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RESEARCE MEMORANDUM

A PRELIMINARY INVESTIGATION OF THE STATIC AND
DYNAMIC LONGITUDINAL STABILITY OF A
GRUNBERG HYDROFOIL SYSTEM

By Norman S. Land, Derrill B. Chsambliss,
and William W. Petymis

SUMMARY

A preliminary investigatlon has been made in order to determine
the static and dynamlic longitudinal stability characteristica and the
force characteristics of a Grunberg hydrofoill gystem comprising a main
lifting hydrofoil and planing-surface stabllizers. The tests showed
that a rearward movement of the center of gravity decreased the static
and dynamic stgbility but increased the lift-drag ratio.. In smooth
water, adequate static stability was observed for all conditions tested.
Response to disturbances applied in smooth-water runs showed dynemic
stability. In relstively long waves, the model was statically and
dynamically stable. As the wave length was decreased, oscillations in
trim increased because of bouncing of the stabilizers and the model
tended to upset at rearward positions of the center of gravity.

INTRODUCTION

The use of hydrofoils for the sustentation of water-borne craft
and for landing gear on water-based aircraft is always of interest
because of the relatively high lift-drag ratio obtainable with a sub-
merged hydrofoil in contrast to that attainable with a planing surface.
In addition, less pounding in waves would be expected with a hydrofoil
than with a planing surface. Relatively little research, however, has
been done on the stabllity of hydrofoil systems or on their behavior
in waves.

In order to obtain a better understanding of the influence of
design parameters on the stability and resistance characteristics of
promising hydrofoil systems, a preliminary investigation was made to
determine the static longitudinal stebility, the dynamic stability in
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smooth and rough water, and the force characteristics. An srrangement
known as the Grunberg system was chosen for the investigation, as pre-
vious tests of such a configuration (refs. 1 and 2) indicated relatively
high lift-drag ratios and inherent static stability. The Grunberg sys-
tem is made up of & hydrofoil which is located Just aft of the center

of gravity and supports most of the grosa weight, and a pair of plaening-
surface stabillizers located well forward of the center of gravity.

SYMBOLS
ap slope of hydrofoll 1ift curve
ag slope of planing-stabilizer 1ift curve
b span of hydrofoil, ft
Cg chord of hydrofoil strut, ft
ce chord of hydrofoil, ft
dg vertical distance from center of gravity to point of gpplica-
tion of resultant drag force on hydrofoll sirut, ft
dr vertical distance from center of gravity to center of pressure
of hydrofoil, ft
dg vertical distance from center of gravity 4o center of pressure
of stabilizers, £t
a4 distance from center of gravity to thrust axis, ft
r natural frequency, cps
ip angle of incidence of hydrofoil (measured between chord and
reference line), deg
ig angle of incidence of stabilizers (measured between keel and
reference line), deg
k emplirical coefficient of additional mass
1 horizontal dlstance between centers of pressure of hydrofoil
and stabilizers, ft
1
leg center-of-gravity location, —f-x 100, percent
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horizontal distance between center of gravity and center of
pressure of hydrofoil, ft

horizontal distance between center of gravity and center of
pressure of stabllizers, It

empirical coeffiéient depending on section form, aspect ratio,
and other conditions

dynamic pressure, pV2/2, 1b/sq £t
coefficients in differential equation of motion
damping factor, ratio of actual damping to critical damping

drag coefficient of hydrofoil strut, Da/%pSéVE
drag coefficient of hydrofoil, Df/%pvaz

drag coefficient of hydrofoil at zero 1lift

1ift coefficient of hydrofoil, Lf/%Qva2
1ift coefficient of stabilizers, Ls/%pSsV2

moment coefficlent, Mcg/aSrcr

drag of hydrofoil_stru£, 1b

drag of hydrofoil, 1b

drag of stabilizers, 1lb ‘ R

moment of lnertia of additional mass of water moving with
hydrofoill sbout stern of stabilizers, slug—ft2

moment of inertia of model about center of gravity, slug-ft2
moment of inertia of model sbout stern of stgbilizers, slug-ft2
1ift of hydrofoill, 1b

