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ABSTRACT 

The resul ts  of force and cavitation tests on two hydrofoils in two- 

dimensional flow a r e  presented. The hydrofoils a r e  the NACA 4412 

profile and a modified circular a rc ,  flat plate, hydrofoil designated a s  

a Walchner profile 7. The resul ts  of experiments performed in wind 

tunnels and in other water tunnels a r e  presented for  comparison, The 

experiments described in this report  a r e  the f i rs t  tes ts  using the High 

Speed Water Tunnel two-dimensional working section and the new force 

balance; therefore, the experimental setup, procedure and methods of 

data reduction have been described in detail. 

The resul ts  of the tests on the NACA 4412 hydrofoil a r e  in good 

agreement with those obtained for this profile in the Langley two- 

dimensional low-turbulence wind tunnel. The resul ts  of the tests on the 

circular a r c ,  flat plate hydrofoil a r e  not in good agreement with the resu l t s  

obtained by Walchner for cavitating flow. The differences in the forces 

on the hydrofoils can be accounted for with a difference in cavitation 

number of approximately 0. 1. 

The tes ts  indicate that accurate force measurements can be made 

with the new water tunnel force balance and that the methods developed 

during these tests provide a satisfactory means of obtaining the section 

characterist ics of hydrofoils in cavitating and noncavitating flow. 



INTRODUCTION 

The hydrofoil research program a t  the Hydrodynamics Laboratory, 

California Institute of Technology, which was begun on March 1, 1953, 

has a s  i t s  purpose a theoretical and experimental study of the forces on 

hydrofoils in noncavitating and cavitating flow. 

The experimental program can be divided into several phases. The 

f i r s t  phase of the work was the modification of the High Speed Water Tunnel 

working section and force balance. The modification of the circular cylin- 

der working section to provide a two-dimensional channel for the hydrofoil 

experiments is described in the section on Apparatus and Test Procedure. 

The modifications to the water tunnel force balance system a r e  described 

in  Ref. I. 

The second phase of the experimental program was a series of proof- 

ing tests to determine the accuracy and reliability of the new force balance 

and to develop testing techniques for measuring the forces and moments on 

hydro foils in cavitating and noncavitating flow. The results of this second 

phase of the experimental program a r e  presented in this report. Proofing 

tests require some standard for comparison of results. For  this reason 

the hydrofoil models selected for these initial experiments were ones for 

which many of the hydrodynamic and aerodynamic characteristics were 

known. 

Other phases of the present experimental program include the measure- 

ment of forces on other hydrofoil shapes, pressure distribution studies, and 

an investigation of the effects of a free water surface o r  submergence on 

hydrofoil performance. 

HYDROFOILS 

Two hydrofoils were selected for the initial proofing experiments. 

The first was an NACA 4412 profile and the second a shape tested by Walchner 

in 1934 and designated a s  a Walchner profile 7. The NACA 4412 hydrofoil 

was selected for several reasons. F i r  st, there is a wealth of wind tunnel 



data available on this shape for a wide range of Reynolds numbers f rom tests 

in several  facilities. Second, the NACA 4412 profile was tested in the old 

California Institute of Technology water tunnel in 1944 for noncavitating 

flow.' Third, the hydrofoil model could be made by shortening the ?-inch 

span model used in 1944 so that tes ts  could be made on a shape that was iden- 

tical to the one previously tested. Water tunnel lift and drag data in both 

fully wetted and cavitating flow a r e  available for the Walchner profile 7, 
3 

The NACA 441 2 hydrofoil madel has a 3,OO-inch chord, a Z,90-inch 

span, i s  12% thick and has a 4% camber. The Walchner profile 7 has a 

3.30-inch chord and a 2,90-inch span. This profile is 1170 thick, has a c i r -  

cular a r c  upper surface and a flat lower surface with modified, o r  rounded, 

leading and trailing edges. Both models were made of stainless steel. These 

hydrofoil models a r e  shown in  Fig, 1 and their ordinates a r e  presented in 

Tables I and 11, Appendix A. 

APPARATUS AND TEST PROCEDURE 

1. Apparatus 

The experimental investigation of the hydrodynamic characterist ics 

of deeply submerged hydrofoils was conducted in the High Speed Water 

~ u n n e l . ~  The tunnel has a 14-inch diameter closed jet working section. Fo r  

the hydrofoil tests it was necessary to modify the working section to obtain 

two -dimensional flow, This was done by inserting nozzle castings, flat 

plates, and short diffuser castings inside the circular working section to 

provide a channel which i s  3 in. wide by 14 in. high. The channel i s  not 

quite rectangular since portions of the wall of the circular working section 

form the top and bottom of the two-dimensional section. 

The nozzle castings have a 20-inch radius circular a r c  profile hand- 

faired a t  the downstream juncture'with fhe flat plates to eliminate the 

sudden discontinuity i n  curvature, The two-dimensional nozzle section 

gives a 3:l a rea  reduction f rom the circular section. Except for fairing 

the downstream end and turning the outside to f i t  the circular working sec- 

tion, the two-dimensional nozzle was installed a s  cast. There i s  no fairing 

at the upstream end o r  around the junctr~re of the castings and the water 



2 - The  two-d imens iona l  channel  nozzle  a n d  d i f fuser  cas t ing  
f l a t  p la te  wal ls  a s s e m b l e d  for  ins ta l la t ion ,  The  s e a l e d  s 
sh ie ld  can  be s e e n  in the lower  photograph.  The  luci te  
c a n  be s e e n  in  the upper photograph.  



Fig.  3 - View looking downstream of the two-dimensional channel 
assembly  in the  wate r  tunnel working section. 
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Fig.  4 - Sketch showing the two-dimensional 
setup for hydrofoil fo rce  tes t s .  



tunnel walls. The nozzle and diffuser castings a re  aluminum painted with 

zinc chromate. After three months of use there was very little evidence 

of corrosion o r  electrolytic action. 

Flat, parallel, vertical brass  plates extend 20-7/8 inches downstream 

from the tangent line with the two -dimensional nozzle to the inter section 

with the diffuser section. These plates extend 11 inches upstream from the 

balance spindle centerline. There i s  a flat lucite window 3 inches high by 

10 inches long in the flat plate opposite the spindle position, The space be- 

tween the flat two-dimensional channel walls and the circular working section 

walls is filled with water though there i s  no flow through this region. Struts 

a r e  provided in this space to prevent deflection of the flat plates caused by 

high pressure in the dead water space, For  the latest tests the dead water 

space on the window side and the balance spindle shield was sealed from the 

high pressure water coming from either end of the two-dimensional channel 

and was vented to the same pressure as in the hydrofoil channel. The lucite 

circular working section windows extend 20-5/8 inches along the two- 

dimensional channel, giving windows on three sides for lighting and photo- 

graphing the mode 1. 

F la t  diffuser castings extend 22-1/2 inches downstream from the 

parallel channel walls. This two-dimensional diffuser has a 7 degree total 

angle and ends abruptly in the transition section of the circular diffuser. In 

order  to completely diffuse the water in the two-dimensional channel by ex- 

tending the diffuser section until i t  intersected the walls of the 7.6 degree 

circular water tunriel diffuser would have required long and expensive cast- 

ings and a much higher diffuser angle. Because of installation difficulties 

and the fact that unsteady flow separation would probably result from such a 

large angle diffuser, i t  was decided to end the two-dimensional diffuser 

abruptly with separation a t  a known and stable position. 

Figure 2 shows the assembled plates and castings ready for installa- 

tion. Figure 3 shows the two-dimensional channel in place in the circular 

working section. Sketches of the hydrofoil channel a r e  shown in Fig. 4. 

Velocity and pressure calibration experiments were made a t  several 

positions in the two-dimensional channe 1. The velocity profile i s  uniform 

throughout the entire section except for the boundary layers on the plates and 

tunnel walls. The boundary layer on the flat plate i s  approximately 0.22 in. 



thick a t  the hydrofoil position. A description of the flow calibration t e s t s  and 

the results are. presented in Appendix A. 

