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NATIONAL ADVISORY C O " T E E  FOR AERONAUTICS 

A PRELIMINARY  LNVESTIGATIOlB OF '?BE STkIC AND 

DYNAMIC LONGITUDIMCU; STABILITY OF A 

GRUNBERG HYDROFOIL SYSTEN 

By Norman S. Land, Der r i l l  B. Chambliss, 
and William W. Petynia 

SUMMARY . 
A preliminary  investigation has been made in order t o  determine 

. the- s t a t i c  and dynamic longitudinal s tab i l i ty   charac te r ia t ics  and the 

l i f t ing  hydrofoi l  and planing-surface  stabilizers. The t ee t s  showed 
that a rearward movement of the  center of gravity  decreased  the static 
and dynamic stability:  but  increased the l i f t -drag  ra t io .  In smooth 
water, adequate static s t a b i l i t y  was observed fo r  all conditions  tested. 
Response to  disturbances  applied i n  smooth-water runs showed dynm€c 
s tab i l i ty .  In relatively  long waves, the model w a s  s t a t i ca l ly  and 
dynamically stable.  As the wave length WEB decreased,  oscillations in 
trim increased  because of bouncing of the s tab i l izers  and the model 
tended t o  upset a t  rearward  positions of the center of gravity. 

0 force  characteristics of a Grunberg hydrofoil system comprising a main 

-. 
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INTRODUCTION 

The use of hydrofoils  for  the  sustentation  of water-borne c ra f t  
and for  landing  gear on water-based aircraft is always  of in te res t  
because of the  relatively  high  l if t-drag  ratio  obtainable  with a sub- 
merged hydrofoil fn contrast to that   at tainable  with a planing  surface. 
In  addition, less pounding in waves would be expected  with a hydrofoil 
than  with a planing  surface.  Relatively l i t t l e  research, however, has 
been done on t h e   s t a b i l i t y  of hydrofoil  systems  or on their   behavior 
i n  waves. 

b 

P In  order  to  obtain a be t t e r  understanding  of  the  influence  of 
design  parameters on t he   s t ab i l i t y  and resistance  characterist ics 'of 

determine  the s ta t ic   longi tudina l   s tab i l i ty ,  the dynamic s t a b i l i t y  in 
* promising hydrofoil  systems, a preliminary  investigation w a s  made t o  
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smooth and rough water, and the  force  characterietics. An arrangement 
known as the Grunberg  system was chosen for  the investigation, as pre- 
vious t e s t s  of such a configuration (refs. 1 and 2) indicated  relatively w 
high  l if t-drag  ratios and inherent   s ta t ic   s tabi l i ty .  The Grunberg sys- 
tem is made up of .a hydrofoil which is  located just a f t  of the  center 
of  gravLty  and  supports most of the gross weight, and a pair  of planing- 
surface  stabilizers  located  well  forward  of  the  center of gravity. 

h 

slope -of hydrofoil lift curve 

slope of planing-stabilizer lift curve 

span  of  hydrofoil, f t  

chord o f  hydrofoil   strut ,  f t  

chord  of  hydrofoil, f t  

vertical  distance from center  of  gravity  to  point of applica- 
t ion  of  resultant drag force 011 hydrofoil  strut, ft 

vertical  distance from center of gravity t o  center of pressure 
of hydrofoil, ft 

vertical  dietance from center  of  gravity ;to center of pressure 
of stabi l izers ,  f t  

distance from center of gravity  to  thrust   axis,  f t  

natural  frequency,  cps 

. angle of incidence  of  hydrofoil (measured  between chord and 
reference-  line) , deg 

angle  of  incidence o f  s tab i l izers  (measured  between keel and 
reference  line) , deg 

empirical  coefficient of  additional m&8s 

horizontal  distance between centers of  pressure of  hydrofoil 
and s tabi l izers ,  f t  

center-of-gravity  location, - X 2, 
2 

-r 

100; percent 

L 
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4 2 f  horizontal  distance between center  of  gravity and center  of 
pressure  of  .hydrofoil, ft 

L 

2s horizontal  distance between center of gravity and center  of 
pressure of s tab i l izers ,  ft 

m empirical  coefficient depending on section form, aspect rat io ,  
and other  conditions 