1ift of stabilizers, 1b

sum of moments about center of gravity, lb-ft
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My additional mass of water moving with hydrofoil, slugs/cu ft

Sg, immersed ares of hydrofoil strut, Pt2

Se area of hydrofoll, sq ft

Sg wetted area of stabilizers, sq ft

T thrust, 1b

v forward speed, fps

W gross load, 1b

X amplitude of oscillation, radians

ap angle of attack of hydrofoil (measured from zero-lift line),
deg

Qg angle of attack of stabilizers, deg

P mass density of water, (1.972 slugs/cu ft)

a8 angular displacement from equilibrium, radians

8 anéular.velocity, radians/sec

] angular acceleratilon, radians/sec2

T trim (angle between reference line and horizontal), deg

DESCRIPTION OF MODEL

The model, designeted Langley tank model 270, consisted of a skele-
ton framework sufficient to mount the hydrofoil, stebilizers, and neces-
sary ballast. No hull or fuselage was provided since, 1n the speed
renge of interest, the hull would be above the free-water surface. Any
effects of a hull or fuselage are beyond the scope of this paper. A
general-arrangement drawing of the model is presented 1In figure 1 and
photographs in flgures 2 and 3.

The gross weight of the model was choasen as 100 pounds, the length
between the quarter-chord point of the hydrofoll and the stern of the
stabilizers as 3.75 feet, and the design top speed as 75 feet per second.
The area of the hydrofoil (0.178 square foot) was that necessary to

'y
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support the total gross load at 75 feet per second, with an arbltrarily
selected 1lift coefficient of 0.1. 1In order to reduce the effect of the
proximity of the free-water surface, the design incidence of the hydro-
foil was such that the tips would be submerged approximately 1 chord at
the top speed. An aspect rgtio of 10 was selected as the highest con-
sistent with structural requirements, resulting in a span of 16 inches
and a chord of 1.6 inches. The hydrofoil was constructed with an NACA
64AL12 section, 10° dihedral, and an unswept rectangular plan form. The
single central supporting strut had a symmetrical circular-arc section,
was slightly tapered in plan form, and had a fineness ratio of 8 at the
hydrofoil. Both the strut and the hydrofoil were made of stainless
steel and were heat-treated. HNo attempt was made to fillet the inter-
section of strut and hydrofoil.

Since the model was to be operated with s constant water-borne load
throughout the speed range, it was known that the angle of atfack of the
hydrofoil and stabllizers would vary with the speed. Observations of a
previous model (ref. 2) showed that this angle-of-attack variation
occurred as a rotation in trim of the model, the center of this rotation .
being located approximately at the stern of the stabllizers. This fact, ,
together with the length of the model and the desired maximum angle of )
attack, determined the minimum length of hydrofoil strut. The maximum
angle of attack was that necessary to support the load at the minimum
speed, which was arbitrarily selected as 25 feet per second.

The stebilizers shown in figure 4 were investigated. One set had i
a length-beam ratio of 3, a transverse stern, and a comstent angle of
dead rise of 20°. The keel and chines were parallel for a distance of
2 beams forward of the stern. During the course of the tests, these
stebilizers were modified to a length-beam ratio of 4 by reducing the
beam to 3.45 inches. These latter stebilizers are shown on the model
in figure 2. The third set of stabilizers had a length-beam ratio of .
8, a sharply pointed stern, and a warped angle of dead rise. These
stabillizers are shown on the model in figure 3. For the dynamic-
stability test, the model was self-propelled with thrust provided by an
electric motor and propeller mounted on the towing staff. The pitching
moment of inertia of the model was varied by redistributing the ballast.