The hydrofoils shown in Fig. 1 were machined with a short 3/4-in. dia- 

meter stub spindle on one end. The hydrofoils were positioned between the 

flat two-dimensional. working section walls with small  end clearances, The 

end of the 3/4-in. stub spindle was made flush with the wall with a radial 

clearance gap to allow for spindle and balance deflection under load. The 

stub spindle was fastened to the balance spindle which in turn was bolted to 

the top of the new force table. The spindle used in most of these tests has a 

diamond-shaped c ross  section, which permitted it to be rotated through 

+ 22 degrees in a rectangular space inside the spindle shield. - 
Because of radial interferences caused by spindle deflection, spanwise 

interferences caused by deflection of the two-dimensional channel walls, and 

jetting of water through the stub spindle clearance gap from the high pressure 

dead water region, the spindle shield assembly was modified. A new cylin- 

drical spindle, 3-5/16 in, in diameter and 6 in. in length, has reduced 

spindle deflection and reduced the size of the radial clearance needed between 

the channel walls and the spindle. Both the old and new spindles with the 

NACA 4412 hydrofoil attached are  shown in Fig. 5. The spindle shield was 

modified to provide space for the larger spindle and was sealed from the 

high pressure water. The sealed spindle shield which is soldered to the 

flat channel wall and has an I t O t t  ring seal a t  the outside working section wall 

can be seen in the lower photograph, Fig. 2. With this new shield the pres-  

sure around the spindle is the same as in the two-dimensional channels. 

With the new spindle shield assembly the angle of attack of the hydro - 
foil can be set  a t  any value through 360 degrees to within one minute of arc .  

The angle of attack can be changed during a test without stopping the tunnel 

o r  interrupting the run in any way, 

The hydrofoil end gap a t  the spindle end of the hydrofoils has been 

eliminated by attaching the hydrofoils to the spindle through a 5.00-in. 

diameter disk set  flush with the channel wall. There is a 0.027-in, vertical 

and 0.012-in. horizontal clearance gap between the disk and the channel 

wall, Figure 6 shows the NACA 44 12 hydrofoil mountecl on the new disk- 

spindle assembly in the working section. The viscous drag forces on the 





F i g .  7 - Balance  ins ta l l ed  o n  the High  Speed Water  Tunne l  f o r  
hydrofoil  f o r c e  m e a s u r e m e n t s .  



hydrofoil mounting disk were calibrated by supporting the hydrofoil from the 

opposite side of the two-dimensional channel at the viewing window with a 

small end gap between the hydrofoil and the disk. The forces were then 

measured on the disk alone and corrections applied to the hydrofoil force 

data. The details of the method of obtaining these corrections a re  given in 

Appendix C. 

For  regular force runs the gap between the end of the hydrofoil and the 

lucite viewing window in the channel wall was held a t  approximately 0.002 in. 

The effect of end gap was investigated by changing the gap from 0.00 1 to 

0.032 in. Over this range there was an increase in drag on the NACA 4412 

hydrofoil of 25% and a decrease in l i f t  of 870. There was no change in pitch- 

ing moment over this range of end gap width. Experiments to determine the 

effect of spanwise gap between the working section wall and the end of the 

hydrofoil a r e  described in Appendix B. 

1 
The force balance, supported on a monorail carriage, i s  mounted 

horizontally on the working section, Fig. 7. The horizontal hydrofoil and 

balance orientation was used in order  to avoid spanwise variations in the 

cavitation caused by the vertical gravity pressure gradient in the working 

section. The force balance measures  lift, drag, and pitching moment. The 

design loads for the modified balance a r e  150 lbs lift,  150 lbs drag, and 

560-in/lbs of pitching moment. The design load for the hydrofoils r e -  

ported here i s  150 lbs of lift. This corresponds to CLma, for conven- 

tional airfoil shapes a t  45 f t  per second tunnel velocity. Tests can be run 

a t  higher velocities a t  smaller attack angles. 

The forces and moments on the hydrofoil models a r e  balanced by pres- 

sure in hydraulic cylinders attached to the frame of the force balance. This 

pressure is measured on automatic hydraulic weighing gages. Figure 8 shows 

the four pressure gages on the force gage console, The drag gage i s  shown 

alone in Fig. 9, In this photograph the beam with the automatic rider which 

is geared to the readout counter, the Schaevitz linear variable differential 

t ransformer for sensing the balance of the beam, and the chain-driven selsyn 

generator for transmitting the readout of the gage to remote reading coun- 

ters,  can be seen. 



Counters on the gages read  directly in pounds of lift and drag and inch- 

pounds of moment,. When making force measurements on a model in the tun- 

nel, the gages do not in general  give a steady force reading but hunt slightly 

around an  average value. This gage hunting, which i s  primarily due to small  

velocity fluctuations in the tunnel, can be controlled by a rheostat  in  the gage 

balancing circuit. The data i s  taken by stopping the gage counters a t  random 

intervals when the gages a r e  a t  balance and recording the readings. A small  

sample of ten readings a r e  taken and averaged for each data point. Tes t s  

using a much larger  number of counter readings show that this smal l  sample 

method gives very satisfactory results ,  

Several  methods of force data recording were used in these hydrofoil 

experiments. In the f i r  st method which was standard in the past, the gage 

operator copied a l l  gage readings on data sheets. The second method of data 

readout was developed during the hydrofoil tests. With this system the data 

was recorded with a camera  mounted above the gage console which photo- 

graphed the entire gage console. After a run, the film was developed and the 

gage counters read on a microfi lm enlarger. The third sys  tem which is in  

use a t  the present time is a refinement of the second method above. With 

this system the gage readout is displayed on a duplicate se t  of selsyn-operated 

counters. The remote reading counters a r e  photographed on 35 m m  film and 

the data read with a smal l  desk film viewer. Figure 10 shows the counter 

box and camera setup for  the force gage readout system. Figure  11 shows a 

section of data film giving the force and velocity information for  one data 

point. The use of this new data recording method has reduced readout time 

by a factor of five. 

The balance cylinders and the three force gages a r e  constructed so 

that one psi of hydraulic p ressure  is equivalent to one pound of force or one 

inchhound of pitching moment. The pressure  i s  read  out on the gage counters 

with a least  count of 0.01 psi. 

Before beginning the hydrofoil experiments complete calibration tes t s  

were made of the force balance and gages, The force  gages were  tested with 

a n  Ashcroft hydraulic dead weight t es te r  for p ressures  f rom 5 to 150 psi. 

The gages showed an accuracy of 0.2% of the applied pressure  a t  5 psi 

increasing to an  accuracy of 0.002% a t  100 psi. The force balance was 



9 - The High Speed Water  Tunnel  d r a g  gage showing the chain- 
d r iven  se l syn  genera to r  for r emo te  readout.  



sys tem showing the force rofilm 
camera  for recording the da 



tested for accuracy and force and moment interactions. For  small  forces 

on the order  of five pounds or  less the balance system showed an accuracy 

of 0.4% of the applied force. For  forces on the order  of 50 pounds or  

larger,  the percentage accuracy was increased to the order of 0.03%. 

Over the full range of forces tested the l i f t  and drag interactions were 0.2%, 

and the moment interaction indicates a misalignment of the balance moment 

center of 0.012 in. Since the force gages were used for readout of the 

balance calibration, the gage e r r o r s  a r e  included with the balance system 

calibration. The calibration runs a r e  described more completely in Ref. 1. 

A fourth hydraulic weighing gage i s  used for measuring a pressure 

differential. This gage i s  connected ac ross  the tunnel nozzle for measur- 

ing flow velocity. The least count of this gage is 0.001 psi. At 5 psi , 

static pressure difference the gage reads to an accuracy of 0.06% and 

better than 0.00570 for pressure differences greater than 10 psi. 

