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Purpose  of Study 

The parpose of this experimental study is to  determine the con- 

tour  of the dis tor ted water  surface behind a hydrofoil operating a t  

shallow depths of submergence. The effects of foil depth, Froude  

Number, and the angle of attack were  investigated fo r  a non-cavitating 

hydrofoil without any flap deflections. The charac ter i s t ics  of the 

surface depression behind a foil a r e  important  when considering the 

applications of canard  o r  tandem foil sys tems.  A theoret ical  analysis  

of the s a m e  phenomena i s  being made  by Daniel Ai and a comparison 

between theory and experiment will be made  i n  the nea r  future. 

Equipment and P e r  s onnel 

The investigation was made in  the Free-Surface Water  Tunnel of 

the Hydrodynamics Labaratory a t  the California Insti tute of Technology. 

m~  ALL^ operator  and investigator was J. Brentjes  who was ass i s ted  by 

C a r l  Eas  tvedt i n  the photographic studies.  

F o r  this study, the Task Mark  I1 Balance was replaced by a physi- 

cally s imi l a r  dummy balance to a c t  a s  a support fo r  the angle-changing 

mechanism and model, The live balance was not used because of the 

des i r e  to protect  it f r o m  possible wetting o r  overload damage. The 

dummy balance was mounted on the existing elevating mechanism which 
t 

allowed the model to be r a i sed  and lowered to  within - 0.001 ft. f r o m  

the reference depth (Fig. 1). In o rde r  to provide the model with a s  

much clearance f r o m  this supers t ruc ture  a s  possible, the dummy bal- 
0 ance was rotated 180 f r o m  i ts  usual position, By having the dummy 

balance point downstream i n  this manner ,  readings of the sur face  con- 

tour  could be taken a s  close to  the model a s  was desired.  

To m e a s u r e  the surface wake profile, a Lory  Type A depth pointer 

gage was mounted on a t ravers ing  mechanism Ghich spanned the t e s t  

section (Fig.  1). The mechanism could b s  positioned a maximum dis- 

tance of four  feet  behind the model  to  within f .005 of a foot. The 

depth gage could be  r ead  to within 2 .001  feet  while the t ravers ing  me- 

chanism could be s e t  to within f ,002 fee t  f r o m  the centerline.  



Description of the Model - 
The model used in  this investigation was a n  NACA 16-206 non- 

cavitating hydrofoil mounted on an NACA 16-006 s trut .  The co- 

ordinates fo r  both the foil and the s t ru t  a r e  presented  i n  Table I. 

The rectangular  foil has  a chord of three  inches and an aspect  ra t io  

of 1. 33. The s t ru t  has a chord of 2.25 inches and a length of approxi- 

mately ten inches.  I t  was mounted with i t s  leading edge coincident with 

the leading edge of the foil and with a positive rake angle of ten degrees 

with respec t  t o  the foil chord line. The foil  t ips  were  cut  off square  

and had no fi l lets at the foil-strut intersection. The model  was made  

of 17-4 Armco stainless  steel.  I t  is owned by the Boeing Airplane 

Company which cooperated i n  and sponsored the e a r l i e r  force  investi- 
1:: 

gation p rogram on this model. The photographs of the t e s t  condi- 

tions (Fig.  2 and 3) -were taken during that program.  

Experimental  Procedure  

The model  with i t s  angle of a t tack adjustment bracket  was mounted 

on the dummy balance (turned end-for-end, as descr ibed ea r l i e r ) .  

Thus, a s  shown in  F igure  1, the model  was supported well aft of the 

elevating mechanism. By measuring the distance f r o m  the tunnel wall 

to the leading and t rai l ing edges of the foil, the model  was adjusted f o r  

ze ro  yaw as accurately as possible. The ro l l  angle was reduced to z e r o  

by bringing the trail ing edge slightly above the water surface and rotating 

the dummy balance until the foil tips were  the s a m e  distance f r o m  the 

water  surface.  . 

The t r ansve r se  position of the centerline of the model  was deter-  

mined with the t ravers ing  mechanism, using the t ips of the foil a s  r e -  

fe rence  points. With this centerline a s  the new reference line, the de- 

s i r ed  positions of the Lory  pointer gage were  marked  off. It was decided 

that data points would be taken a t  0 .05 ,  0.1, 0.2, 0. 3, 0.4, and 0.6 

feet  t ransverse ly  f r o m  the centerline.  