APPARATUS AND PROCEDURE

Unless otherwise stated on figures, the test conditions were:
gross load, 100 pounds; angle of incidence of the hydrofoil, 0°; angle
of incidence of stabilizer, T7.6°. '
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Dynamic-Stability Testa

For the investigation of dynamic stablility, the towing gear was
that generally used for.tests of dynamic models of flying boats. This
apparatus (fig. 1) allows the model to have freedom in trim, rise, and
fore-and-aft position relsiive to the towing carriage.

Dynamic stability in smooth water was investigated at constant
speeds with and without gpplied disturbasncea. One disturbance consisted
of an Increase and sudden removal of an,K increment of load that was suf-
ficient to change the trim approximately 3° from equilibrium. For the
second type of disturbance, the gtabilizers were lifted clear of the
water and then suddenly released.

The dynamic stability in rough water was investigated at constant
speed in oncoming waves approximately 2.5 inches high with wave lengths
renging from 10 to 28 feet. Waves of this height could not be generated
in regular trains with wave lengths shorter than 10 feet. .

For the stability tests, the oscillations of the model in trim and
rise were recorded against time by use of slide-wire pickups in conJunc-
tlon with a recording oscillograph.

Force Tests

For the measurements of resistance, the model was towed free-to-
trim under the msin carriage of tank no. 1. The apparatus and methods
used are described in reference 3. Variables considered were: longl-
tudinal location of the center of gravity, incidence of hydrofoll and
stabllizers, and gross load. A maximum-speed range of 25 to TO feet per
second was Inveatigated. A windscreen in front of the model reduced

aerodynamic tares to a negligible value.

ANALYSIS OF LONGITUDINAL STABILITY

Static Stability

The forces acting upon a Grunberg system are shown in figure 5.
The moment of these forces about the center of gravity is given by

Meg = ~Lelp + Lglg - Dedy - Dgdg - Dgdy - Tdy (1)

cg
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where bow-up moments are considered positive in sign. The assumption

is mede that there are no air or water forces acting on portions of the

craft above the free-water surface other than those of the propeller.

Since the dimensions of the hydrofoil and stabllizers are small com-

pared with their distences from the center of gravity, changes in moment

arm due to center-of-pressure shift are -neglected; therefore, the forces

are considered to be acting from the stern of the stabllizers and the
quarter-chord point of the hydrofoil. The lateral positlion of the sta- .
bilizers and the depth of the hydrofoil are assumed to be such that the .
hydrofoll is not in the wake of the stabllizers. ~

The 1ift of the hydrofoil Ly may be expressed as

Lg = Cp.a8¢ = 852raS¢

The effects of cavitation and depth below the surface on the hydrofoil
forces are neglected, as the deslgn operating conditions were chosen to
minimize such effects.

The 1ift of the planing-surface stabllizers is

Ls = Cr 958 I

" The 1ift curves for a planing surface with dead rise are not straight

lines, as may be seen in figure 6, which shows the 1ift data for a
planing surface with 20° angle of dead rise (derived from ref. L).
These curves mgay be approximated by straight lines, however, with suf-
ficient accuracy over the useful range of trim, so that the equation

Lg = agasqSg

mey be used. It should be noted that the wetted area Sg 1s not a
fixed quantity. Thet 1s, a given load may be supported at a given
speed over a range of angle of attack since the wetited area changes.
This is in contrast to a submerged lifting element with a fixed wetted
area,

-

The drag of e hydrofoll may be expressed as

Df = CpgaSs
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The drag coefficient 1s approximately a functioh of the aquare of the
angle of attack, so that

o .
Df = (CDOf + ma,f )qu

The drag of the stabilizers cannot be as conveniently expressed
mathematically as the other forces on the system. Figure 7 (taken from
ref. 4) shows the lift-drag ratio of a planing surface with a 20° angle
of dead rise. For simplicity, the lift-drag ratio of the stabilizers
is assumed to be constant over the trim range of interest and to have
a value of 5.8. The drag of the stebilizers is then

8758 5.8 o
The strut drag is

The strut drag coefficient will not wvary greatly with attitude as the
only effect of attitude is g small change in the effective fineness
ratio of the section. Therefore, the strut drag is approximated by

Dg = Cpgqcalds - ds)

The assumption is made that the propulsion force T and 1ts moment
around the center of gravity will not vary as the craft is displaced
slightly from an attitude of equilibrium.