9 dynamic pressure, pV2/2, lb/sq ft 

X, Y, = coefficients in differential   equation of motion 

B damping fac tor ,   ra t io  of actual damping t o   c r i t i c a l  clanping 

cDa drag  coefficient  of  hydrofoil  strut, Da//$SaV2 

cDf drag  coefficient  of hydrofoil, D&SfV2 

-3 CDOf drag coefficient of hydrofoil at zero l i f t  

c CLf lift coefficient of hydrofoil, Lf/$pSrV2 

CLS l i f t  coefficient of s tab i l izers ,  Ls/&SsV2 

* CM moment coefficient,  Gg/qSfcf 

drag of hydrofoil   strut ,  lb 

drag of hydrOfQi1, l b  

drag  of  stabilizers, lb 

moment of i ne r t i a  of aadi t ional  mass of water moving w i t h  
hydrofoil about s t e rn  of s tab i l izers ,  slug-Ft2 

moment of iner t ia  of model about’  center  of  gravity, slug-ft2 

moment of  inertia of model about s t e rn  of stabil izers,   slug-ft2 

I 

I 

l i f t  of hydrofoil, l b  

lift of stabi l izers . ,   lb  

sum of moments about  center o f  gravity, lb-ft  



I NACA RM ~ 5 2 ~ 1 5  

additional mms of water moving wi th  hydrofoil,  slugs/cu f't 

immersed area of hydrofoil   strut ,  ft2 

area of  hydrofoil, sq f t  

wetted area of s tabi l izers ,  s q  ft 

th rus t ,   lb  

forward  speed, fps  

gross load, Ib 

amplitude of  osci l la t ion,  r ad ians  

angle of a t tack of hydrofoil (measured from zero-l i f t   l ine) ,  
deg 

angle of a t tack   of   s tab i l izers ,  deg 

mass density of  water, (1.972  eluge/cu f t )  

angular  displacement from equilibrium,  radians 

angular velocity,  radians/sec 

angular  acceleration,  radians/aec2 

trim (angle 'between reference  l ine and horizontal),  deg 

DESCRIPTION OF MODEL 

The model, designeted  Langley  tank model 270, consisted of a skele- 
ton framework su f f i c i en t   t o  mount the hydrofoil,  etabilizer8, and  necee- 
sary ballast .  No h u l l  or fuselage was provided  since, in the speed 
range of interest ,   the   hul l  would be above the free-water surface. Any 
ef fec ts  of a hull  or  fuselage are beyond the ecope o f  thie  paper. A 
general-arrangement  drawing of the  model is presented i n  figure 1 and 
photographs i n  figures 2 and 3. 

The gross weight of the model w a s  chosen 88 100 pounds, the  length 
between the quarter-chord  point  of  the  hydrofoil  and  the  stern of the 
s tab i l izers  a s  3.75 feet, and the deeign t o p  speed as 75 feet per second. 
The area of the  hydrofoil (0.178 square  foot) was that necessary t o  

L. 

L 

8. 

L 
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4 '  support  the t o t a l  gross load at 75 feet  per second, with an azbi t ra r i ly  
selected lift coefficierL of 0.1. In order t o  reduce the  effect  of  the 
proximity o f  the  free-water  surface,  the  design  incidence of the hydro- 
f o i l  was such tha t   the   t ips  would be submerged approximately 1 chord a t  
the  top  speed. A n  aspect ratio of  10 WBB 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 w s  constructed  with 811 NACA 
64A4U section, loo dihedral, and an unswept rectangular  plan form. The 
single  central   supporting  strut  had a  symmetrical  circular-arc  section, 
w a ~  slightly  tapered  in  plan form, and had a fineness r a t i o  of 8 at the 
hydrofoil. Both t he   s t ru t  and the  hydrbfoil were made of s ta inless  
s t e e l  and were heat-treated. No att,empt wits made t o  f i l l e t   t h e   i n t e r -  
section of  strut and hydrofoil. 

4 

Since  the model was t o  be operated w i t h  a constant  water-borne load 
throughout  the  speed  range, it was known that the  angle of at tack of the 
hydrofoil  and  stabilizere would vary with  the  speed.  Observations of a 
previous model ( re f .  2) showed that this  anglerof-attack  vaziation 
occurred  as a ro ta t ion   in  trim of the model, the  center of t h b   r o t a t i o n  
being  located  approximately a t  the  s tern of the  s tabi l izers .   This  fact, 
together  with  the  length of  the model and the  desired maximum angle 'of 
attack,  determined  the minimum length of hydrofoil s t ru t .  The maximum 
angle of at tack was that necessary t o  support  the  load at the minimum 

9 

* speed, which wa8 arb i t ra r i ly   se lec ted   as  25 feet   per second. 