Pieziometer rings a r e  attached a t  each end of the water tunnel nozzle 

for velocity and static pressure measurements. For  the hydrofoil tests 

the pressure drop across  the three-dimensional nozzle i s  measured and 

the ve locity in the two-dimensional channel i s  calculated from continuity 

considerations. The velocity head is measured on the differential pressure 

gage for noncavitating runs and on U-tube manometers for cavitation tests. 

A carbon tetrachloride -water manometer is used at low velocity and a 

mercury-water manometer a t  high velocity. 

The static pressure,  po, i s  obtained from measurements of the 

staticapressure made upstream of the two-dimensional channel nozzle. The 

pressure at  the hydrofoil position was calibrated relative to the upstream 

pressure reference point for the clear working section without the hydro- 

foil. Because the two-dimensional working section i s  short, the static pres- 

sure throughout this section i s  affected by the pressure field of the hydro- 

foil and therefore the free s t ream static pressure cannot be measured in 

this region. By using the measured upstream pressure and the calibrated 

correction for the pressure drop across  the two-dimensional nozzle and the 

friction losses, the free stream pressure which would exist a t  infinity in 

the free stream is obtained. 

The vapor pressure of water i s  used in most tests for calculating 



cavitation number. However, with fully cavitating hydrofoils the cavity pres- 

sure can be measured, and should be measured whenever possible. A pres- 

sure tap on the model o r  a single pressure tap which protrudes from the 

channel wall into the region behind the hydrafoil was connected to a mercury 

U-tube manometer. A water t rap was used in the manometer line to the 

tunnel and the line cleared of water before each measurement. The other 

side of the manometer i s  open to atmospheric pressure. 

Electrically operated 35 mm microfilm cameras,  mounted above and 

below the working section are  used to record the amount of cavitation on the 

model a t  each test point during the runs. 

2, Tes t  Procedure 

Some of the details of the test procedure were described in the preced- 

ing section on test apparatus. In this section the experimental procedure 

for each type of test is briefly described. 

The hydrofoil force characteristics for noncavitating flow a r e  ob- 

tained over a wide range of hydrofoil attack angles and a t  several Reynolds 

numbers. In each run the tunnel velocity i s  held constant, the working 

section pressure is held a t  a constant value sufficient to suppress a l l  cavi- 

tation on the model, and the angle of attack of the hydrofoil i s  varied, In 

these runs the lift, drag, pitching moment and velocity data are photo- 

graphically recorded. The runs a r e  repeated a t  several  Reynolds numbers. 

The Reynolds number range for the tests reported here is 0.55 x l o 6  to 

1.49 x lo6 for the NACA 441 2 hydrofoil, based on s chord length af 3.00 

in, The tests of the 3.3 in, chord Walchner profile 7 were made a t  
6 Reynolds numbers from 0.53 x lo6  to 1.05 x 10 . 

For  the NACA 4412 hydrofoil the cavitation number for incipient 

cavitation was determined a s  a function of tunnel velocity and hydrofoil 

attack angle. In each run the tunnel velocity was held constant and the 

angle of attack and cavitation number were varied. At each hydrofoil angle 

of attack the working section pressure was reduced until cavitation occurred 

on the model. The pressure was then slowly increased until the cavitation 

just disappeared. The disappearance of cavitation was used as a measure 

of the incipient cavitation number to avoid cavitation hyatere sis effects. 

These runs were repeated over a wide range of velocities, The model was 



mounted on the force balance to facilitate changes in angle of attack, The 

only data recorded were the working section pressure and velocity mano- 

meter readings. 

In another ser ies  of runs the force characteristics of the hydrofoil in 

cavitating flow were determined. The principal controlled variables in these 

tests were velocity, cavitation number, and hydrofoil angle of attack. The 

complete set  of cavitation force characteristics were compiled from the r e -  

sults of many test  runs in which velocity and angle of attack were held con- 

stant and the cavitation number varied from completely wetted flow to full 

cavity flow. The cavitation number was varied in steps by changing working 

section pressure. At each test point the lift, drag, and pitching moment 

gage readings were photographically recorded, the velocity and working sec- 

tion pressure were read on manometers and photographs were taken of the 

cavitation on the hydrofoil. The runs were repeated a t  a constant velocity 

for a wide range of angles of attack and a t  several velocities for selected 

attack angles. 

3. Data Reduction 

The force and cavitation data a r e  reduced to dimensionless coefficients 

a s  follows: 

Lift coefficient, 

Drag coefficient, 

Pitching moment co- 
efficient (about 1/4 
chord point), 

Cavitation number, 

Reynolds number, 

- Lift 
C~ 

- -  5 V'A 

- - Pitching Moment 
c~ $ V ~ A C  



where 

V = velocity of undisturbed flow, ft/sec 

p = density of water a t  temperature of the run, slugs/ft 3 

A = plan a rea  of hydrofoil (chord x span), ft 2 

c = chord of hydrofoil, f t  

p = pressure of undisturbed flow, lb/ft 2 

p v 
= vapor pressure of fresh water at the temperature of the 

run, lb/ft 2 

pk = measured cavity pressure,  lb/ft 2 

v = kinematic viscosity of f resh water a t  the temperature of 

the run, ft2/sec 

In calculating the force and cavitation coefficients a number of correc-  

tions a r e  applied to the tunnel data. The lift, drag, and pitching moment gage 

readings a r e  corrected for balance pressure sensitivity, balance and force 

gage temperature drift and spindle disk tare forces. 

During a cavitation run the balance and seal may be subjected to pres-  

sure changes f rom 4 0  psig down to vapor pressure of water. The change of 

drag and pitching moment with working section pressure a r e  approximately 

linear over this range and amount to 0.0058 lb per psi for drag and 0.045 

i n / l b  per psi for moment. The change of lift with working section pressure 

is small over the range of pressures  used in these tests and was therefore 

neglected. Curves of balance pressure sensitivity a r e  given in Ref. 1. The 

balance pressure sensitivity may be caused by tare  forces introduced by non- 

uniformity in material, fabrication o r  eccentricity of alignment of the old 

balance seal, o r  by deflection o r  nonuniform preloading of the old balance 

spindle support wires. The balance pressure sensitivity is independent of 

the force and moment loading of the balance. 

The balance and force gages a r e  sensitive to changes in temperature 

due to the warm-up of the equipment and changes in ambient temperature. 

Small restoring springs on the force gage weighing beam and the preload 

springs on the force table a r e  the principal sources of temperature drift. 

Heat from the gage electronic equipment and motors gives a gage warm-up 



period of several hours. Since i t  i s  impractical to wait  for the gages and 

balance to reach temperature equilibrium, a linear correction based on the 

pre-run and post-run zero readings is applied to the gage readings. Cali- 

brations have shown the corrections to be a s  great a s  0.08 lb of drag for the 

f i r s t  run of the day, requiring approximately 1.5 hours. The temperature 

correction of course becomes less  for subsequent runs during the day. The 

single springs in the force gages were replaced by two identical opposing 

springs for the final tests reported here, thus providing temperature com- 

pensation and essentially eliminating the gage temperature sensitivity. 

The force gage readings a r e  also corrected for the forces on the spindle 

disk. To calibrate these tare forces the hydrofoils were mounted on a brass  

plate in the window opening in the flat plate opposite the spindle. The hydro- 

foil i s  adjusted to give a very small gap between the end of the hydrofoil and 

the spindle disk and 'the force runs repeated a t  the same conditions of velo - 
city, angle of attack, and cavitation number. For  these runs, only the 

forces and moments on the spindle disk a r e  measured and the results a r e  

applied a s  corrections to the hydrofoil test  data. This correction for the vis- 

cous drag on the plate was approximately 28% of the total measured drag 

on the NACA 4412 hydrofoil a t  a velocity of 30 fps and an angle of attack of 

4 degrees. The lift and pitching moment on the disk were approximately 0.5% 

of the total measured on the hydrofoil for the same test conditions. Some of 

the resul ts  of the spindle disk tare  force tests a r e  given in Appendix C. 