Substituting these expressions for the forces in the moment
equation (1),

Mcg = =apupQSele + 850595510 (CD + maf->qsfdf - asasqs d, -
Cpyacalds - dg)da - Tdg (2)
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The angles of attack of the hydrofoil and stabllizers may be related

to the trim of the craft by their angles of incidence. The term 2.8/5"{.3
< is necessarily included in the relation between the trim and hydrofoil
angle of attack and is the angle between the zero-lift line and chord line
of the hydrofoil in radians. Then'

S 2.8
B{cg = —afé- + lf + 57.3>q-sf7'f + &S(T + iS)qSSzB -

) ' .

2.8 1 .

CDof + IELG' + if + 57_.3>]qsfdf - ;8' &B(T + ls)qssds -
Cp,aca(dr - dg)da - Tdt

Ir

Meg = CyaSreer-

the equation can be put in coefficient form:

_ 2.8\ Ss s _
- :afé i Ay R NS 1=
c + + ip + 2'83>2 dr _ Zs T+ is)ss %o
mfT = .= = 2.
Do 7573 |or " 5.8 | R'speg
' c. dp - T
Cp. —= _f_ds dg - . (3)
&¢cr sSp aSgce .
Differentiating with respect to T yields
; dC. ? Sg ¢ d - 2.8 a S 4
_m=-af-é£-+ass—s--c-:§-—2me£‘r+if+ : --LS-S—S-G—s ()
ar g F Cr hig 57.3 5. g f

[
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Therefore,
1 d
Ln_ g2, Bale o, lf _28 558 (5)
dr cp Sf cy cp 5.8 B¢ Cp

It de/dT is negative 1n sign, the system will be statically
stable and the magnitude of de/dT is a measure of the degree of
stabllity.

From equation (5) it may be seen that one importasnt factor
influencing the static stahllity is the longitudinal location of the
center of gravity. A rearwerd movement of the center of gravity
decreases the static stability by increasing the value of the desta-
bilizing term (I1g increases) and decreasing the value of the first
stabilizing term (1f decreases). This conclusion is substantilated by
the pitching-moment curves shown in figure 8 which were obtained from
the test data. The slope of the pitching-mgmqnt curves at the trim
condition (zero pltching moment) decreases as the center of gravity is
moved aft. The model, however, had adequate static stability in smooth
water even with the center of gravity at 95 percent-of the length., It
is believed that the center-of-gravity location will ordinarily be the
moat important factor in determining the static stabllity, but for
completeness the other factors influencing the stability are discussed

in the following paragraphs.

A high slope for the hydrofoil 1iff curve ap relative to that
for the stabilizers ag, 1s desirable for high static stability. BSuch
a difference in slopes will probably be the case unless unusual propor-
tions for the hydrofoil and stabilizers are chosen. For example, the
slope of the 1lift curve for a hydrofoill with an aspect ratio of 10 is
of the order of 0.08 per degree, whereas the slope of the 1lift curve
for a planing surface with 20° angle of dead rise varies from 0.0l %o
0.025 (wetted length-beam ratios of 0.2 and 4, respectively).

The effect of a change in incidence of the stabilizers on the
static stability can be deduced from the second, or unstable, term of
equation (5). TFor a given center-of:gravity location and speed, the
load carried by the stabllizers is fixed within & narrow range and, as

noted before,

Lg = agagqSg
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An increase in angle of attack of the stabilizers ag, accomplished by -
an increase in their incidence, must then result In a decrease in the
product agSg, since Lg and gq were said to be fixed. The decrease
in agSg decreases the value of the destabilizing term and therefore
increases the static stability. The fourth term, a stabilizing one,
would also be decreased in the same ratlo. The effect of this decrease
is insignificant since this fourth term is normally much smaller than
the destabilizing term., It is believed, however, that the over-all
result of a change of incidence of the stabilizers is not large.

