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ABSTRACT

An investigation Is made to determine desirable sizes and longitudinal

locations of foils to provide vertical plane stability for a 2000-ton

Hydrofoil Small Waterplane Area Ship (HYSWAS). After determination of

the foil size and locations, the motion of the ship in regular head

waves is computed and the probable range of the rate of foil deflectlons

for the control of heave and pitch motion Is examined.

With in the scope of this analysis , it Is found that a proper selection

of size and location of foils wil l provide the vertical-plane stability

up to 50 knots and that the required foil deflect ion rates are copsidered

to be pract i cal.

• ADMINISTRAT IVE INFORMATION

This work was performed at the request (Memorandum Code 1170:JRM:gg,

dated 29 August 1975) of the Advanced Concept Of f~ce of the Systems

Development Department of the David W. Taylor Naval Ship Research and

Development Center (DTNSRDC). The funding was provided under work unit

1170-092, supported by Naval Sea Systems Comsand (NAVSEA ) Task Area

SF 43—41-1201 . 



I NTRODUCTION

The Hydrofoil Sma l l  Waterp l ane Area Shi p (HYSWAS) consists of

slen der submerged main hu l l  which is a body of revolu t ion , a p lane

like vertical strut , and an upper hull above the water wh i ch is a

wide platform . There are wing-like hydrofoils attached to the sub-

merged hull at two different longitud i na l locations. These hydro—

foils provide the necessary lift and control of the motion in both

calm and rough water. A sketch of a typical HYSWAS configuration is

gi ven in Figure 1. The concept of the HYSWAS configuration was

developed at the Center.*

The objective of the present study was to examine a variety of

foil systems and to determine the desirable long itudina l locat ions

of the foils to provide:

1. suffIcient vert i cal plane stability up to a maximum speed of

• 

- 
5O knots,

2. sufficient controllability of the heave and pitch motion In

waves, and 
-

• 3. min Imum excitation in ~ i t~h~when--the fo i l s  are ac ti va ted

for roll control.

• The size of the foils is dictated by the lift required to be

provided by the foils to meet the design draft of the ship. Thus,

there is not much leeway within which to change the total plane area

of the fo i l system , but the problem of distributing the loads between

the main and secondary foils and of determining the foil longitud inal

locations still remains to be resolved. .

*J R  Meyer described the concept in two Systems Development Department Technical
Notes.
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The investigation of vertical —plane stability of the ship was

carried out for numerous sets of ma in and secondary foils for various

long i tudinal l ocations either in airplane like arrangements or in

canard arrangements.

The analytical method used in this Investigation is similar to

the one used for Smal l Waterplane—Area Twin Hull (SWATH) shi ps by

Lee and Martin .1 This method is based on a stability equation of

fourth-degree polynomials wh ch is derived from the coupled equations

of motion for heave and pitch. In the analysis the foils are assumed

to be stationary.

After the selection of a set of foils and their locations, the

dynamic response of the ship with the foils stationary in regular

head waves was examined and an estimate of the range of the control

rates of the foils to reduce the wave-exci ted motion of the ship was made.

Within the scope of the present analysis , a main foil having an

average chord of 11.9 ft and a semi—span of 35.6 ft located at 105 ft

to 115 ft from the nose of the submerged hull , and a secondary foil having

an average 8.3 ft chord and a semi —span of 16.6 ft located 235 ft from

the nose of the hul l appear to provide adequate vertical plane stability ,

and the required foi l control rates are considered to be practical.

1Lee, C.M. and Martin , H., “Determination of Size of Stabilizing Fins
for Small Waterplane-Area , Twin-Hull Ships,” NSRDC Report 4495 , 19714

3
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A study on the rol l stabilit y was also carried out earlier at the

Center. That work revealed that for dynamic roll stability an active

foil control system Is required. When the foils are activated for the

• control of roll motion, i t can be excpected that a certain amount of

undesi red heave and pitch exci tation could be induced by the foils.