The force data from the fully wetted flow runs were corrected for the 

e r r o r s  in the measured forces due to the flow constraints imposed by the 

closed jet working section. The corrections have been applied only to the 

data of Figs. 12, 13, 30, 31, 32, and 33, and to the corresponding data in 

Appendix D. These corrections for solid and wake blockage, lift effect and 

working section pressure gradient were based on two -dimensional wind 

tunnel techniques.5 Calculations and curves of these corrections a r e  given 

in Appendix C. Since tunnel interference corrections were not applied for 

fully cavitating flow, or  the intermediate region of par tially cavitating flow, 

the corrections for fully wetted flow have been omitted on a l l  curves such as 

the polar diagrams, which include cavitating and noncavitating data. 



RESULTS 

Because of the basic differences in the shapes of the two hydrofoils 

tested, the results a r e  presented separately. The results of the tests on 

the NACA 4412 hydrofoil a r e  presented in Figs. 12 to 29 and discussed on 

pages 12 to 20. The results of the tests on Walchner profile 7 a re  given 

in Figs. 30 to 43 and discussed on pages LO to 25 . The results of experi- 

ments on these same shapes in other facilities a r e  included with the High 

Speed Water Tunnel data for comparison. 

DISCUSSION OF RESULTS 

1. NACA 4412 Hydrofoil 

A, Noncavitating flow 

The results of the tests of the NACA 4412 hydrofoil in fully-wetted 

flow a r e  shown in Figs. 12 and 13. The tests were run at tunnel velocities 

of 20, 30, 40, 50, and 60 fps, giving Reynolds numbers from 0.55 x 10 
6 

6 to 1.49 x 10 . Lift coefficients and moment coefficients about the quarter 

chord point a re  shown in Fig. 12. A polar diagram of lift coefficient vs 

drag coefficient is shown in Fig. 13. Results of tests f rom several 

sources at  comparable Reynolds numbers a re  included in these figures. 

Curves A and B a r e  the resultg of tes ts  in the Langley Two-Dimensional 

Low Turbulence Wind Tunnel, 1 9 4 9 . ~  Curves marked C e r e  the results of 

tests on a larger span of the same hydrofoil in the old water tunnel a t  the 

Hydrodynamics Laboratory by 3. W. Daily, 1 9 4 4 . ~  Curves D and E a r e  

from tests on a finite rectangular span section in the NACA Variable -Density 

Wind Tunnel, 1937. 7 

The water tunnel lift and drag data for fully-wetted flow has been 

corrected for tunnel wall and blockage effects. No corrections have been 

applied to the pitching moment. The corrections for solid and wake 

blockage, lift effect and working section pre ssure gradient a r e  based on 

two -dimensional wind tunnel technique s. Calculations and curves of these 

corrections a re  given in Appendix C. The corrections a r e  functions of 

attack angle, and for lift they vary between 2 and 3 per cent for attack angles 



ATTACK ANGLE. IN DEGREES, a 

Fig. 1 2  - Lift coefficient and moment coefficient about the quarter  
chord point a s  functions of angle of attack for  the NACA 
441 2 hydrofoil for  noncavitating flow. The data points in 
this  figure a r e  the resu l t s  of the present  tes ts .  The 
curves  a r e  f rom the following sources: 

A and B. Langley Two-Dimensional, Low Turbulence 
Wind Tunnel, 1949.  

C. J. W.  Daily, Hydrodynamics Laboratory, 
C. I. T . ,  1944. 

D and E. NACA Variable Density Wind Tunnel, 1937. 



DRAG COEFFICIENT, CD 

Fig. 13 - Pola r  diagram fo r  the NACA 4412 hydrofoil i n  noncavitating 
flow. The data points a r e  f rom the present  tes t s .  The 
curves a r e  f rom the following sources: 

A and B. Langley Two-Dimensional, h w  Turbulence 
Wind Tunnel, 1949 

C. J. W. Daily, Hydrodynamics Laboratory, 
C .  I" T o ,  1944. 

D and E. NACA Variable Density Wind Tunnel, 1937. 



from 0 to 10 degrees. The corrections for drag a r e  in general somewhat 

larger.  The corrections to pitching moment, though given in the appendix, 

have not been applied to the data of Fig. 12. The moment corrections a re  

of the same order a s  the lift corrections but they a r e  negligibly small when 

plotted to  the CM scale of Fig. 12. No wall corrections were applied to the 

curves from Daily's water tunnel tests,  Ref. 2. 

The hydrofoil angle of attack range for the h.igher velocities was 

limited in the present tes ts  by load limitations of the 'force balance. At 50 

fps tunnel velocity, for instance, the lift was 134.0 lbs  and the drag 2.58 

lbs a t  an  angle of attack of 5 degrees. However, even a t  60 fps, force 

rneasurements could be made over the attack angle range of primary in- 

tere  st for hydrofoil applications. 

6 The runs made a t  Reynolds numbers of 0.55 and 0.80 x 10 were 

made with the model supported with clearance gaps a t  each end of i t s  span 

which provided a leakage passage for flow around the stub spindle support- 

ing the hydrofoil. The la ter  tests a t  higher Reynolds numbers were made 

with the hydrofoil mounted solidly on the large spindle disk set  flush with 

the channel wall. Fo r  these reasons the tests  a t  higher Reynolds numbers 

a r e  believed to be more accurate. Except for the runs a t  the two lowest 

velocities the results showed the expected slight increase in slope of the lift 

coefficient vs attack angle curves with Reynolds number. Since there was 

no appreciable change in  moment coefficient with Reynolds number, only 

the data taken a t  20 and 50 fps a r e  included in Fig. 12. The polar diagram, 

Fig. 13, shows the expected decrease in drag coefficient with increasing 

Reynolds number. 

The lift and moment coefficient data a r e  in excellent agreement with 

the more recent of the NACA wind tunnel data.6 The drag coefficient 

curves from the two NACA tests  differ considerably. This may be due to 

differences in the turbulence of the two wind tunnels and the fact that the 
7 older tes ts  w e r e  made on a finite span model. The present water tunnel 

drag coefficients agree very well with the 1949 NACA results over the low 

drag range up to  attack angles of approximately 5 degrees. At higher at-  

tack angles the water tunnel tests show somewhat higher drag. 



B, Incipient cavitation 

The cavitation numbers for incipient cavitation on the upper surface of 

the NACA 4412 hydrofoil a r e  shown a s  functions of velocity and attack angle 

in Fig. 14, and for the lower side in Fig. 15. The data of Figs. 14 and 15 

show an increase in incipient cavitation number with increased velocity. The 

change in incipient cavitation number increases as  the angle of attack i s  in- 

creased. Taking average values of the cavitation number from Fig. 14 gives 

an increase in K of 0.46 to 0.54 or  17% a t  zero degree attack angle for a 

velocity change from 28 to 48 fps and from 1.72 to 2.30 o r  3470 a t  an angle of 

attack of 8 degrees for the same velocity range. 

Figure 16 shows incipient cavitation number a s  a function of attack 

angle for velocities of 25, 40, and 60 fps. The flagged symbols in this figure 

a r e  for cavitation on the lower surface of the hydrofoil. The solid line in 

Fig. 16 gives incipient cavitation number obtained on the same model by 

Daily in 1 9 4 4 . ~  The tests by Daily were made in the old California Institute 

of Technology water tunnel at  a velocity of 40 to 45 fps, The dashed line in  

Fig. 16 shows incipient cavitation a s  predicted from pressure distribution 

measurements made on an NACA 4412 airfoil in the NACA Variable Density 

Wind ~ u n n e l . ~  It is well known from the definition of the cavitation number 

and pressure coefficient that when the local minimum pressure is equal to 

vapor pressure,  the cavitation number is equal to the negative of the pres- 

sure coefficient a t  that point. Therefore the dashed curve represents the 

negative of the minimum pressure coefficient on the airfoil measured over a 

wide range of attack angles. The pressure distribution tests were made a t  
6 a Reynolds number of approximately 3.0 x 10 . 

