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AN ASPECTL 

STRUT 

By Kenneth L. Whdlin, John A. Ramsen, 
and John R. McGehee 

A n  investigation was made in Langley tank no. 2 t o  determine the 
lift .and drag character is t ics  of a rectangular  hydrofoil w i t h  an aspect 
r a t i o  of 10 supported by a single s t ru t .  'The model w a s  tes ted a t  various 
,depths below the water  surface a t  speeds up t o  35 f e e t  per second  corre- 
sponding t o  a Reynolds rider of 2. o X 106. 

a t  a depth of 1/2 chord. This r a t i o  decreased and the lift coefficient 
a t  which it occurred  increased w i t h  depth. The effects  of the water 
surfac.8 were negligible a t  a depth of 2 chords or greater. The data 
at  a Reynolds nuniber of 2.0 X 10 6 showed  good agreement with c o r r e  
sponding aerodynamic data from wind-tunnel t e s t s .  

A uimum liftiirag r a t i o  of 25.4 was obtained with the  hydrofoil 

INYRODUCTION 

An investigation is  being  conducted in  Langley tank no. 2 of the 
I i f t -drag  ra t ios  of hydrofoil-strut conkdnations applicable t o  the  design 
of high-speed water-borne c raf t . .  As the first phase of the  investigation 
it appeqed  desfrable  to  determine  experimentally, a t  subcavftation  speeds 
and various  depths of submersion, the lift arid drag of  a Ugh-aspect-ratio 
rectangular  hydrofoil  supported by a . s i n g l e   s t r u t  and having an a i r f o i l  
section. This phase was of in te res t  t o  determine  *ether lift-drag ratios 
in the  order of  20 were attainable witli.  a s tmctura l ly   feas ib le  system and 
t o  determine how the lift and drag characterist ics of the  hydrofoil as 
predicted.from aerodynamic data  are  affected by depth of submersion and the 
f ree  water surface. 

The 
second. 
of 2.0 x 

I 

measurements were made at  water  speeds from 15 t o  35 feet   per 
%!he s ize  of the 'model was chosen to   give a Reynolds nuniberr 
106 at  35 feet'  per second. I 
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D E S C R I P T I O N  OF MODEL 

The mode? (see fig.-1)  consisted of as.&inch+hOrd hydrofoil with 
an  aspect  ratio of 10 supported by an &inch+hord strut  intersecting 
the upper surface of the  hydrofoil   wlthout  f i l lets.  The s t r u t  was perpen- 
dicular  to  the chord l i ne  of the  hydrofoil. The f o i l  and strut were made 
of s ta in less . s tee1  wPth a yield  strength of 100,000 pounds per square inch. 
They wer-e polished  to a smooth ,finish  consistent  with  current wind-tunnel 
practice. 

The hydrofoil had an NACA alA412  section which d i f fe rs  from the 
NACA 641-412 section a-nlg by removal of the  trailing-edge cusp. The 
section  characterist ics  are  essentially  the same. (See reference 1.) 
The s t r u t  had an NACA 661-012 sectioc.  Figure 2 gives  the  sections and 
ordinates for t h e   f o i l  and the strut as computed from references 1 and 2. 

. The 64-sertes  section was chosen since it is designed for  a moderate 
extent of-laminar flow. The resu l t s  would therefore  be more nearly 
applicable a t  h'igh values of the Reynolds umber, say i n  the  order 
of-20.0 X 106, than if sections having a larger  extent-of  design la~llinar 
flow had been  used. '(See reference 3. ) The design lift- coefficient 
of 0.4 was chosen since  prelidnary  calculations  based on data i n   r e f "  
erence 2. indicated  that   the  maximum 1ift"drag  ratio would occw  near this 
lift coefficientL-  A.thickness of 12.percent was chosen as a coAnpromise 
between the  increasing  strength and increasing minimum drag coefficient 
with  fncreasing  thickness  ratio. 

The 66-series  section was chosen for.  the s t rut  (see f ig .  1) since 
i ts  small frontal  angle i s  more sui table  for intersecting  the water 
surface  than  the  larger  frontal  angles for the  sections  with  the minimum . 
pressure  farther  forward.. The 12-percent thickness w a s  chosen &S the 
minimum thought t o  be  structurally adequate. 

I 

. The t e s t s  were made using the main carriage of Langley tank no. 2. . 

Figure 3 'shows a view of the  test  setup  with  the  hydrofoil  and  balance 
attached  to  the  support  structure on the  carriage. 