The s ta3 i l izers  shown in  f igure 4 were investigated. One s e t  had 
a  length-beam r a t i o  o f  3, a transverse  stern, and a constant  angle of 
dead r i s e  of 20°. The keel and chines were para l le l   for  a distance of 
2 beams forward of the stern. During the  course of  the tests ,   these 
s tab i l izers  were modified t o  a length-beam r a t i o  of 4 by reducing  the 
beam t o  3.45 inches.  These l a t t e r   s t ab i l i ze r s   a r e  shown on the model 
in   f igure 2. The t h i r d   s e t  of s tab i l izers  'had a length-beam r a t i o  of 
8, a sharply  pointed  stern, and a warped angle of dead r i se .  These 
s tab i l izers   a re  shown on the model in   f igure 3. For  the dynamic- 
s t ab i l i t y   t e s t ,   t he  model was self-propelled  with thrust provided  by  an 
e l ec t r i c  motor and propeller mounted on, the towing s t a f f .  The pitching 
moment of inektia of the'model was varied by redis t r ibut ing  the  bal las t .  

APPARATUS AND PROCEDURE 

Unless  otherwise  stated on figures,  the  test  conditione were: 
gross load, 100 pounds; angle o f  incidence of the  hydrofoil, 0'; angle . - of incidence of s tab i l izer ,  7.6'. 

I 
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Dynamic-Stability Tea t a  

MACA RM L52D15 

For  the  investi&tion of dynamic s t ab i l i t y ,  the towing  gear w a s  
that generally  used  for.  teste of dynamic modeleof  flying  boats.  This 
apparatus  (fig. 1) allows tbe model t o  have freedom i n  trim, rise, and 
fore-and-aft  position.rela-Live t o   t h e  towing  carriage. 

5 

-5 

m i c  s t a b i l i t y   i n  smooth water w a 8  investigated a t  constant 
speeds  with and without  applied  dieturbances. One disturbance consisted 
of an increase and  sudden  removal of  =,increment of load that was suf- 
f i c i e n t   t o  change the .trim approximately 3' f r o m  e q u i l i b r i q .  For  the 
second type of disturbance, the .stabil izers were l i f t e d  clear of  the 
water and then  suddenly  released. 

The  dynamic s t a b i l i t y  in rough water was investigated a t  constant 
speed i n  oncoming  waves approximately 2.5 inches  high  with wave lengths 
ranging from 10 t o  28 feet. Waves of   this  height could  not be generated 
in. regular trains with w a v e .  lengtha  shorter  than 10 feet. 

I. 

For the s t a b i l i t y  tests, the  oscillatiori8 of the model i n  trim and 
r i s e  were recorded against t h e  by use  of  slide-wire  pickups in  conjunc- 
t ion  with a recording  oscillograph. h 

.I 

Force  Teste 

For the measurements of resistance, the model waa towed free-to- 
trim under the main carriage of tank no. 1. The apparatus and methods 
used are described  in  reference 3. Variables considered were: longi- 
tudinal  location of the  center  of-gravity, Fncidence of hydrofoil and 
etabi l izers ,  and p o s e  load. A maximum-speed range  of 25 t o  70 feet   per 
second w a s  investigated. A windscreen in   f ront  of the  model reduced 
aerodynamic tares t o  a negligible  value. 

ANALYSIS OF LONGITUDINAL STABILITY 

S ta t i c   S t ab i l i t y  

The forces  acting upon a Grunberg  system are ehown in  figure 5. 
The  moment of these  forces  about the center of gravity is given by 
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4 where bow-up  moments are.  considered  positive  in sign. The assmption 
is made that there are no a i r  or  water  forces  acting on portions of the 
craft above the  free-water  surface  other  than  those of the  propellkr. 
Since  the dimensions of the hydrofoil and s tab i l izers  are small com- 
pared  with  their  distances from the  center of gra.vity,  changes in moment 
a r m  due t o  center-of-pressure shift are  .neglected;  therefore,  the  forces 
are considered t o  be acting from the  s tern  of   the  s tabi l izers  and the 
quarter-chord  point of the hydrofoil. The la teral   posi t ion of the sta- 
b i l izers  and the  depth of the  hydrofoil   are assumed t o  be  such that the 
hydrofoil is not  in  the wake of the   s tab i l izers .  

The lift of the  hydrofoil Lf may be  expressed  as 
* 

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

The lift of the  planing-surface  stabilizers ia 

Ls = , CL, 

The lift curves fo r  a planing  surface  with dead r b e  are not straight 
l ines,  as may be  seen in   f igure  6, which shows the lift data for a 
planing  surface  with 20' angle of dead r i s e  (derived from ref .  4). 
These  curves may be  approximated by  s t ra ight   l ines ,  however, w i t h  suf- 
ficient  accuracy  over  the useful range of trim, s o  that the  equation . 