The incipient cavitation number for the upper surface at  the higher 

velocities agrees very well with that predicted from the pressure distribu- 

tion measurements for attack angles up to 5 degrees and also for attack 

angles greater than 10 degrees. F rom 5 to 10 degrees the measured values 

of incipient cavitation number a r e  higher than the predicted values. The 

measured incipient cavitation numbers a r e  much smaller than the predicted 

values for the lower surface for a l l  attack angles. On the lower surface 

and on the upper surface a t  higher attack angles, the pressure coefficient 

has a very sharp peak near the leading edge. Also the minimum pressur'e 

coefficient changes very rapidly with attack angle. Small differences in the 



Fig. 14 - Cavitation number fo r  incipient cavitation on the upper or 
suction surface a s  a function.of velocity and angle of attack 
for  the NACA 441 2 hydrofoil. 
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Fig. 15 - Cavitation number for incipient cavitation on the lower o r  
p res su re  surface a s  a function of velocity and angle of attack 
for  the NACA 4412 hydrofoil. 
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Fig. 16 - Incipient cavitation number a s  a function of angle of a t tack 
for  the NACA 4412 hydrofoil a t  velocities of 25, 40 and 60 
fps.  The incipient cavitation number predicted f rom wind 
tunnel pre  s su re  distribution measurements  on this  profile 
a r e  included for  comparison. The flagged symbols on the 
left a r e  for  cavitation on the lower surface of the hydrofoil. 



nose contour of the models could easily account for the differences between 

the observed and predicted values of cavitation number. 

The data for incipient cavitation was taken in two ways; f i r s t  by 

lowering the pressure  slowly a t  constant water velocity until cavitation began 

and measuring the velocity and pressure ,  and second, by raising the pres-  

sure slowly a t  constant velocity after cavitation had been established on the 

model until the cavitation just disappeared. In general, these two methods 

gave different values of the incipient cavitation number. The difference in 

the cavitation numbers obtained by these two methods i s  referred to in the 

l i terature a s  cavitation hysteresis. In Figs. 14, 15, and 16, the clear symbol 

indicates the incipient cavitation number obtained by lowering the pressure,  

and the solid black symbol, the cavitation number a t  which cavj tation dis- 

appeared. The shaded a r e a s  show roughly the limits of the s ta r t  and dis- 

appearance of cavitation. The points which a r e  partially clear indicate that 

there was no hysteresis and cavitation would begin and then disappear r e -  

peatedly a t  constant cavitation number. There  i s  some overlapping of the 

data obtained by the two methods, but in general, cavitation hysteresis was 

observed over the full test  range and became greater a t  higher attack angles, 

The a i r  content of the water in the tunnel was between 12.4 and 13.3 moles 

of a i r  per million moles of water thoughout the incipient cavitation tests. 

The saturation value fo r  the tunnel water a t  the temperature of the tes ts  i s  

approximately 15 par ts  per million. 

C. Cavitating flow 

Lift, drag and pitching moment were measured for the NACA 4412 

hydrofoil fo r  a range of cavitation numbers f rom fully wetted flow to full 

cavity flow a t  angles of attack of -8 to $16 degrees. These tests were made 

a t  a tunnel velocity of 30 fps corresponding to a Reynolds number of 0.8 x 
6 

10 . At 4 degrees attack angle, cavitation force runs were made at veloci- 

t i es  of 25, 30, 35 and 40 fps. Except for changes in drag coefficient in  

fully wetted flow and a t  incipient cavitation, the force coefficients fop the 

hydrofoil did not change with velocity. 

The forces  and moments on the hydrofoil for fully wetted and cavita- 

king flow a r e  given in Figs. 17 through 20. The curves a r e  compiled from 

the resul ts  of twenty runs a t  different attack angles in which the velocity and 

angle of attack of the hydrofoil were held constant and the cavitation number 



varied f rom completely wetted to full cavity flow. Curves were faired 

through the data for each run and coefficients were taken f rom these faired 

curves a t  particular cavitation numbers. By this means the curves  of con- 

stant cavitation number in Figs. 17, 18, and 20 could be obtained. Since the 

curves  shown here  do not give measured data points, the measured coeffi- 

cients a r e  presented in Table IC, Appendix D. As explained in the section 

on experimental procedure, no wall corrections were applied to the coeffi- 

cients measured in the cavitation force runs. 

Lift coefficient a s  a function of angle of attack i s  shown in Fig. 17. 

Each curve in this figure represents  a different cavitation number. We can 

see f rom these curves  that once a cavity has been established on the hydro- 

foil, the lift coefficient becomes relatively insensitive to changes in at tack 

angle. We can also note that a t  high attack angles near stall,  small  amounts 

of cavitation, beginning near the leading edge, delay stalling and give an in- 

c rease  in lift coefficient, 

Figure 18 shows the moment coefficient about the quarter  chord point 

a s  a function of angle of attack for  various cavitation n u h e r s .  It  should be 

noted that the scale of moment coefficient has been greatly expanded relative 

to the scale for fully wetted flow in Fig. 12 in o rder  to show the changes 

more  clearly. We can see f rom these curves that a t  higher positive attack 

angles the beginning of cavitation resul ts  in  a more negative o r  downward 

pitching moment, and a s  the cavitation number i s  reduced and the cavitation 

covers more  af the model, the moment coefficient re tu rns  to i t s  fully-wetted 

value and then to l ess  negative values. The same i s  true a t  negative angles, ex- 

cept the directions of the trends a r e  - sed due to the fact that the cavitation 

originates on the lower surface of the hydrofoil. The region near  zero a t -  

tack angle where the curves  converge i s  the region of no cavitation. 

The polar diagram, Fig. 19, gives lift and drag coefficients a s  func- 

tions of angle of attack and cavitation number. In Fig. 19 the solid lines a r e  

curves  of constant cavitation number and the dashed lines curves  of constant 

angle of attack. I t  should be noted that the drag coefficient has been plotted 

to a scale ten t imes a s  large a s  the lift coefficient. 

In o rder  to correla te  the force and moment coefficients of Figs. 17, 18 

and 19 with the extent of cavitation on the hydrofoil, i t  i s  neceesary to study 

these curves in conjunction with the cavitation diagram for  the hydrofoil, F ig .  20, 



ATTACK A N G L E  IN DEGREES, a 

Fig. 17 - Lift coefficient a s  a function of angle of attack and cavita- 
tion number for the NACA 4412 hydrofoil. 



Fig. Moment coefficient about the quarter  chord point 
function of angle of attack and cavitation number 
NACA 441 2 hydrofoil. 
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Fig. 19 - Pola r  diagram f o r  cavitating and noncavitating flow for  
the NACA 44 12 hydrofoil. 
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Fig .  2 0  - Cavitation d iagram for  the NACA 4412 hydrofoil. Fig .  21  - ~ i f t / d r a ~  ra t io  a s  a function of cavitation 
The shaded a r e a s  a r e  regions  of cavitat ion num- number  and angle of a t t ack  for  the NACA 
b e r  and at tack angle wherein  the cavitation col-  4412 hydrofoil. The dashed line a t  the N 

lower left indicates  the cavitat ion number  9 l apses  on the hydrofoil. 
a t  which the cavitation extends downstream 
to the t ra i l ing edge of the hydrofoil. 