By the same reasoning, a change in beam of the stabilizers for a
given angle of attack should have na effect on the stability, since the
product agSg will not change in value.

Examination of the third term of equation (5) shows that the static '
stability is increased by increasing the factor m, the strut length,
and the operating angle of attack. Factor m may be increased by
decreasing the aspect ratio, but this decreases the lift-drag ratio.
An increase in the length of the strut dy would mesn an Iincrease in
its drag. It also may not be deslrable to alter the angle of attack ap,
as it determines the operating lift-drag ratio. )

Dynamic Stébility in Smooth Water

Observations of the behavior of the model subsequent to a disturb-
ance revealed two modes of oscillation. After a sudden load disturbance,
the model returned quickly to equilibrium with only a slight overshoot .
and the stabilizers remained in contact with the water throughout the .
oscillation. Lifting the stabilizers clear of the water and suddenly
releasing them resulted in an oscillation characterized by a bouncing
motion of the stabilizers on the surface of the water. This type of
oscillation required several cycles to damp out completely. A simple .
theoretical analysis of the first type of oscillation is presented in i
succeeding paragraphs. An znalysis of the second type of oacillation '
has not been made and would be difficult because of the discontinuous
force varistion on the stabllizers as they enter and leave the water.

The first type of oscillation is analyzed by examining the equation
of motion of the system. A rotary motion centered on the stern of the
stabilizers was observed in the investigation:of reference 2 and is
assumed to be present for purposes of this analysis. For simplicity,
the thrust and hydrofoil strut drag are assumed to be constant as the ;
system rotates. With the system disturbed through an angle 6 from - |
equilibrium trim, the moments sbout the stern of the stabilizers are
due to the following: : .
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(1) Moment of inertia of the model,
Iy

(2) Additional mass of water moving with hydrofoil,
Y:]

where

MA[EE + (& - ds)fﬂ

kﬁcfsz
L

2
n

My = the additional mass (See ref. 5.)

(3) Lift increment resulting from angular displacement,
fargSel
(4) Drag increment resulting from angular displacement,

ac
Dr
8 ——= ¢S (de - dg)
3 FACE |

(5) Lift increment resulting from the vertical component of angular
velocity,

1
b & egaSel

(6) Dreg increment resulting from the vertical component of angular.
velocity,

&Cp,

51 0z
V dof

aSe(de - dg)
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Since the sum of the moments must be zero

.o e g . 5 pe
IMO + IAG + = apqSell + = ——= gSr(dpr - dg)® + apaSflf +
. v v dop .
dCp
—=£ gSp(dp - 85)0 = O (6)
dovp

‘When terms are collected s

- dc : dc
s D D .
(Iy + )6 + [apl + dmff(df - dsE[% aSp6 + Efz + daff(df - %E,qsfe =0

(7)

This type of differential equation describing the free vibrations of a
system with damping is discussed at length In many texts, such as refer-
ence 6. By substituting for the preceding unwieldy coefficients, the
equation mey be written

X0+ y0 + 26 =0 . (8)

¥ oz

It can be shown that if —5 "3 > 0, the system returns asymptoti-~
hx :

cally to equilibrium. If -y%'- % = 0, the system returns to equilibrium
Lx
in & finite time but with no oscilletion. If ﬁa— - i— < 0, the system
Lx
returns to equilibrium by executing damped oscillations.

As an example, for one test condition the model had the following
values:

ap = 0.082 per degree = 4.70 per radlan (estimated)

chf. : . .

——= = 0.00215 per degree = 0.123 per radian (estimated for equilibrium
trim of the test condition)

JE——
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o~
f

= 3.75 feet

e ~
5 = 0.987 & 1.0

de = 1.35 feet

dg = 1.0 foot

V = 40 Peet per second

S¢ = 0.178 square foot
Iy = 4k glug~feets = Ieg + 2652 + dsz)
kTECfEbp 3 : : :
Iy = L 12 + (dp - ds):l (It will be assumed that k = 1.0.)