Thus , fur ther study on opt imum aL~tomatic control of the foils should be

made to Insure the stability of the ship in heave, pitch and roll as

well as to provide the desi red control of motion in waves.

ANALYSIS AND DISCUSSIONS

I. Vert i cal—Plane Stability

The hull geometric characteristics of a 2000 ton HYSWAS are gi ven In

Table 1. The first series of investigations was made for a matrix of

fo i l  sets chosen on the basis of:

1. ProvIdin g the required dynamic lift for given speeds,

2. Dividing the required lift load between the main and secondary

foils by the ratios of 70% to 30%, 75% to 25%, 85% to 15% , 90% to 10% and

100* to 0*, and in airplane form or In canard form under the condition

that the total pitch moment contributed by the foils about the long i tudinal

• center of gravity (LCG) of the ship is small.

For three assumed locations of LCG of 123 ft, 125 ft, and 127 ft from

the nose of the lower hu l l , nine sets of foils for each LCG were

considered. The dimensions and locations of these foils were provided

by the sponsor an d are shown in Tab le 2*. None of the foils for the 123

ft LCG showed sufficient stability for speeds up to 50 knots, and most of

them were unstable even at 30 knots. Stability Imp roved with movement of

* J.R. Meyer provided the data .

4 
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LCG aft to 125 ft and 127 ft; however, the stability was still considered

to be insufficient. The prime reason for the Instability came f rom the fact

that the longitudinal locations of- the foils were chosen to counterbalance

the pitch moment about the LCG, and thus , the fo i l s  did not provide

sufficient supplemental ristoring capability to counteract a destabilizing

hydrodynamic p i tch moment due to forward motion which Is of ten refer red

to as Hunk’ s moment.

From this InvestigatIon , i t was found tha t the stab i l ity of the shi p

i s very sensitive to the rel ative distance of the foIls with respect to

the LCG. Thus, a second trial was made for Foil B and Foil E (see Table 2)

which were found to be preferred foil systems based on stability. This

t ime , the locations of Foils B and E were also slightly modified as shown

In Table 3. The position of the LCG was changed from 125 ft from the nose

of the hul l to 127 ft and 129 ft respectively. The results are shown in

Figure 2 in which the lowest absolute values of the rea l parts of the

stability roots, (
~
XR)Mi n~ versus shi p speed are shown for different LCG

locations. The greater
~
the vetue.o.f1.(-XR)Mi fl the greater the stability.

As can be seen f rom Figure 2, Foil E shows better stability than Foil

B, and for both foils the position of LCG at 125 ft aft of the hull nose

shows slightly greater stability. The measure of stability can be better

understood in terms of hal f—decay time T
O/’2)