CAVITAT ION N U M B E R ,  K 

Fig.  22 - Lift, d rag  and pitching moment  coefficients a s  functions of cavi ta-  
tion number  for  the NACA 4412 hydrofoil a t  a n  angle of a t t ack  of 4 
degrees .  The d rag  coefficient i s  plotted to a sca le  10 t i m e s  that  of 
the lift and moment  coefficients. The cavitat ion number s  noted A 
through F cor respond  to the photographs of Fig .  24. 
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Fig .  23 - Lift,  d rag  and  pitching moment  coefficients a s  functions of cavi ta-  
tion number  f o r  the NACA 4 4  12  hydrofoil a t  an  angle of a t t ack  of 8 
degrees .  The d r a g  coefficient i s  plotted to a sca le  10 t imes  that  of 
the lift and moment  coefficients.  The cavitat ion number s  noted A 
through D cor respond  to the photographs of Fig .  25. 



This figure shows the extent of cavitation on the model a s  a function of angle 

of attack and cavitation number. The broken line marked X "--, 50,c indicates 

the cavitation number a t  which cavitation began a t  approximately mid-chord 

on the upper surface of the hydrofoil. The position of the leading edge of the 

cavitation varied from approximately 0.2 c to 0.6 c with angle of attack in 

this region. The upper, solid curve, marked X = 0, above 6 degrees attack 

angle indicates the beginning of cavitation on the upper surface, originating 

near the leading edge. The solid line to the left in the figure, marked 

X1 = 1. Or) c indicates the cavitation number a t  which the downstream end of 

the cavitation zone reache s the trajling ed e of the hydrofoi 
, ' " &fL 3 4 In &< 

shaded r e  gioi iadk&es 'thki-the c a v i  ta b i a a c ~ l l ~ ~ s & a m  the 

dashed lines in the shaded area give the portion of the hydrofoil covered by 

cavitation. The region to the left of the X1 = 1 . 0 0 ~  line i s  in fullcavity 

flow with the cavity closing downstream from the hydrofoil. The X =. 50 c 

and X1 = 1.00 c lines for cavitation on the upper surface converge for nega- 

tive attack angles. This i s  due to the fact that a s  the angle of attack decreases 

the leading edge of the cavitation moves farther back along the upper surface 

and even a t  incipient cavitation the downstream end of the cavitation reaches 

the trail ing edge of the hydrofoil. The lines and shaded region in the lower 

portion of Fig. 20 give the extent of cavitation on the lower surface. Gavita- 

tion on the lower surface always began near the leading edge. 

The cavitation diagram was obtained from, photographs made a t  each 

test  point during the runs. The cavitation numbers in the cavitation diagram 

and in the force coefficient curves a r e  based on vapor pressure. 

Figure 21 shows the lift/drag ratio a s  a function of angle of attack and 

cavitation number. Each curve in this figure is drawn for a constant angle 

of attack. The straight horizontal portions of the curves a r e  regions of 

zero cavitation. When cavitation begins there is a rapid decrease in the 

lift/drag ratio. This i s  due both to a decrease in lift and an increase in drag; 

however, the increase in drag is proportionately much greater than the de- 

crease in lift with small amounts of cavitation. The rapid increase in drag 

coefficient causes a decrease in the lift/drag ratio even for the flow regime 

a t  high attack angles where there i s  an increase in lift when cavitation begins. 

The greatest  reduction in the lift/drag ratio occurs between incipient 



cavitation and when the downstream end of the cavitation zone reaches  the 

trailing edge of the hydrofoil. The d.ashed curve rnarked X1 = 1.00 c, in 

Fig, 21, shows the cavitation number a t  which the cavitation reaches  the 

trailing edge for positive attack angles. The region between this line and 

the knees of the curves  of lift/drag ratio i s  the region of part ial  cavitation 

between incipient and full cavity flow. In the region under the dashed, full 

cavity line, the reduction in  lifk/drag ratio with cavitation number becomes 

less  steep particularly a t  higher attack angles. This i s  due primarily to 

the fact that with full cavity flow there i s  a decrease  in  drag coefficient a s  

cavitation number i s  reduced. 

If the curves of Fig. 21 a r e  compared with the cavitation diagram, i t  

appears  that there i s  a reduction in the lift/drag ratio before cavitation be- 

gins. The knees of the curves for lower attack angles occur a t  cavitation 

numbers higher than the incipient cavitation numbers indicated by the cavita- 

tion diagram. This i s  due to spurious cavitation occurring on the stub 

spindle supporting the hydrofoil. Flow through the clearance gap around the 

stub spindle causes cavitation which covers  a portion of the hydrofoil near  

the wall before cavitation begins on the hydrofoil itself. The effect of this 

spurious cavitation is to cause a slight loss of lift and increase  in  drag and 

a rounding off of the knee of the lift/drag ratio curves. The lift/drag ra t io  

curves  should drop more  sharply when cavitation begins than i s  indicated by 

Pig. 21. The experimental setup employing the stub spindle was used in  a l l  

the cavitation force runs  described in  this report. Some of the runs with 

the NACA 4412 hydrofoil for noncavitating flow and later  runs  on a different 

profile used the spindle disk mounting setup described in the section on 

apparatus and test  procedure. With the flush disk mount, the spindle and 

hydrofoil end gap clearance and the spurious spindle cavitation have been 

eliminated. 

Curves of lift, drag and pitching moment coefficient a s  functions of 

cavitation number fo r  representative runs  a r e  given in Fig. 22 for a n  angle 

of attack of 4 degrees and in Fig,  23 for an angle of at tack of 8 degrees. The 

points in these figures a r e  the coefficients calculated f rom the measured data. 

I t  should be noted that the drag coefficient has  been plotted to a scale ten 

t imes that of the lift and moment coefficient, Photographs of the cavitating 

hydrofoil a t  ,4 degrees angle of a t tack a r e  shown in Fig. 24. Figure  25 shows 

simultaneous top and side view photographs of cavitation on the hydrofoil a t  





Fig. 25 - Simultaneous top and side views of cavitation 
of 8 degrees. Force coefficients corre spondir 

D 

on the NACA 4412 hydrofoil 
ig to these photographs are s 



an angle of attack of 8 degrees corresponding to the force run of Fig. 23. The 

cavitation numbers corresponding to the photographs of Figs. 24 and 25 have 

been indicated on the force coefficient curves of Figs. 22 and 23. 

When the cavitation a rea  is on the order  of one-half to one chord in 

length, severe buffeting forces may be encountered particularly a t  higher 

attack angles. The buffeting is caused by violent fluctuations in the cavita- 

tion which may cause the hydrofoil to change from nearly fully wetted to full 

cavity flow very rapidly. Figure 26 shows cavitation on the hydrofoil under 

conditions of severe buffeting a t  an angle of attack of 12 degrees, Buffeting 

may occur a t  a l l  attack angles, but i ts  severity increases with attack angle. 

When the cavitation number i s  reduced so that the cavity closes downstream 

of the hydrofoil, the buffeting ceases and the forces a r e  steady, Fig. 26. 

The cavitation numbers given in the incipient cavitation plots, the cavi - 
tation force curves and in the data tables in the appendix, a r e  based on vapor 

pressure. A se r i e s  of cavitation runs was made with the NACA 441 2 hydro- 

foil in which the pressure in the cavity was measured, thus permitting a 

comparison between the cavitation numbers based on vapor pressure and on 

measured cavity pressure. In these runs the cavity pressure was measured 

by means of a probe protruding from the channel wall into the cavity, The 

runs could be made only over the range of cavitation n u m k r s  which gave a 

cavity sufficiently long to cover the pressure probe. The line leading to the 

pressure probe and the position of the probe can be seen in Fig. 26. Because 

of the location of the probe, the minimum attack angle of the runs was t4 

degrees. Figure 27 shows a comparison between the cavitation numbers 

based on vapor pressure and the measured cavity pressure for these runs. 

A t  low cavitation number the difference is small, however a s  the cavitation 

number is increased, the cavitation number based on vapor pressure be- 

comes increasingly greater than that based on the measured cavity pressure. 