2 .
- 1:33x(0:233)" [(3.75)2 + (0.35)§|_

0.525 slug-feet

The use of these values gives:

44,56 + 4706 + 50200 = O

so that the model would be expected to execute damped oscillations. The
damping of these oscillations is defined by s demping factor B, which
is the ratio of the actual damping to the critical damping. Critical
damping is the minimum amount of damping which will result in a non-
oscillatory (deadbeat) return to equilibrium. The damping factor is
expressed by the relation

B=%El§ (9)
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Substitution of the values previously given for the model yields
B =0.50

A somewhat clearer idea of the motion and the significance of so large
a damping factor may be gained by computing the ratio of the amplitude
of the first overshoot (the maximun amount the model swings past equi-
libriur) to the amplitude of the disturbance. This ratio is given by

_ 1B

X _ . V182 ' (10)

X3 . -

where X, signifies the overshoot amplitude and X3 the‘disturbance
amplitude. Substituting the value of B = 0.50 into equation (10)
yields

Eg = 0.16kL
X1

The motion is very highly damped since the amplitude reduces to only
16 percent of the disturbance amplitude in half of the first cycle. The
frequency of these oscillations is ’

1 Jz 2

o 2(1 - B9) (}l)
If the given test quantities are substituted into equation (ll), T is
found to be 1.46 cycles per second, a value which corresponds to & period
of 0.7 second. When the model was operated under the conditions used in
these calculations, the motion induced by a load disturbance was recorded
and is shown in figure 9. This figure shows that the motion is oscil-
latory and highly damped, as predicted, and the frequency is of the order
of magnitude of the predicted value. The results indicate that this
enalysis of the simple mode of oscillation of the Grunberg system is
useful in making an estimate of the amount of damping present in a given
design.

From the coefficients in. the differentisl equation of motion (eq. (7))
and the expression for the damping factor (eq. (9)), the effect of the
physical characteristics of the model on the motion following a disturb-
ance may be deduced. The motion will tend to be more highly damped as
the over-all length, the hydrofoil area, and the slope of the 1lift curve
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are increased, and as the moment of inertia 1s decreased. The slope
of the drag curve and the strut lengths will have little effect on the
motion. )

The other mode of oscillation, due to bounclng of the stabililzers,
is illustrated in figure 10. The oscillations resulted from lifting
the stabllizers clear of the water and releasing then suddenly, In
general, the motion was not so well damped as the simple type of motion
previously analyzed. The motion appears to be more highly damped with
a8 forward center-of-gravity location, at low speed, and with a low moment
of inertia. The frequency of oscillation is higher than for the simple
type of motion, the lowest frequency shown being approximately 3.5 cycles
per second, with the highest moment of inertia.

It may be concluded that the model, within the range of test vari-
ables, showed a very high degree of dynamic stabillty in smooth water
subsequent to a dilsturbance in gross load and only slightly less stabil-
ity subsequent to a disturbance to the stabllizers.

A slight self-induced oscillation, due to bouncing or chattering’
of the stabilizers in smooth water, was noted at the beglnning of the
test. This oscillation was encountered when the stabilizers with a
length~beam ratio of 3 were set at a large angle of incidence and
occurred over a speed range from 27.5 to 32.5 feet per second. The
motion was principally a trim chenge of low amplitude (approximstely 1°
peak-to-peak) and was not due to the presence of any appreciable waves
in the tank. A similar oscillation was noted in the testa of refer-
ence 2. In the belief that the instability was associated with very
low wetted lengths, the gtabilizer incidence was reduced and this
chattering was no longer observed. The beam of the stabllizers was
then reduced (thereby increasing the wetted lengths) and no further
chattering occurred during the rest of the teats.