, wh ich is obta ined by

(1/2) 
~~~~~~~~~ 

.
~Ifl& I 

~ 
“R’Mi

5
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• Thus , for instance we find that

1_ a T~~~~
’2)

~ 
AR! Mm sec

0.09 7.7

0.05 13.9

0.01 
. 

69.3

Suppose that a wave train disturbes the ship at some instant

so that the ship begins to be displaced from its equilibrium

position . If the ship encounters another wave train in a period

less than the half-decay time of the shi p, the ship will be displaced

further from Its equilibrium position. This means that the smaller

the better the chance for the ship to maintain Its equilibrium

pos it ion . Al though Foi l E may provide slightly better stability than

Foil B, the main foil is located a great distance aft of the LCG

(about 45 ft from the LCG) which may cause undesi rable pitch exci tation

when the foils are activated for rol l control.

A third trial was made for Foils B and E by fixing the LCG 125 ft

from the nose of the hull , and by also fixin g the locationsof the

secondary foils while the locations of the main foils were varied.

The resul ts are shown in Figure 3 for Foil B and in Fi gure 4 for Foil

E. The ordinates of Figures 3 and 4 are the absolute val ues of the

real part of the root which , of the four roots, has the least negative

real part. From Figure 3, i t can be seen that the main foil placed

17 ft forward of the LCG appears to be the best location from the -
•

stability viewpoint for Foil B. The best location for the main foi l

6
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for Foi l E appears to be at a distance of 49 ft aft of the LCG. it

Is apparent from Figures 3 and 4 that Fell B has slightly greater

stability than Foil E. Furthermore, for Foil B the location of the

main foil is closer to the LCG wh ich could result in less pitch

moment in case the differential deflection of the foils at each side

of the hull for roll control produces a net lift .

The foregoing i nvesti gation leads to the conclusion that Foil B,

wh i ch has its main foi l 17 ft forward’ of and the secondiry féll 1)0 ft

af t of the LCG , is the best selection of those investigated . However,

i t Is important to note that the analytica l method employed in the

present study is based on estimated lift characteristics of the foils

as well as estimated hydrodynamic coefficients of the non-appended

hull i.e. the hull without the foils. it is almost Impossible at the

present stage to estimate the lift characteristics of the foils , which

are attached to a large body and are influenced by the free surface,

to the degree of accuracy desired in the present study. To acconinodate

the possible errors in the estimation of the lift—curve slopes (C1 
)

of the fo i ls , the stability analysis for Foil B was repeated by

reducing alternately the value of C10 for the fliaiA and secdndáry foI1~
by 15*. An initial estimate of C10 for the foils was made basically

fol lowin g the method g iven by Pi tts, et al 2, and the computed va l ues

were modified to account for the free surface and other unknown effects.

2 Pitts , W.C., Nielsen , J.N., and Kaattari , G., “Lift and Center of
Pressures of Wing-Body-Tail Comb i nations at Subsonic , Transonic,
and Supersonic Speeds,” NACA Report 1307, 1957 

7
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The values of CL of Foil B before the 15% reduction for the

accommodation for possible errors were 4.9 for the main foil and

4.4 for the secondary foil. These va lues are per radian of angle

• of attack of the foils.

The stability results for Foil B with the reduced C~~ are

shown in Fi gures 5 and 6. It can be observed from these figures

that a reduct ion of CLO by 15% for the main and the secondary foils

resul ted In approximately a 15% Increase and 15% decrease respectively,

in the optimum distance of the main foil forward of the LCG. From

these results , It can be deduced that if the val ues of C~~ were to be

increased by 15%, a reverse trend to tha t obtained by decreasin g C~~
by 15%, would occur. At any rate the range of the optimum location of