Figure 28 shows the measured cavity pressure a s  a function of the free 

s t ream absolute pressure. F rom this figure we see that a s  the free stream 

pressure increases the cavity pressure increases to several times the vapor 

pressure.  In the region of high cavity pressure,  the cavity on the hydrofoil 

i s  short and fluctuates because the cavity collapses on the model and forms 

a strong reentrant jet. The measured cavity pressure in this region then 

probably includes both the average of the dynamic pressure of the rapidly 



fluctuating flow and the gas pressure in the cavitating region. It should be 

noted that the measurements of pressure by means of a static pressure probe 

gives doubtful results in a region of a water-gas mixture. Therefore, the 

points at  the extreme right in Figs. 27 and 28 give only approximate values. 

In the region of full cavity flow where the cavitation becomes a clear 

steady cavity, the measurements of the cavity pressure a r e  accurate. Figure 

29 shows the measured cavity pressure a s  a function of free s t ream static pres- 

sure for this region of full cavity flow for several hydrofoil attack angles and 

a t  two velocities. F rom this figure we see that the cavity pressure i s  constant 

over a range of free s t ream pressures.  The solid lines in Figs. 28 and 29 

give the range of vapor pressures  corresponding to the water temperature 

range of these tests. The a i r  content of the water during these runs was 

very nearly constant a t  11.2 moles of a i r  per million moles of water. The 

measured cavity pressure in Fig. 29 i s  28% greater than vapor pressure.  This 

gives a partial pressure of a i r  in the cavity which is 22% of the total cavity 

pressure. No experiments were made in which the a i r  content of the water was 

varied, however the cavity pressure may vary with the amount of dissolved o r  

entrained ai'r in the flow. 

If the cavitation force results obtained in different facilities a r e  to be 

compared, they should be compared on the basis of the cavitation number cal- 

culated from the measured cavity pressure whenever poseible. The measure- 

ment of the cavity pressure,  however, become s extremely difficult for high 

cavitation numbers because of the turbulent mixture of water and gas and be- 

cause the position of the cavitation on the hydrofoil changes with attack angle. 

Therefore in the range where there a r e  large differences between the two cavi- 

tation numbers i t  becomes nearly impossible to compare results based on a 

measured cavity pressure. 

2. Walchner Profile 7 

A. Noncavitating flow 

Two ser ies  of experiments were run to determine the section charac- 

terist ics of the Walchner profile 7 hydrofoil in noncavitating flow. The hydro- 

foil was fir s t  tested in fully wetted and in cavitating flow and then the leading 

edge of the model was reworked and the tests  repeated for noncavitating flow, 

Figures 30 and 31 show the section characteristics obtained on the original 



Fig. 26 - Cavitation on the NACA 4412 hydrofoil at an angle of attack of 12 degrees. The large 
fluctuations in the cavitation cause severe buffeting forces on the hydrofoil. 



CAVITATION NUMBER (VAPOR PRESSURE), K, 

Fig. 27 - A comparison between the cavitation number based on vapor 
pressure,  Kv, and cavitation number based on the measured cavity 
pressure,  K for theNACA4412hydrofoil. The dataof th is f igure  
i s  for well-&eloped cavitation on the hydrofoil. 

Po. WORKING SECTION PRESSURE PSIA 

Fig. 28 - Measured cavity pressure  a s  a function of free s t ream pressure  a t  
several  attack angles for the NACA 44 12 hydrofoil. The solid line 
shows the vapor pressure  of water a t  the temperature of these tests.  

Po, WORKING SECTION PRESSURE PSIA 

Fig. 29 - Measured cavity pressure  for full cavity flow a s  a function of f ree  
s tream pressure  a t  severa l  attack angles for the NACA 441 2 hydro- 
foil. The double, solid lines show the vapor pressure  range cor re -  
sponding to the water temperature range of these tests .  



unmodified model in noncavitating flow. The data for fully wetted flow has 

been corrected for wall and blockage effects. These corrections a r e  described 

in Appendix C. The lift and moment coefficients a s  functions of attack angle 

a r e  shown in Fig. 30, and the polar diagram giving lift and drag coefficients 

i s  shown in Fig. 31. The solid lines in these figures a r e  the results obtained 

on this profile by ~ a l c h n e r . ~  Walchner does w t  report  any pitching moment 

coefficients. The GIT water tunnel tests were made a t  velocities from 20 to 

35 fps corresponding to Reynolds numbers of 0.53 x lo6 to 1.05 x lo6 based 

on the 3. 30 inch chord. Walchner tests were made a t  Reynolds numbers from 
6 6 0.3 x 10 to 0.5 x 10 . 

a The lift coefficient data of Fig. 30 shows an unusual inflection at  approxi- 

mately zero degree attack angle. In addition to the inflection in the curves, 

the slope of the lift coefficient curve is greater for positive attack angles 

than i t  i s  for negative attack angles. An inflection in the lift coefficient curve 

a t  small attack angles i s  characteristic of airfoils with rather sharply rounded 

leading edges a t  low Reynolds numbers. However,in the instances cited in 

the literature, the sign of the inflection i s  opposite to that obtained in these 

hydrofoil tests. The kink in the lift coefficient curves of airfoils i s  ascribed 

to laminar boundary layer separation and reattachment near the leading edge. 9 

This produces a highly turbulent "bubble" under the detached boundary layer. 

It seems possible that this same condition which occurs when there i s  a 

sharp suction peak near the leading edge could occur on the lower surface of 

a profile a s  well a s  on the upper surface. Such laminar "bubble1' separation 

from the lower surface would occur near zero o r  small  negative attack angles 

and would resul t  in an inflection in the lift coefficient curve in the same 

direction a s  was obtained with this hydrofoil. 

Close examination of the hydrofoil revealed a very slight discontinuity 

in the curvature of the rounded leading edge of the profile. Instead of a 

smoothly rounded surface the leading edge was somewhat more sharply 

rounded on the lower portion followed by a very short, nearly flat, region. 

After i t  was determined that the kink in the lift coefficient curve was not due 

to experimental technique o r  e r ro r s ,  the hydrofoil leading edge was reworked 

to eliminate the rather  abrupt change in curvature and the hydrofoil was 

tested again in fully wetted flow. The results of the tests on the reworked 

model a r e  shown in Figs.  32 and 33. We can see from the curves of lift and 



moment coefficient vs attack angle in Fig.  32  that the inflection was greatly 

reduced. The most  striking resul t  of smoothing the contour of the leading 

edge, however, was the sizable reduction in drag coefficient, Fig. 33. The 

hydrofoil was mounted on the flush spindle disk in the second se r i e s  of ex- 

periments which eliminated one end gap and the stub spindle clearance gap. 

The difference in experimental setup may account for par t  of the change in 

drag coefficient; however i t  cannot account for  the smoothing out of the kink 

in  the lift coefficient curves. In the second set  of tests ,  the drag coefficient 
6 for a Reynolds number of 0 , 5 3  x 10 agrees  very well with the resu l t s  ob- 

tained by Walchner. 

The experience with this hydrofoil points out very clearly the ex t reme a 

care  which must  be taken to produce an accurate contour. The forces  a r e  

particularly sensitive to differences in the leading edge contour. In reworking 

this hydrofoil, a maximum of about 0. 002 inch of mater ia l  was removed to 

smooth the contour. This  increased the nose radius to approximately 0.94% c 

compared with the design radius of 0.74% c . Contours drawn f rom magnified 

photographs of the leading edge near  the center of the hydrofoil span a r e  shown 

in  Fig. 34. These before and after  photographs made by carefully sectioning 

castings of the leading edge of the model show how small  the differences i n  

the nose contour were for the two se t s  of experiments. 

B, Cavitating flow 

The cavitation force experiments were made with the hydrofoil before 

the leading edge was modified. The cavitation tes ts  were not repeated with 

the reworked model. Curves of lift  coefficient a s  a function of angle of 

attack and cavitation number shown in Fig. 35 a r e  f rom the High Speed Water 

Tunnel experiments and in Fig.  36 f rom the experiments by Walchner. The 

curves obtained in the CIT experiments in general show decreasing lift co- 

efficient for attack angles g rea te r  than 4 degrees while Walchnerts curves 

show increasing values over the range of his tests. The curves  a r e  s imilar ,  

however Walchnerts curves  show a greater  lift for a l l  curves  of constant 

cavitation number. This  difference amounts to a change in cavitation n u m k r  

of approximately 0, 1. 