Dynamic Stability in Waves

A short investigation of the behavior of the model in waves was
made to determine the effects of three geometrical parametera - center-
of-gravity location, moment of inertia, and stabilizer length~beam
ratio - and the effects of two operational parameters - apeed and wave
length.

The effect of 'speed on the behavior of the model is illustrated in
figure 11, The speeds given on the flgure are the speeds of the model
relative to shore (the speed of advance of the oncoming wave being
approximately T feet per second). These data indicate that the ampli-
tude of motion became progreesively worse as the speed increesed. At

il
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the two higher speeds, the stabilizers were bouncing high enocugh so
that they did not contact every wave. '

The effect of wave length on the behavior of the model is illus-
trated in figure 12. The most violent behavior was observed in the
shortest wave and was due to severe bouncing of the stabilizers. As
the wave length was increased, the bouncing decressed and in the two
longest waves the stabillizers followed the surface of the water.

Figure 13 shows the effect of longitudinsl location of the center
of gravity. The amplitude of motion became progressively worse as the
center of gravity was shifted aft until an upsetting condition was
reached. This upsetting condition occurs when the emplitude in trim
becomes so large that, at the meximum trim during & cycle, the resultant
force passes shead of the center of gravity. This condition is, of
course, statically unstable and the upset results. Conseguently, with
a rearward center-of-gravity location (desirsble for high lift-drag
ratio) the tendency of the system to upset places a limit on the ampli-
tude of trim motion that can be tolerated.

The effect of moment of Inertia on the behavior of the model is
ghown in figure 1%. In the shorter waves, as the moment of ilnertis was
increased, the behavior of the model became so violent that the run had
to be stopped. (See fig. 14(a).} In the longer waves, an increase in '
the moment of inertia seemed to have little effect on the behavior of
the model. (See fig. 14(b).) The stabilizers remained on the water
et all times when running in the long waves, but bounced, when running
in the shorter waves, and 1n some cases contacted only every other wave. !
This effect'was noted with either moment of Inertia.

The effect of changing to stabilizers with a high length-beam ratio, .
a high angle of dead rise, and a pointed stern is shown in figure 15. :
Prior to the tests, it was believed that these stabilizers would improve :
the performance in waves because the impact forces would be less. The
teat data did not confirm this belief. It was observed during the tests
that these stabilizers were completely buried in the waves and larger
changes in trim resulted than were observed with the other stabilizers.

FORCE TESTS

The results of the force measurements are shown in figures 16 to 19.
The Reynolds numbers (based on hydrofoil chord) for the force tests

varied from 250,000 at 25 feet per second to 700,000 at TO feet per
gsecond. Inasmuch as these Reynolds numbers are low and the extent of
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turbulence. In the flow over the hydrofoil was not determined, the drag
and the lift-drag ratlo do not necessarily represent those of a large-
scale configuration. These data, however, do show the effects of

changes in configurstion and the relative Importance of these changes.

Light cavitation occurred at the 1ntersection of strut and hydro-
foil at speeds of 65 and TO feet per second. Very light cavitation was
noted on the rear portion of the upper surface of the hydrofoil at
TO feet per second.

The effect of ‘stabilizer incidence is shown in figure 16 where
lift-drag rastio, total drag, and trim are plotted against speed for
four values of the stabililizer incidence. The trim was practically
unchanged by a variation in stabilizer Incidence of- 7°. Little change
in trim would be expected since. the angle of attack of the hydrofoill,
which supported the greater part of the load, was the principal factor
determining the trim. As the stabilizer incildence was changed, appre-
ciable differences due primarily to changes in the drag of the stabi-
lizers were found in both the drag and the lift-drag ratio.

A chaenge in the sngle of incidence of the hydrofoil (fig. 17)
resulted in a trim change which was approximetely equal to the change
in incidence but in an opposite direction. Thus, the hydrofoil, at a
given speed and with a glven location of the center of - gravity, ran at
nearly the same angle of attack (or 1ift) with elther angle of incidence.
Therefore, the differences in drag and lift-drag ratio are again primarily
due to changes in stabilizer drag.