the main foi l appears to lie between 10 f t and 20 f t forward of the LCG

for the speed range of 30 to 40 knots, and even possibly beyond 40 knots

since the results reveal little effect of speed on the optimum location

of the ma in foil when the ship speed exceeds 30 knots. Hereafter, we

shall desi gnate Foi l B with its main foi l at 17 ft forward of the LCG

as Foil B*. -

As poin ted out ear l ie r , the relative location of the foils with

respect to ICC has a significant effect on the stability of the ship.

in real operation of a ship, it can be expected that the ICC position

would change to a certain extent depending on loadIng conditions.

To exami ne the effect of a shift of the ICC position on stability ,

the position of LCG of the ship wi th Foil B~ was changed from 125 ft

to 123 ft, 127 ft and 129 ft, respectively, and the results are shown

8
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i n FI gure 7. From this figure it can be observed that as the magnitude

of shift of LCG from the 125 ft position increases , the deterioration

of stability also increases in the speed range of 30 to 50 knots.

In the speed range of 20 knots to 25 knots, the draft of the ship

becomes 34 ft. Due to the change of draft in this speed range the

hydrodynamic coefficients of the hull were reeval uated , and with these

inputs the stability analysis was carried out. Following a simi liar

procedure the stability analysis at a speed of 15 knots , at wh i ch the

draft of the ship change~ to 35 ft, was also conducted. In these analyses ,

the foil system assumed was Foil B*. Table 4 s’ows the minimum absolute

va l ues of the stabil ity index for speeds of 15 knots to 50 knots for the

2000 ton HYSWAS with Foil B . The transient characteristics such as

half-decay time , natura l period and damping ratio of the ship with Foil

B are g i ven in Table 5.

2. Dynamic Response in Waves

I.e heave and pitch mot i on exc i ted by regular head waves for the 2000

*ton HYSWAS with Foil B was evaluated by a computer program developed at

the Center. This program computes the heave and pitch motion in regular

head waves at any heading for monohull ships , monohu l l  sh ips wi th asymmetric

cross sections (e.g. Inclined sailing boats), and tw i n hu l l  sh ips such as

catamaran and small waterplane area configurations.

The motion was computed for 30 and 40 knots. The computation inclueds

the effects of foils which are treated as stationary. The results are

shown in Figures 8 and 9. FI gure 8 shows the heave amplitude divided by

the wave amplitude ~nd the pitch amplitude divided by wave slops 
-

(2w times the ratio of the wave amplitude to wave length)

9
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for various wave lengths. The ship length in these figures means

the lower hull length which is 257 ft. Figure 9 shows the amplitude

of the vertical motion of the forward end of the strut with respect

to the free surface elevation beneath it. The numbers shown are

nondimenstiona l values normaljzed by the wave ampl i tude.

To ga in  some phys i ca l measure of these resul ts, let us consider

a wave length of 1800 feet wh i ch is typical for large swells in the

Pacific Ocean near Hawaii. Assume that the wave ampl i tude is about

20 ft. Then, from Fi gure 9, we find that the relative motion amplitude

of the forward end of the strut at wave length/ship length (ilL) • 7.0

is 0.35 x 20 ft • 7 ft. This means that when encountering the abovs

swell at 30 to 40 knots the main hull of the 2000 ton HYSWAS will not

broach the free surface nor will the bottom of the upper hul l (platform)

be subject to wave contact since both the top of the submerged hull

and the bottom of the upper hull exceed 7 feet from the mean free surface

level .

On the other hand , if we assume a wave length of 500 ft and a wave

amplitude of 15 ft, wh i ch could be roughly categorized as Sea State 7, we

find from Fi gure 9 that the relative vertica l motion amplitude at the

forward end of the strut is about 14 ft. in this case, we expect wave