:$Numbers r e fe r  to re ferences  a t  end of repor t  



With the foil s e t  a t  eight degrees  angle of attack, the longitudinal 

positions of the pointer gage were determined fo r  distances of = 0. 5, '  

1. 0, 1. 5, 2. 0 ,  and 2. 5 feet.  This was done by aligning a scr ibed  

m a r k  02 the supporting U-frame of the pointer gage with a flexible sca le  

taped to the top of the upper working section box frame.  Since the foil 

leading edge position var ied  with angle of attack, the m a r k s  fo r  the lon- 

gitudinal distance, , had to be changed fo r  each angle. The angles 

of attack used i n  this experiment were: 8, 4, 2, and -4  degrees .  

Because the effect of Froude Number on the w a k ~  profile was to be  

determined, four velocities were  chosen which -were within the prac t ica l  

operating range of the tunnel; namely, 10, 15, 20 and 24. 5 fps. At 

each of these velocities the surface contour without the model  was de- 

termined as a reference waterline for both the foil  depth and the wake 

survey.  The reference reading fo r  the foii depth counter was found by 

lowering the model until the trail ing edge of the foil barely touched the 

water  surface and then by making the p rope r  cor rec t ion  to  t r ans fe r  

this reading to  that for  the leading edge. Thus the z e r o  depth reading 

of the foil  was determined and the sett ings for  the t h r e e  'desired depths 

could bz calculated ( h/c = 1.0, 0.5, and 0.25 ). This  procedure had 

to be repeated fo r  each angle of attack. 

Finally, with all the des i red  data points selected and marked  off, 

the surface contour was surveyed, repeating the ent i re  procedure for  

each velocity. 

A f i r s t  impress ion  was that the s t r u t  s eemed  to deflect the water  

surface in  the proximity of the model for  the g r e a t e r  foil depths. To 

check 'chis, the s t r u t  was run  with the model  removed. I t  was found, 

however, that the sp ray  and surface distortion were  sma l l  i n  comparison 

with that of the foil and were  therefore neglected. 

During the experiment  it was observed that the maximum wake 

depth and its position behind the model  were  d i r ec t  functions of velocity 

and angle of attack. Consequently, additional measurements  of this  

maximum wake depth were  made fo r  seve ra l  m d r e  foil  depths, including 

some points where the foil was planing. 



Observations 

Photographs which a r e  direct ly  applicable to  this t e s t  were  taken 
1 

during the fo rce  measurement  program. F igures  2 and 3 show the 

effects of depth and angle of attack a t  the highest velocity (24. 5 fps). 

No photographs were  taken a t  the lower velocities.  

Because of the boundary l aye r  and the buildup of water  along the 

tunnel wails, the actual  water  surface i s  not v e r y  c l ea r  in  these photo- 

graphs.  The bottom of the wake profile, however, can  be seen  quite 

well and should give a physical feeling of the maximum surface distor- 

tion. 

F o r  the case  of -4 degrees angle of attack, it was observed that 

when the model  was extremely close to the surface,  a different type 

of upwash would occur.  The foil  would actually scoop up the water  

and throw it up into a roos ter  ta i l  while underneath the foil  some suc- 

tion effects were  observed. This total  effect caused the high peak of 

the surface distortion in  F igure  10. 

Analysis of Data: 

The only data  reduction which was per formed was the calculation 

of the actual wake depth with respec t  to the re ference  water  l ine.  This 

was done and the resu l t s  were  plotted to  show the wake contours 'as  

affected by the various pa ramete r s .  The data  is presented in  dimension- 

l e s s  f o r m  in  o rde r  to make  it direct ly  applicable to other sys tems.  

F igure  4 shows the effect of foil  depth on the longitudinal profile 

a t  the centerline,  and the t r ansve r se  profile at the location of maximum 

wake depth ( d / c  = 6.0). All  of tiles e profiles a r e  shown to scale .  

F igure  5 is a s imi l a r  drawing showing thz effect of angle of attack. 

The effect of Froude Number and angle of a t tack on the longitudinal 

wake profiles is presented  fo r  a depth of h/c = 0.25 in  F igure  6. F o r  

this same  depth and Froude Numbers,  F igure  7 shows the t r a n s v e r s e  

wake profiles.  These t r ansve r se  profiles were  taken a t  var ious dis tances 

behind the leading edge of the foil  a s  shown i n  the previous figure. 

F igure  8 shows the t r ansve r se  profiles at a full depth of half a chord. 