The increase in gross load from 100 to 125 pounds (fig. 18) resulted
in an increase in trim of the model and an incresse in 1ift-drag ratio

at high speeds.

The effect of a change in the fore-and-aft location of the center
of gravity is shown in figure 19. Shifting the center of gravity rear-
ward increased the lift-drag ratio throughout the speed range. This
increase in 1lift-drag ratic was due to the fact that the hydrofoil,
which ia more efficient than the stabllizer, carried a larger portion
of the total load.

CONCLUSIONS

A preliminary investigatlon to determine the static and dynamic
longitudinal stabllity characteristics and the force characteristics of
a Grunberg hydrofoil system comprising a main lifting hydrofoil and
planing-surface stabilizers indiceted the following conclusions:
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1. The model had good static longlitudinal stability at all the
conditions investigated.

2. The fore-and-aft location of the center of gravity has an Impor-
tant effect on the static stability and the lift-drag ratio. Moving
the center of gravity rearward reduces the static stability but Increaases

the lift-drag ratio.

3. The dynamic stability of the model in smooth water was good.
Disturbances caused by a sudden load change resulted in a highly damped
oscillation, the characteristics of which were adequately described by
gimple theory. As the center of gravity moved rearward, the damping
decreased. Disturbances to the model caused by lifting the stabilizers
and releasing them resulted in bouncing of the stabilizers which damped

out in several cycles.

4, The dynamic stability of the model in waves was adversely
affected by & rearward movement of the center of gravity, shortening.
the length of the wave, Increasing the speed, and increasing the moment
of dnertia. A limitation to operation in waves was encountered at
rearward positions of the center of gravity, where upsetting resulted
when the trim reached such a high value that the resultant force passed

ghead of the center of gravity.

5. The maximum total 1lift-drag ratic for a given configuration
occurs approximately at the condition where the hydrofoil is operating
at i1ts highest lift-drag ratio. This maximum value is highest if {the
stabilizers are asdjusted to operate at their optimum efficlency at the
same condition. This latter adjustment becomes of increasing Iimportaence
as the proportion of the total load carrlied by the stabilizers is
increased (center of gravity moved forwerd).

Langley Aeronsutical Laborastory
National Advisory Committee for Aeronautics
Langley Fleld, Va.
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Figure 1,- Langley tank model 270 on dynamic-stebllity test apparatus.
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Figure 3.- langley tank model 270 with stabilizers of high length-~beam ratlo.

GTOSET WY VIVN

£a




(a) Stabilizer A.

g
—
<

=

<
AN

(b) Stabilizer B.

N

(¢) Stabilizer C.

Pigure k.- Stabilizers of Langley

Stabilizer A B

Length-bean ratio 3 L

Length, in, 13.8(13.8 | 20.0

Beam, in. 4,60 | 3.45 | 2,50

8tern dead rise,deg 20° | 20° | 20°
AR

tank model 270,

L (]

CTa8CT WY YOVN




Center of dg
gravity\ Reference 1ine
P B 'L

+ - d 3

da -1 ], L . 8 ’L

° 1 Free~water i oy

_L_D L surface Dg ™ *
ae 1 T |
-—LDf :%" e 4

o lzf tg -
et ] - .\__@7
.

Figure 5.- Forces on Grimberg hydrofoll system.

d¥y

CTUSET W YOV

Ge




26 . . 7 NACA RM L52D15

20 — C C
016 o —_—
dﬁ Length-bean | .
- B ratioc |
e
g
;;.12
Ll
G
&~
[}
o
(3]
& .08
ol
-
<Ol

L 5 6 7 8 9
Trim, deg

Figure 6.- Characteristic 1ift for plé.ning surface with 20° angle of
dead rise. ' :
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Figure 16.- Effect of stabilizer incidence. Stsbilizer A; leg = 90.
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