contacts on the bottom of the upper hul l and broaching of the lower hull.

Fi gure 10 shows the vertical acceleration divided by the product of

gravitationa l acceleration and wave amplitude at the forward end of the

10 
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strut , as the LCG and at the aft end of the strut.

If we take again the wave l engths of 1800 ft and 500 ft with the

respective wave amplitudes as used In the foregoing examples, we find

an acceleration of O.l6g for the 1800 ft wave and O.33g for the 500

ft wave at the forward end.of the strut at a ship speed of 30 knots.

Fi gure 11 shows the heave force and pitch moment exerted on the

shi p by the waves for a speed of 30 knots. if we assume the 500 ft

wave with an ampl i tude of 15 ft, the maximum heave force is about

800 tons and the maximum pitch moment is about 31 ,500 tons-ft, since

the c~Is placement of tne ship at 30 knots is approximately 1 ,1+00 tons.

A wave-exci ting pitch moment of 31 ,500 tons-ft is equivalent to the

moment resulting from shifting the ICC of the 2000 ton ship by about

15.8 ft from its original location . if we assume that both foils have

inc i dent-angle control , the required deflec ti on of the foi ls  in the

same direction to counteract the wave—exciting heave force of 800 tons

at the ship speed of 30 knots is obtained as follows:

The necessary deflection angle of the foils in degrees, a, Is

g i ven by
800 x 2240 180

- 

a — 

~ ~
2 (2C

ISICLOI + 2C
2
S
2
C
1~~~

) 

x — —

where p Is the mass density of water, U is the shi p speed , C Is the

average chord , S Is the semispan , C10 the lift—curve slope and the

subscripts 1 and 2 indicate the main foil and the secondary foi l ,

respectively. For p • 1.99 slug/ft3, U • 30 x 1.69 • 50.7 ft/s.c,

C1 — 11.9 ft, S1 
— 35.6, C101 — 4.9, C2 — 8.3 ft , S

2 
— 16.6 ft and

11
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— 4.4, we find that a — 7.5 deg. The rate of deflection,

t , is obtained by & — Te/li 
where Te is the wave encounter period.

For 500 ft wave length at a ship speed of 30 knots in head waves

the encounter period is 4.93 sec. Thus, we have — 6.1 deg/sec.

To counteract a wave—exciting pitch moment of 31 ,500 tons—ft at

this speed the required deflection of the foils in opposing direct ions

is obtained as follows:

— 
31500 x 221+0 180

0 

~ u2 (2C 1S 1c101Z1 + 2CZS2CL~~Z2) 
7

where - and are the longitud i nal distance from the ICC to the

1./4-chord position of the main foil and the secondary foil, respectively.

For Foil B* we have £1 — 17 ft and — 110 ft, hence at a speed of

30 knots, we obtain a — 7.8 deg. The rate of deflection Is 6.3 deg/sec.

Followin g a similar procedure to the above forA— 1800 ft shows that

the respect ive fo i l deflec t ions to coun teract the heave force and p i tch

moment are about 9 deg and 2.4 deg respectively; and the deflection

rates are 7.3 deg/sec and 2.0 deg/sec, respectively.

In pract ice , the sensor for the fo i l  defiec ti ons would be motion of

the ship rather than the wave—exciting forces or moments. Thus, the

above estimate of the necessary foil deflect ions is intended only to

provide some i dea as to the feasibility of foil control . it appears

that with the Foil B* the design of a control system for foils for vertical—

plane motion in waves would be well within practical design limi ts.

12
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V

CONCLUDING R EMARKS

• 
. The fo l lowin g findin gs are made from the present analysis:

I. Relative location of the foils wi th respect to the long i tudinal

cen ter of gravity of the ship is a dominant factor for the vertical—

plane stability.

2. The optimum locations of the foils for the vertical -plane

stability do not appear to change si gnificantly with ship speed..

3. Vertical—plane stability can be mainta i ned, if there Is no

cavi tation or ventilation , up to 50 knots for the 2000-ton HYSWAS by

proper selection of the size and location of the foils. A foil system

wh ich can provide the necessary lift and vert i cal—plane stability has

the followi ng dimensions and locations:

• Foil Average Chord Semi—Span Location*
(ft) (ft) (ft)

Main 11.9 35.6 108

• Secondary 8.3 16.6 235

*Dlstance from the nose of the lower hull

e. Al though a prel iminary analysis of the vertical—plane motion

of the ship in head waves at the fully foil-borne condition is presented

In this report, i t is recommended tha t fur ther inves t i gations be conducted

to assess the relative mer it-of the wave-induced motion characteristics

of the 2000-ton HYSWAS with other types of marine vehIcles for similar

operational requirements.

5. i n real operations of the shi p, It appears that the foils should

be act i vated to control roll motion. Since the present analysis is based

on stationary fo i ls , i t should serve as a guideline for an eventual optimum

system design of automatic foil control .

13
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TABLE )

HULL GEOMETRIC CHARACTERISTI CS

Full Load Displacement 2,000 Long Tons
Design Buoyancy 1,400 Long Tons
Des i gn Fo i l L i f t  • 600 Long Tons
lower Hull Length 257 Feet
Lower Hull Maximum Diameter 15.2 Feet
Strut Length 180 Feet
Strut Maximum Thickness 7.2 Feet
Hull borne Draft 37.3 Feet
Foilborne Draft 24 Feet
Tons per Foot Imers Ion 30 Long Tons
Upper Hull Length 230 Feet
Upper Hull Maximum Beam 75 Feet
Upper Hull Clearance from Foilborne

Waterline 11.3 Feet(At Ch ine)
Upper Hull Celarance from Foilborne

Waterl i ne 13 Feet (At Strut
Centerline)

Longitudina l Center of Buoyancy from
the Nose of lower Hull  123 Feet

Vertical Center of Gravity from Keel 29 Feet
-p

0
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TABLE 2

FOIL GEOMETRY AND LOCATION
(CENTER OF BUOYANCY AT 123 FT IN FOI LBORNE CONDITION) 

• 
-

Lift Max** FOIL LOCATION “C
Foil FoIl Main (N) load SemI* Average Thick- ICC. LCG— ICC—
System Arrangement Secondary(S) Ratio Span Chord ness 123 125 127

ft ft ft ft ft ft

A AI rplane N 70 34.2 11. 4 1 .14 75.0 84.0 93.8
S 30 18.4 9.2 0.92 235.0 235.0 235.0

B Ai rplane N 75 35.6 11.9 0.19 85.7 94.2 103.5
S 25 16.6 8.3 083 235.0 235.0 235.0

C Airplane N 85 38.1 12.1 1.27 103.2 111.0 119.0
S 15 12.6 6.3 0.63 235.0 235.0 235.0

D Canard N 70 31i.2 11 .4 1 .14 163.0 172.0 181.5
S 30 18.4 9.2 0.92 30.0 30.0 30.0

Canard N 75 35.6 11.9 1.19 154.0 162.0 171.2

S 25 16.6 8.3 0.83 30.0 30.0 30.0

F Canard N 85 38.1 12.7 1.27 139.4 147.0 155.0
S 15 12.6 6.3 0.63 30.0 30.0 30.0

G Canard N 90 39.0 13.0 1.30 133.3 141.0 148.2
S 10 10.6 5.3 0.53 30.0 30.0 30.0

H Ai rplane N 90 39.0 13.0 1.30 110.6 118.0 125.5
S 10 10.6 _ 5.3 0.53 235.0 235.0 235.0

J AI rplane N 100 40.9 13.7 1.37 123.0 129.2 136.3
S 0 10.6 5.3 0.53 235.0 235.0 235.0

* Measured from lower hull surface
** Based on 10% th Ickness ratio at average chord stations
‘~*~~ Distance in feet from forward end of lower hul l to foil center of lift

28
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TABLE 3

:‘ LOCAT I ON OF FO IL SYSTEMS B AND E

Foil System Distance from the Nose of Hull (ft)

• Ma in Secondary

B 103.5 235

E 171.2 30

TABLE 4

STABILITY INDICES AND HALF-DECAY
TIME WITH FOIL

Speed (A R)Min 
-

i5 0.21. 2.9
20 0.29 2.4
25 0.25 2.7
30 0.19 3.6
35 0.15 4.5

-

• 

- 40 0.13 5.4
45 0.11 6.3
50 0.10 7.2

TABLE 5
TRANS I ENT CHARACTERISTICS WITH FOIL BC

Half-Decay Time Natural Period Damping Ratio
Speed sec sec
Knots Heave Pitch Heave Pitch Heave Pitch

15 2.9 2.1 27.7 14.2 0.72 0.59
20 2.4 1.5 46.7 18.7 0.91 0.80

• 25 2.7 1.0 107.9 29.7 0.97 0.95
30 3.6 0.8 152.6 39.7 0.98 0.99
35 4.5 0.6 116.5 46.0 0.91. 0.99
40 5.1 0.5 105.6 54.0 0.91 1.00
1s5 6.3 0.5 100.4 67.8 0.87 1.00

• 50 7.2 0.4 97.1 106.6 0.83 1.00
P
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2. DEPARTME NTAL REPOR TS. A SEMIFO RMAL SERIES . CONTAIN INFORMATION OF A PRELIM-
INARY . TEMPORARY 0 OR PROPRIETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE.
THEY CARRY A DEPARTMENTAL ALPHANUMERICAL IDENTIFICATION.

3. TECHNICA L MEMORANDA . AN INFORMAL SERIES . CONTAI N TECHNICAL DOCUM ENTATION
OF LIMIT ED USE AND INTERE ST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN-
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