Ls = as%@, 

may be  used. It should  be  noted that  the  wetted area Sa is not a 
fixed  quantity. That  is, a given  load may be supported a t  a given 
speed  over a range of angle of attack  since  the  wetted area changes. 
This ie in cont ras t   to  a submerged l i f t i n g  element  with a flxed  wetted 
area. 

The drag of a hydrofoil may be  expressed as 

I 

! 

I 
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The drag  coefficient is approximately a functioh of the  square of the 
angle  of  .attack,. s o  tha t  . .  . . . .  . .  

The drag of  the  stabil izers cannot be as  conveniently  expressed 
mathematically as the  other  forces on the aystem. Figure 7 (taken from 
ref.  4) shows the  l i f t -drag  ra t io  of  a planing surface  with a 20° angle 
of  dead r ise .  For simplicity,   the  l if t-drag  ratio  of  the  stabil izers 
is assumed t o  be  constant  over  the trim range of  interest  and t o  have 
a value  of 5.8. The drag of the   s tabi l izers  is then 

The s t rut   drag is 

The s t ru t  drag  caefficient w i l l  not m y  greatly  with  att i tude as the 
only  effect  of  attitude is a small change in  the  effective  f ineness 
r a t io  of  the  section.  Therefore,  the  strut  drag is approximated by 

The assumption is made that  the  propulsion  force T and its mment 
around the  center of gravity w i l l  not vary as  the  craft is displaced 
s l igh t ly  from an at t i tude of  equilibrium. 

Substituting  these  expressions  for  the  forces i n  the moment 
equation (1) , 
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The angles  of  attack of  the hydrofoil and s tab i l izers  may be related 
t o   t h e  trim of the  craf t -  -by their angles of incidence. The term 2.8/57.3 
is necessarily  included in   t he   r e l a t ion  between the  tr im and hydrofoil 
angle of a t tack and is  the angle between the  zero- l i f t  line and  chord line 
of the  hydrofoil i n  radfans . Then ‘ 

If 

I 
the  equation  can be put in coefficfent form: 

Differentfating w i t h  respect t o  T fields 
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Therefore, 
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If dC,/d-r is ne-tive i n  sign,  the  system w i l l  be s t a t i c a l l y  
s table  and the magnitude of W d T  is a measure of  the degree of 
s t ab i l i t y .  

F r m  equation ( 5 )  it may be  seen that one important  factor 
influencing the s t a t i c   s t a b i l i t y  is the  longitudinal  location o f  the 
center of gravity. A rearward movement of the  center  of  gravity 
decreases  the s t a t i c   s t a b i l i t y  by increasing  the  value of the  desta- 
bilizing tern (1 ,  increases) and decreasing  the  value of the first 
s tab i l iz ing  term (Zf decrea~e.8). ais conclusion is  substantiated by 
the pitching-moment curves shown in  f igure 8, which were obtained from 
the  teat   data .  The slop& of the pitching-moment curves a t  the trim 
condition  (zero  pitching moment) decreaaes  as  the  center of  gravity is 
moved aft. The model, however, had adequate s t a t i c   s t a b i l i t y   i n  smooth 
water  even  with  the  center of gravity a t  95 percent-uf  the  length. It 
is believed that the center-of-gravity  location w i l l  ordinarily be- the 
moat important  factor  in  determining the s t a t i c   s t ab i l i t y ,   bu t   fo r  
completeness  the  other  factore  influencing  the  stability  are  discussed 
in the  following  paragraphs. 

A high  slope f o r  the  hydrofoil   l if t-curve af relat ive to that 
for   the  s tabi l izers  as is desirable  for high s t a t i c   s t ab i l i t y .  Such 
a difference i n  slopes w i l l  probably be the  case  unless unusual propor- 
t ions  for  the  hydrofoil  and s tab i l izers   a re  chosen. For example, the 
slope of  the lift curve fo r  a hydrofoil with an  aspect  ratio of  10 is 
of the  order  of 0.08 per  degree, whereas the slope of  the lift curve 
fo r  a planing  surface .with 20° angle of dead rise varies from 0.01 t o  
0.025 (wetted length-beam ra t ios  o f  0.2 and 4, respectively). 

The effect  of  a change in incidence of  the  s tabi l izers  on the 
s t a t i c   s t a b i l i t y  can  be deduced from the second, o r  unstable, term of 
equation ( 5 ) .  For a given  center-of-gravity  location and speed, the 
load  carried by the  s tabi l izers  is fixed within a narrow range and, as 
noted  before, . .  