The hydrofoil w a s  moved ver t ica l ly  by means of a motor-driven 
jacking  screw which moved the  balance and hydrofoil  system  as a unit .  
C h a n g e  of angle of attack was obtained a t  the plate attaching the s t r u t  
to the  balance. &e end of the pla te  was pivoted while the other end 
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was moved wlth  another  jacking screw to  obtain the desired angle. Wer 
the range of angles of attack  tested, the ,change In depth caused by 
change in angle was negligible. 

. Measurements  of l i f t  and drag were -de by means of electrical  
strain gages. The force measurements were made a t  constant speed, angle 
of attack, and depth of submersi0.n. The depth of submersion is defined 
as the distance from the water surface t o  the point on the f o i l  nearest 
the water surface. A range of submersioas from 3.5 inches (0.44 chord) 
t o  30.0 inches (3.75 chords), and  speeds f r o m  13 to 35 feet  per second 
were  covered. A t  each speed the angle of attack was increased froin 0' 
unt i l  the peak in lift-drag rat io  was obtained. The li'ft and drag forces 
cawed a negligible change in. angle of attack. - 

The supporting s t ru t  was run alone a t   the  same range of speeds, 
depths, and angles  as  the conibiliation. For these $tests the end of the 
s t ru t  was f i t t ed  with a faired cap. 

The forces  obtained were converted t o  the usual aerodynamic Lift 
and drag coefficients u s i n g  a value of p of 1.966 slugs per cubic foot 
corresponding t o  a water t q e r a t u r e  during the tests of 70' F. All 
coefficients were based on the area of  the hydrofoil, 4.44 square feet. 

The drag coefficients were corrected for the ground effect of the 
bottom of the tank (see refercince 4) by using the equation 

G 

where R is the aspect  ratio, and 6 is  an interference  coefficient 
that  vazies with the distance f r o m  the hydrofoil to the tank bottom. 
Values of 8 from reference 4 used f o r  the  various depths are  given . 

in figure 4. 

A similar ground-ffect correction was applied t o  the angle of 
attack by the equation *- 

I 
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where a is  measured in radians. 
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The uncorrected data for  the complete model (hydrofoil and s t r u t )  
are presented in figures 5 and 6 as p lo ts ,   fo r  each  depth,  of lift 
coefficient and drag coefficient,  respectively,  against lspeed with angle 
of attack as a  parameter. For a.given depth, the lift coefficient.did 
not vary appreciably  wlth  speed  over  the  range  tested. The drag  coeffi- 
cient .did not v m y  appreciably with speed f r o m  25 t o  -35. feet   per  second 
though it did  Increase at- lower speeds. Both lif% coefficient and drag 
coefficient  increased  with  increasing  depth  over  the range tested. The 
va;rTiation  of lift coefficient at depths greater than 2 chords, however, 
was negligible. 

The strut   drag  data are presented in   f igure  7(a) as a plot of drag 
. coefficient  against speed  with  depth as a parameter. The strut drag 

' coefficient was small compared t o   t h e   t o t a l  drag coefficient and did not 
vary  with  speed.  Figure  7(b) i s  a plot of drag coefficfent  against depth. 

The faired curves o f - f i g m e s  5 t o  7 were obtained by cross fairing 
the  data. These cross  fairings were used t o  obtain  values a t  depths 
of 0.5, 1.0, 2.0, 3.0,. and 3.3 chords which were used i n   t h e   c o q u t a t i m s  
of a l l  subsequent plots. 

The variations of lift-drag ratio  (corrected for ground effect)  with 
lift coefficient and depth of submersion are shown In   f igure 8. Since 
l i f t  coefficient"-did not mry With speed and drag  coefficient was constant 
above 25- feet   per  second, f igure  8(b) i s  typical  f o r  speeds f r o m  25. 
t o  35 fee t   per  second.. The variat lons  in  lift-drag r a t i o  a t  t h e  two speed 
conditions a r e  similar in charact&. The maximum values obtained were 
23.2 a t  15 fee t -per  second and 25.4 a t  35 f ee t  per second. 

b 

A t  depths of 2 chords o r  greater  the  l if t-drag  ratio  values decreased 
i n  a regular manner with  2ncreasing  depth at a l l  values of lift coefficient. 
This  results from the   fac t   tha t  below a depth of 2 chords, the  forces on 
the  hydrofoil were not  varying  appreciably  with  depth,  the  lift-drag ratio 
of the combination b e i d  reduced principally by the  increase  in   s t rut  drag 
with  depth. . . .  . . .  . . . . . . . 