The maximum wake depth, dB, was obtained for  various velocities, 

depths and angles of attack, F igure  9 shows this maximurn wake depth 

as a function of foil depth for  three  velocities. Likewise, Figure 10 

shows the effect of angle of attack. F o r  constant*foil depths it was 

found that the variations of df were  pract ical ly l inear  with Froude Num- 

be r  and angle of attack (Fig. 11). The longitudinal location of the maxi- 

mum wake depth, 1, was found to va ry  l inearly with Froude Number, 

but to  be unaffected by foil depth o r  angle of attack. 
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Run Surnmarv Sheet 

Exp. RunNo.  Angle of Velocity Foi l  Depth 

- -- Attack h/ c 

10 fps 1 .  0 ,  0. 5, 0 .  25 

1 5  fps 1 . 0 ,  0. 5, 0 .  25  

20 fps 1 . 0 ,  0 . 5 ,  0 . 2 5  

24. 5  ips 1 . 0 ,  0. 5, 0 . 2 5  

24. 5  fps 1 . 0 ,  0. 5, 0. 25 

1 5  fps 1 . 0 ,  0 . 5 ,  0 . 2 5  

15  fps 1 .0 ,  0. 5, 0 . 2 5  

Page No. 

u 8 8' 10 fps 2 .0  to -. 1 (14 points) 22 
s 
rd 9 ti0 20 fps 2.0 to -. 096 (12 points) 22 
3 2  e 8 10 8' 1 5  fps 1 . 0  to -. 092 (11 points) 23  

5 ;  11 2O 15  fps 2. 0  to 0  (11 points) 2'3 
.Ti 

X 12 4O 15  fps 2.0 to -. 02 (11 points) 23 

2 , 1 3  - 4O 1 5  fps 2.0 to 0  (12 points) 2 4  

Data Reduction Sheets 













FORM HDL4 5 M  1 O . S S  M 
. - -  . .  - . ... . - - , . . . . .. . 

, . .  .. . . . . . . . 















FORM HDL4 5M 10 .55  M 
-- 





ha/*&&- ,J a- 1 c% ,kcb-,+? -- ,q--. 
a [,<A , 

0 .  " - -8  IJ so I ' .  
: w f (f ;., -:, 
/ '  , I  

FORM HDLd 5M 1 0 - 5 5  M 













HYDROFOIL AND STRUT COORDINATES - 
Table I , 

NACA 16-206 e 
*. 

c 
NACA 16-006 

I I 

NACA 16-206 1 NACA 16-006 1 
H Y D R O F O I ' L  I S T R U T  / 



Hydrofoil - Strut Model 

Model Support and Foil 
Depth Indicator 

Depth Gage and Travers-  
ing Mechanism 

Velocity Indicator 

Figure 1 -- Free-Surface Water Tunnel Working Section 

Conditions as shown: Velocity = 20 fps 
Angle of Attack = 8O 
Foil Depth, h/c = . 2 5  
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Angle of Attack = 0' 

Angle of Attack = 4' 

Angle of Attack = 

Figure 2 .  Effect  of Angle of Attack on the Water Surface Distortion 



Velocity = 24. 5 fps. Angle of Attack = 8' 

F igu re  3. Effect  of Foi l  Depth on the Water Surface Distortion 





N A C A  16-206 HYDROFOIL WAKE PROFILE 
EFFECT OF ANGLE OF ATTACK 

FROUDE NUMBER, Fr = 4 . 6 0  FOIL DEPTH-CHORD RATIO, h/c = 0.50 
I I 

TRANSVERSE PROFILE 

P, " & SPAN OF FOIL I 1 

a 4 

TUNNEL WALL 

I 

I 
REFERENCE WATER LINE 

F i g u r e  5 



LONGITUDINAL WAKE PROFILES 
EFFECLT OF FROUDE NUMBER AND ANGLE OF ATTACK 

F i g u r e  6 



TRANSVERSE WAKE PROFILES 
EFFECT OF FROUDE NUMBER 

a = a 0  DISTANCE 

ENTER LINE 

Fr 83.07 Fr = 4.60 

HYDROFOIL 
I 

I I I I 

F i g u r e  



TRANSVERSE WAKE PROFILES 
EFFECT OF FROUDE NUMBER 

a = 8' DISTANCE 

HYDROFOIL . I 

&/, = 2 .0  

4 . 0  REF. W.L. 



MAXIMUM W A K E  DEPTH, d* 

EFFECT OF FROUDE NUMBER, Fr 

ANGLE OF ATTACK = 8" 

Q/c = 9.0 v 

F i g u r e  9 



MAXIMUM WAKE DEPTH. d' 
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