La = 43asqSs 
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9 An increase  in  angle of a t tack of the  s tabi l izers  Q, accomplished by.  
an increase  in  their  incidence, m u s t  then  resul t   in  a decrease  in  the 
product  asss,  since La and  q were said t o  be  ftxed. The decrease 
in asss  gecreases  the  value of the  destabil izing term and therefore 
increases   the  s ta t ic   s tabi l i ty .  The fourth  term, a s tab i l iz ing  one, 
would also be  decreased in   the same ra t io .  The e f fec t  of this  decrease 
is insignificant  since  this  fourth  term is normally much smaller  than 
the  destabil izing term. It is believed, however, that the  over-all 
resu l t  of a change of  incidence of  the   s tab i l izers  is not  large. 

- 

By the same reasoning, a change i n  beam of the  s tabi l izers  for a 
given  angle of attack  should have 110 ef fec t  on the s tabi l i ty ,   s tnee  the 
product  asss w i l l  not  change in value. 

Examination of the  third  term of equation ( 5 )  shows that the static 
s t a b i l i t y  is increased by increasing  the  factor m, the  strut   length,  
and the  operating  angle o f  attack.  Factor m may be increased  by 
decreasing  the  aspect r a t i o ,  but  this  decreases  the  lift-drag ra t io .  
An increase in the  length of the s t r u t  df would mean an increase in 
i t s  drag. It also may not be desirable t o  alter the  angle of a t tack af, 

* as it determines the operating  l if t-drag ra t io .  

I 

c Dynamic S tab i l i t y  in Smooth Water 

Observations o f  the  behavior of the model subsequent t o  a disturb- 
ance revealed two modes of osci l la t ion.  A f t e r  a sudden load disturbance, 
the model returned  quickly  to  equilibrium  with only a slight overshoot 
and the s tab i l izers  remained in  contact  with  the  water  throughout  the 
osci l la t ion.   Lif t ing  the  s tabi l izers   c lear  of the  water and  suddenly 
releasing them resulted in an  oscillation  characterized by a bouncing 
motion of the  s tabi l izers  on the  surface of the water. This  type of 
oscillation  required  several  cycles t o  damp out  completely. A simple 
theoretical   analysis of the f irst  type of osc i l la t ion  ia presented in 
succeeding  paragraphs. An analysis of the second type of osci l la t ion 
has not  been made and would be d i f f i cu l t  because of the discontinuous 
force  variation on the   s tab i l izers  as they  enter and leave  the water. 

The f irst  type of osc i l la t ion  ia analyzed  by  examining the  equation 
of motion of  the system. A rotary motion centered on the  s tern of the 
s tab i l izers  was observed in the  investigation.of  reference 2 Etnd is 
assumed t o  be present  for  purposes of this analysis. For simplicity, 
the thrust and hydrofoil   strut   drag  are assumed t o  be constant as the 
system  rotate’s. With the system disturbed through an angle e from 
equilibrium trim, the moments about the   s te rn  o f  the  s tabi l izers   are  
due t o   t h e  following: 

.. 

& 

I 
I 

I 

I 

I 
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(1) Moment of iner t ia  of  the model, 

NACA RM L52D15 

(2) Additional mass of water moving with  hydrofoil, 

12 

w h e r e  

kgc f2bp 
4 

M* = the  additional ma88 (See ref. 5. ) 

(3)  L i f t  increment result ing from angular displacement, 

*afqSfz 

(4) Drag increment result ing from angular  displacement, 

(5.) L i f t  increment reeulting from the   ver t ica l  component of =gular 
velocity, 

(6) Drag increment resul t ing from the   ver t ical  component of angular 
velocity, 

c 



.7 Since  the sum of  the moments m u s t  be zero 

.. - I@ + IA@ + - afqSfZB + - - qSf(df - -&)& + afa_SfZB + * *  2 
V v %  

When. terms are  collected, 

(7)  - 
# This type o f  differential  equation  describing  the  free  vibrations of a 

system with damping is discussed a t  length in  many texts,  such as refer- 
ence 6.  By subst i tut ing f o r  the  preceding unwieldy coefficients,  the 
equation may be written 

* 

s 2 z  

4x2 x 
It can  be shown that if  - - - > 0, the  system  returns  asymptoti- 

I 

ca l ly  t o  equilibrium. If .- = 0, the system returns  to  equilibrium 

in   a   f i n i t e  time but  with no oscil lation. If - - - < 0, the system 
4x2 x 

+ z  
4x2 x 

. returns t o  equilibrium by executfng damped oscil lations.  

. As an example, fo r  one tes t   condi t ion  the model had the  followfng 
values : 

&f = 0.082 per  degree = 4.70 per  radian  (estimated) 

- dCD . 

& trim o f  the  test   condition) 

-=  
dcLp 

0.00215 per  degree = '0.123 per  radian  (estimated for equilibrium 

I 
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2 = 3.75 feet .. . . .  . .  

df = 1.35 fee t  

d, = 1.0 .foot 

V = 40 feet  per second . 