A t  depths less than 2 chords the l if t-drag  ratio  varied  in  the 
same manner a6 at  the greate? 'depths u n t i l  the peak was reached. 

. Figure 9 shows the variation, with depth and  speed, of the maximum 
lif-ag r a t i o  and the  lif% coefficient a t  which the maximum 1if.tidrag 
r a t i o  occurred. It can be seen that as  the  depth  increased,  the maxigum 
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' l i f t 4 r a g   r a t i o  decreased and the lift coefficient at  which the maximm 
Iift-drag r a t i o  occurred  increased. T.US 1s to   be  expected  since the 
s t r u t  drag increases with depth. 

Figure LO i s  a plot of the da ta   a t  a spee6 of 35 f e e t  per second 
(Reynolds mmiber of 2.04 X IO6) after subt rac t ing   the   e tmt  tares given - 
in figure 7, m a k i n g  corrections  for ground effect  and converting  the 
coefficients t o  ipfinite  aspect  ratio by the  usual equations. These 
equations are 

?L2 
ODi = "(1 + c) 

RR 

where  u and t m e  correction8  for  rectangular wings dependant m 
aspect  ratio.  For an aspect   ra t io  of. 10, the m u e  of CT is 0.088; 
the  value of T is 0.25. Also included in figure 10 are the ae rodyndc  
data a t  a Reynolds number of 2.0 x lo6 f o r  the NACA 6kl-bl2 section 88 
giien in reference 5. The slope of the  lift curve and the  lift coef f i- . 
cient f o r  a given angle of attack  increased with increasing depth. At 
depths of 2 chords and grecxber the  agreement wLth the aerodynamic &ta 
is good. The drag coefficients fall between the aerodynsmfc data f o r  
the  smooth condition and the standard roughness condition. The variation 
due t o  depth was very small compared to   the  possible   effects  due t o  
roughness. &ring t h e   t e s t s  the surface of the  model was s l igh t ly   p i t t ed  
by the salt water in the tadk and was probably  rougher than in the a,ep 
dynamic tes t s .  This surface  condition may have s ignif icant   effects  from 
practical  considerations  but  unfortumteiy  no-data were taken t o  shm 
these effects .  

Because of the  large aspect   ra t io  8nd the agreement w i t h  the  aem 
dynamic data it appears, that any interference effects of the strut are  
small. Since  interference  increases with increasing lift coefficient, 
it is possible  that  if an Fnterference  correction oould be *de the 
slopes of the drag curves would agree even bet ter .  

The resu l t s  of the  invbstigation  should  not be cansidered t o  apply 
at  higher alxolute speeds than those tested  since  cavitation, which is  
a m o t i o n  of the absolute speed, af'f'ects the  character is t ics  
of hydrofoil sptams. 

. .  
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3.  The water  surface had a negligible  effect  on  the  lift and drag 
characteristics of the  hydrofoil at depths  of 2 chords or greater. 

4. The hydrofoil lift; and d r a g  characteristics  obtained at a 
Reynolds .number of 2.0 X lo4 showed  good  agreement  with  aerodynamic 
data  at the same Reynolds number. 

Langley  Aeronautical  Laboratory 
National  Advisory  Committee for Aeronautics 

Langley Air Force Base, Va. 
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The results of t he  tank tests of the  hydrofoil-strut  conhination 
may be summized as follows: 

1. A m x h u m  1if.tidrag  ratio of 25.4 was  obtained with t h e  hydrofoil  
at a depth of 1/2 chord below the  surface. 

2. The maximum lift-drag ratio  decreased and the lift coefficient  at 
which  it  occurred increamd with  depth  principally  because of t h e  
increasing drag of the Strut. 
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Hydrofoil, NACA 6L&l2 Strut ,  MCA 6 4 4 2  . I 
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Figure 3-  - Test setup sharing aspect-ratio-10 hydrofoil and balance 
attached to towing carriage. 
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. .  

' Figure 4. - V a r i a t i o n  of ground interference coefffcient 6 with depth. 
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(a) Variation  with speed: 

u FI 

3 . m o  
G3 

0 

- Depth, in. 

(b) Variation  with  depth. 

Figure 7.- Variation of s t r u t  drag coefficient  with speed and depth. 
CD is  based on the area of the  hydrofoil (4.44 sq f t )  . 
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Figure 8.- Variation of lift-drag r a t i o  with lift coefficient a d  depth 
of submersion. (Ey&ofoil-strut configuration) 
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Figure 9.- Maximum lff t--drag  ratio and the lift coefffcient at which 
it occurs as a function of -depth and speed. (~ydrofoil-strut 
configuration.) 
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