratic regression spectrum of Ref. 6, obtained by analyzing 295
wave spectra measured at station 'India' in the North Atlantic
(59°N, 19°W), is used in the irregular sea computations.
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RCCT MEAN SGUARES TR S8 STATe 4

FOLL AnG YAW

DISPLACEMENT VELUCITY

DEG Lt G/SEC

RULL 2.379 labl4
Y Aw 392 265
FLAY 3. 322 »2’902

SwAY AT POSITION INDICATED

DISPLACEMENT VELOCITY
FT FT/SEC
Co leba6 977
Delsl=1040 . lat9s 1.048
500022 9.0 1a547 C1.069
10.0ed= &0 1.628 1ell6
I5.0el2 740 1733 1e169
U0 dz 640 L.AY54 1.c43
L0eheZ= 1.0 1.419 L W966
10409221540 1859 ‘ Le2Th
L0w0eL22240 2.105 : 1.4t 3
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HeUWU

ACCELERATIUN

DEG/SECH=,

1473

.19

ACCELERATION

FT/SEC##2

B8

975

« 934

« 959

«825

le106

le2h2

TStA



HLUT MEAN SQUARES IN SEA STATE S5

ROLL AND YAW

CISPLACEMENT velLUCITY
DEG VEG/SEC
ROLL ) 3e 054 2el 00O
YAw «50H «335
FLAP 4,167 3.5H6

SWAY AT POSITLION INDICATEU

DISPLACEMENT VELOCLTY
F 1 FT/SEC
c6 {.%R3 1237
0e0el=1040 1.930 1.317
HYelle/= 9,40 o005 1e349
10e0od= B0 cellb 1a405
15.094= 7.0 2.258 1 e4B3
2he0sl= 6,0 Cet?Pb 1579
loeDed= 1.0 l.b44 le22e
10.002=1%.0 Ze415 1.608
10e0el=r2a0) . 7137 leti25
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10.00

TSEA

ACCELERATION

DEG/SECH®2
1.871
272

44,352

ACCELERATION

FT/SEC#%2

1.028

l.144

14157



ROOT MEAN SQUARES IN SEA STATE 5

ROLL AND YAwW

DISPLACEMENT VELOCITY
DEG. DEG/SEC
ROLL 3.734 2.511
YAW L628 e404
FLAP 4.9864 “e215
SWAY AT POSITION INDICATED
DISPLACEMENT VELOCITY
FT o FT/SEC
c6 2.338 1.497
0609221040 2.378 1.582
5.002% 9.0 2.478 1.624
10.0+2= 840 2.622 1.696
15.042= 740 2.802 1.754
20.092=