Sf = 0.178 square  foot 

WLCA RM ~ 5 2 ~ 1 5  

C 

IA = k'cf2bp + (af - h)q (It w i l l  be aasmed that k = 1.0. ) 
4 

= 0.525 slug-feet2 

The w e  of these values gives: 

BO that the model would be expected t o  execute damped oscillations. The 
damping of these  oscillations is defined by a damping factor B, which 
is the  ra t io  of the   actual  damping t o  t he   c r i t i ca l  damping. Cr i t i ca l  
damping is the minimum  amount of damping whi.ch w i l l  r esu l t  in a non- 
oscillatory  (deadbeat)  return to equilibrium. The  damping factor is 
expressed by the  relat-ion 

B =xF 2 zx 



i 

I 

i 

i 

Substitution of the  values  previously  given  for the model yields 

B = - O . p  

A somewhat clearer  idea of the motion  and the  significance of so  large 
a damping factor  may be  gained  by computing the   r a t io  of the amplitude 
of the first overshoot  (the m a x i m m  amount the  model swings past  equi- 
librium)  to  the  amplitude of  'the  disturbance.  This  ratio is given  by 

where s ignif ies   the overshoot  amplitude  and X1 the  disturbance 
amplitude.  Substituting  the value of B = 0.50 into equation (10) 
yie Ids 

, 9 = 0.164 
X1 

The motion is very  highly a p e d  since the  amplitude  reduces t o  only 
16 percent of the disturbance  amplitude i n  half of  the  first cycle. The 
frequency of these  oscil lations is 

f q- 2Jr x 

If the  given tes t  quantit ies are substituted  into  equation (ll), f is 
found t o  be 1.46 cycles per second, a value which correspond6 t o  a period I 

of 0.7 second. When the model w a s  operated  under  the  conditions  used in 
these  calculations, the motion  induced  by a load  disturbance w a s  recorded 
and is shown in  figure 9. This figure shows that the motion is oscil-  
l a tory  and highly damped, as predicted, and the frequency is of  the  order 
of magnitude of the  predicted  value. The results  indicate that t h i s  
analysis of the s ~ p l e  mode of  osc i l la t ion  of the Grunberg system €a 
useful in  making an estimate of the mount  of damping present fn a given 
des  ign. 

From the  coefficients in. the  different-1  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 w i l l  tend  to be more highly damped as 
the over-all  length,  the  hydrofoil  area, and the  slope of the lift curve 

I 

I 

f 

i 
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are  increased, and as the moment of  inertia is decreased. The slope 
of the drag c u e  and the strut   lengths w i l l  have l i t t l e  effect  on the 
mot ion. 

The other mode of oscil lation, due t o  bouncing of the s tabi l izers ,  
ie i l lus t ra ted  i n  figure 10. The oscil lations  resulted f r o m  l i f t i n g  
the  s tabi l izers   c lear  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 t o  be more highly damped w i t h  
a forward center-of-gravity  location, a t  low speed, and with a low  moment 
of iner t ia .  The frequency of osci l la t ion is higher  than  for  the  simple 
type of  motion, the  lovest  frequency shown being  approximately 3.5 cycles 
per second, with the  highest moment of- iner t ia .  

It may be  concluded that the model, within  the  range o f  t e s t  vari- 
ables, showed a very high degree  of dynamic s t a b i l i t y  i n  smooth water 
subsequent t o  a disturbance in gross load and only  sl ightly less stabil- 
i t y  subsequent t o  a  disturbance t o  the s tabi l izers .  

A slight self-induced  oscillation, due to bouncing or  chattering' 
of  the  s;tabilizers in smooth water, w a s  noted at the beginning of the 
t e s t .  Thie oecil lation w a s  encountered when the  s tabi l izers  with a 
length-beam r a t i o  of 3 were set at a large angle  of  incidence and 
occurred  over a speed  range from 27.5 t o  32.5 f ee t  per second. The 
motion was principally  a trim change of low amplitude  (approximately lo 
peak-to-peak) and was not due t o  the  presence  of .any appreciable wave6 
fn the  tank. A similar   osci l la t ion was noted in   the tests of  refer- 
ence 2. In  the belief that the  instabi l i ty  w a a  assochted  with  very 
low wetted  lengths, the s t ab i l i ze r  incidence w a s  reduced and th i s  
chattering was no longer  observed. The beam of the  s tabi l izers  was 
then  reduced  (thereby  increasing the wetted  lengths) and no further 
chattering  occurred  during  the  rest  of  the t e a t s .  

Dynamic S tab i l i t y   i n  Waves 

A short  investigation of the  behavior  of  the model i n  wave8 was 
made t o  determine  the  effects of three  geometrical  parameters - center- 
of-gravity  location, moment of  inertia,  and s t ab i l i ze r  length-beam 
ratio - and the   effects  of two operational parameters - speed and wave 
length. 

The effect  of  'speed on the  behavior o f  the model is i l lus t ra ted  i n  
figure 11. The speeds  given on the figure are the speeds of  the model 
r e l a t ive   t o  shore  (the  speed of  advance of the oncoming wave being 
approximately 7 feet  per  second). These data indicate that the ampli- 
tude of  motion became progreesively worse &a the speed  increased. A t  



3P 
the two higher  speeds,  the  stabilizers were bouncing high enough so 
that they  did  not  contact  every wave. 

The effect  of wave length on the  behavior  of  the model is illus- 
trated  in   f igure 12. The  most violent  behavior w a s  observed in  the 
shortest  wave and was due to  severe bouncing of the  s tabi l izers .  As 
the wave length was increased,  the bouncing  decreased  and in the  two 
longest waves the  stabilizers  followed  the  surface of  the water.. , 

. Figure 13 shows the  effect  of longitudinal  location of the  ceater 
of gravity. The amplitude of motion became progressively worse as the 
center  of  gravity was s h i f t e d   a f t  until an upsetting  condition.was 
reached.  This  upsetting  condition  occurs when the amplitude in  trim 
becomes s o  la rge   tha t ,   a t   the  maximum trim during  a  cycle,  the  resultant 
force  passes  ahead of the  center  of  gravity. ' T h i s  condition  is, of 
course, s ta t ical ly   unstable  and the upset resul ts .  Consequently, with 
a rearward  center-of-gravity  location' (des frable f o r  high  l if t-drag 
r a t i o )  the  tendency of the system t o  upset  places a limit on the ampli- 
tude  of trim motion that w be. tolerated.  

The effect  of  moment. of i ne r t i a  on the behavior of  the model isz 
shown in  figure 14. In  the  shorter waves, as the moment o f  iner t ia  was 
increased,  the  behavior  of  the model became so  violent   that   the  run had 
t o  be stopped.  (See f ig .  14(a). ) In  the  longer waves, an increase in 
the moment of i ne r t i a  seemed t o  have l i t t l e   e f f e c t  on the  behavior of 
the model. (See fig.  14(b). ) The s tab i l izers  remained on the  water 
at a l l  times when running in  the  long waves, but bounced, when running 
in the  shorter waves, and i n  some cases  contacted only every  other wave. 
This  effect ,  w a a  noted  with  either moment of iner t ia .  

I 

The effect  o f  changing t o  s tab i l izers  w i t h  a high  length-beam rat io ,  
a  high  angle of dead r i se ,  and a pointed  stern is shown i n  figure 15. 
P r i o r  t o  the   t es t s ,  it was believed that these  s tabi l izers  would improve 
the performance €n waves because the impact forces would be lese. The 
test data  did  not  confirm t h b  belief.  It was observed  during  the  tests 
that these  stabil izers were completely  buried in   t he  waves and larger 
changes i n  trim resulted  than were observed  with  the  other  stabilizers. 

I 

FORCE TESTS 

The resul ts  of the  force measurements are  shown in  f igures 16 t o  19.' 

The Reynolds numbers (based on hydrofoil  chord) f o r  the  force  tes ts  
varied from 250,000 at 25 feet   per second t o  7OO,OOO at 70 feet   per 
second, Inasmuch as  these Reynolds numbers are  low and the  extent  of 



turbu1ence.b  the flow over  the  hydrofoil w a s  not  determined,  the  drag 
and the   l i f t -drag   ra t io  do not  necessarily  repreeent  those of a large- 
scale  configuration. These data, however, do  show the  effects of 
changes in  configuration and the  .relative importance of these changes. 

L i g h t  cavitation  occurred a t  the  intersection  of  strut and hydro- 
f o i l   a t  speeds of 65 and 70 fee t  per second. Very l ight  cavitation was 
noted on the  rear  portion of the  upper surface- of  the  hydrofoil at 
70 feet per second. - 

The effect  of  -stabilizer  incidence is shown in  f igure 16 where 
l i f t -drag  ra t io ,   to ta l .drag,  and trim are  plotted  againet  speed  for 
four values of the  Stabilizer  incidence. The trim w a a  practically 
unchanged by a variation i n  etabilizer  incidence o f -  7". L i t t l e  change 
in  trim would be  expected  since,  the  angle  of  attack  of  the  hydrofoil, 
which supported  the  greater, part of the  load, wa,s the  principal  factor 
determining  the trim. As the  stabilizer  incidence was changed, appre- 
chble   differences due primarily to changes in  the  drag of the stabi- 
l izers  were found i n  both the  drag and the  l if t-drag  ratio.  

A change in  the  angle of incidence of the  hydrofoil  (fig. 17) * 
resulted in a t r i m  change which w m  approximately  equal t o   t he  change - 
in incident-e but i n  an opposite  direct-ion. Thus, the  hydrofoil, at a 
given  speed and with a given  location of the  center of gravity,  ran a t  
nearly  the same angle of attack (or lift) with  e.ither  angle of incidence. 
Therefore,  the  differences  in  drag and l i f t . -drag  ra t io   are  again primarily 
due t o  changes in .   s tabi l izer  drag. 

_,. . 
. - =  

The increaee  in gross load from 100 t o  125 pounds (fig.  18) resulted 
i n  an  increase  in trim of  the model and an increase  in  l if t-drag  ratlo 
at high  speeds. 

me effect of a change i n  the  fore-and-aft  location Of the  center 
of gravity is shown i n  figure 19. Shift-ing  the  center of  gravity  rear- 
w a r d  increased  the  lift-drag  ratio  throughout  the speed range.  This 
increase in  l i f t -drag   ra t io  waa due t o  the  fact  that the  hydrofoil, 
which is more efficient  than  the  stabil izer,   carried a larger  portion 
of t he   t o t a l  load. 

A preliminary  investigation  to  determine  the  static and dynamic 
longi tudinal .   s tabi l i ty   character is t ics  and the  force  characteristics of . 
a Grunberg hydrofoil system  comprising a main l i f t ing  hydrofoi l  and 
planing-surface  stabilizers  indicated  the  following  conclusions: I 

- 

- .. 
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1. The model had good s ta t ic   longi tudina l   s tab i l  
conditione  investigated. 

* 

i t y  at a 

19 

,I1 the 

2. The fore-and-aft  location of the  center of gravity has an impor- 
tan t   e f fec t  on the   s t a t i c   s t ab i l ' i t y  and the  l i f t -drag ra t io .  Moving 
the  center of gravity rearward  reduces  the s ta t ic   s tabi l i ty   but   increasea 
the  l i f t -drag r a t i o .  . 

3. The  dynamic s t a b i l i t y  of the  model in  smooth water was  good. 
Disturbances  caused by.a sudden  load change resulted in  a highly damped 
osci l la t ion,   the   character is t ics  of which  were adequately  deacribed by 
simple  theory. As the  center of gravity moved rearnard,  the damping 
decreased.  Disturbances t o   t h e  model caused  by l i f t i n g   t h e   a t a b i l i z e r s  
and releasing them resul ted  in  bouncing  of the  s tabi l izere  which damped 
out in   severa l  cycles. 

4. The  dynamic s t a b i l i t y  of the  model in waves waa adversely 
affected by a rearward movement of the  center of gravity,  shortening. 
the  length of the wave, increasing  the speed, and increasing  the moment 
of iner t ia .  A l imitat ion to operation in waves w a s  encountered at 

when the trim reached  such a high  value that the  resultant  force passed 
c rearward posi t ions of  the  center of gravity, where upsetting  resulted 

- ahead of the  center of gravity. - 
5. The maximum total   l i ' f t -drag  ra t io  for  a given  configuration 

occurs  approximately at the  condition where the  hydrofoil is operating 
at its highest   l if t-drag ratio. This maximum value is highest if t he  
s tab i l izers  a& adjusted t o  operate a t   t h e i r  optimum efficiency a t  the 
same condition.  This l a t t e r  adjustment becomes of increasing importance 
as the  proportion of the t o t a l  load  carried by the   s t ab i l i ze ra   i s  
increased  (center o f  gravity moved forward). 

Langley  Aeronautical  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Langley Field,  Va. 
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Flgure 2.- Ianghy tank model 270 with stabilizers of l o w  length-beam ratio.  
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(a) Stabilicer A. (b) Stabilizer B. 

( 0 )  Stabilizer C. 

Figure 4.- Stabilizers 
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Figure 5.- Forces on Gnmberg hydrofoil eystem. 
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Figure 6.- Characteristic lift for planing surface with 20' angle of 
dead rise. 
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Time, sec 

c Figure 9. - Load disturbances in  smooth water. Stabi l izer  B; V = 40; 
zCg = 84. 
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Figure 12,- Effect 
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Figure 14.- . E f f e c t  of moment of inertia. S t a b i l i z e r  B; V = 30; wave 
height, 2 inches; ZCg = 90. 
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Figure 18.- Continued. 
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