Walchner @ves force data for zero cavitation number but does not in-  

dicate how such low cavitation number s were obtained. Low cavitation 

numbers a r e  often obtained by injecting a i r  into the cavity and using the 



ATTACK ANGLE I N  DEGREES, a DRAG COEFFICENT, CD 

F i g .  30 - Lif t  coeff icient  and m o m e n t  coefficient  about  F i g .  31 - P o l a r  d i a g r a m  f o r  the Walchner  profi le  7 
the q u a r t e r  chord  point a s  functions of angle  hydrofoil  in noncavitat ing flow. The  data  a r e  
of a t tack  f o r  the Walchner  profi le  7 hydrofoil  fo r  the hydrofoil  before modificat ion of the 
in  noncavitat ing flow. The data  a r e  f o r  the leading edge.  
hydrofoil  before  modificat ion of the leading edge. w 



ATTACK ANGLE IN DEGREES, CY DRAG COEFFICIENT, CD 
Fig .  32 - Lift coeff icient  and mornent  coefficient  about  F i g .  3 3  - P o l a r  d i a g r a m  f o r  the Walchner  profi le  7 

the q u a r t e r  chord  point a s  functions of angle  hydrofoil  in noncavitat ing flow. T h e  data  a r e  
of a t t a c k  f o r  the Walchner profi le  7 hydrofoil  f o r  the hydrofoil  a f t e r  modificat ion of the 
in noncavitat ing flow. T h e  data  a r e  fo r  the leading edge.  
hydrofoil  a f t e r  modificat ion of the leading edge.  



Hydrofoil model shown in c r o s s -  
section a t  full scale  a s  used in 
High Speed Water Tunnel tes ts .  

Fig.  34 - Contour of the leading edge of the Walchner profile 7 hydrofoil. 
The dashed line shows the profile before modification, the 
solid line shows the modified profile. Enlarged l O O x  



PROFILE #7 

I 

ATTACK ANGLE I N  DEGREES, u ANGLE OF ATTACK I N  DEGREES, a 

Fig.  35 - Lift  coefficient  a s  a function of angle of a t -  F ig .  36 - Lift  coefficient a s  a function of angle of a t -  
tack and cavitat ion number  fo r  the Walchner tack and  cavitat ion number  f o r  Walchner 
profile 7 hydrofoil.  These  c u r v e s  a r e  f r o m  profile 7 a s  r epo r t ed  by Walchner.  
the data of the presen t  t es t s .  



measured cavity pressure  in calculating cavitation number. Walchner, how- 

ever ,  indicates that vapor pressure  was used to calculate cavitation number. 

Perhaps the resul ts  a t  zero cavitation number a r e  extrapolations f rom the 

resu l t s  a t  smal l  cavitation numbers. If the present data i s  compared with 

that of Walchner for the same amount of cavitation, ignoring cavitation 

number differences, the resul ts  a r e  in much better agreement. 

The cavitation polar diagrams for the two se t s  of experiments a r e  given 

in Figs.  37 and 38. The High Speed Water Tunnel data gives greater  drag 

for fully wetted flow a s  was shown in  Fig. 31 and like the curves of lift coef- 

ficient there i s  a difference in the resul ts  which amounts to a difference in 

cavitation number of approximately 0. 10. 

These differences in the resu l t s  can be understood if the cavitation dia- 

grams  for  the two se r i e s  of experiments a r e  compared. The cavitation dia- 

g r am obtained in the CIT experiments is shown in Fig. 39 and that reported 

by Walchner in Fig. 40. The cavitation number for the inception of cavitation 

near  the mid-chord point on the upper surface, denoted by X s, 5 c in the 

figures,  is higher for the present experiments than reported by Walchner for  

' a l l  attack angles g rea te r  than - 2 degrees. The difference in incipient cavi- 

tation numbers i s  0.03 a t  zero degree, increasing to 0, 10 a t  4 degrees attack 

angle. In the present  experiments the leading edge of the cavitation moves to 

the leading edge of the hydrofoil a t  an  angle of attack of approximately 4.5 

degrees  but remained a t  the mid-chord position in Walchnerls experiments 

up to attack angles of 6 degrees. Comparing the cavitation numbers a t  which 

the downstream end of the cavitation reaches  to the trailing edge, we see 

again that there a r e  considerable differences. At ze ro  degree the cavitation 

number for collapse of the cavitation a t  the trailing edge is 0.07 greater  in 

the CIT experiments than in the German tests. This difference increases  to 

0. 17 a t  6 degrees at tack angle. Thus we see that on  the upper surface, for the 

same cavitation number, the CIT hydrofoil was more fully cavitated than was 

Walchner's. 

The same differences in  the cavitation prevail on the lower surface for 

negative attack angles to -3 degrees;  however, for large negative attack angles, 

the Walchner hydrofoil cavitated at higher cavitation number s than did the 

CIT hydrofoil. The shaded band in Fig. 39 is in general  narrower than that 

of Fig. 40, showing a more  rapid increase  in cavity length with decreasing 



cavitation number for the GIT hydrofoil, 

F r o m  this comparison we see that there was in general  more  cavitation 

on the CIT model a t  a l l  cavitation numbers. Thus reduction in lift coefficient 

occurs  a t  higher cavitation numbers for  the CIT model and the loss  in lift i s  

greater  for the same cavitation number. 

The cavitation numbers in both se r ies  of experiments were based on 

vapor pressure  so that the differences in  cavitation may have resulted f rom 

differences in experimental technique o r  perhaps f rom smal l  differences in  

the contour of the hydrofoils. If the cavitation numbers i n  the two se r i e s  of 

tes ts  were based on measured cavity pressure  wherever possible, a s  dis-  

cussed in the section on the NACA 441 2 hydrofoil, perhaps the resul ts  would 

be in better agreement. 

Figure 41 shows curves of pitching moment coefficient about the quarter  

chord point a t  constant cavitation number a s  functions of hydrofoil attack 

angle. The scale of pitching moment in this figure i s  greatly expanded over 

that for  fully wetted flow, Fig. 30, therefore the kink o r  inflection near  ze ro  

degi.ee i s  more evident. The moment coefficient shows the same trend a s  

with the NACA 4412 with the moment coefficient increasing toward zero as the 

cavitation number i s  reduced. 

Curves of lift/drag ra t io  v s  cavitation number a t  constant angle of 

attack a r e  shown in Fig. 42. The dashed lines near the origin marked 

X q  = 1.0 c show the cavitation number a t  which the cavitation extends to the 

trailing edge of the hydrofoil. We see again that the greates t  decrease  in  

the l if t jdrag ratio occurs  between cavitation inception and the point where 

the cavitation extends to the trailing edge, 

The knee in the lift/drag ratio curves  for Walchner profile 7 ag rees  

more  closely with the incipient cavitation number shown on the cavitation 

diagram, Fig. 39, F r o m  the experience with spurious cavitation on the 

stub spindle mounting of the NACA 4412: hydrofoil, i t  was decided to move 

the spindle attachment of the Walchner profile f rom i t s  original  position a t  

the quarter  chord point to a position nearer  the trailing edge. By moving 

the attachment point a s  fa r  downstream a s  strength limitations would permit, 

i t  was possible to get the stub spindle out of the low pressure  region near  the 

leading edge into the region of p ressure  recovery so that there was negligible 
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WALCHNER PROFILE 7 
C:T DATA 

ANGLE OF ATTACK I N  DEGREES, a 

Fig .  41 - Moment coefficient about the qua r t e r  chord 
point a s  a function of angle of a t tack  and 
cavitation number  fo r  the Walchner profile 
7 hydrofoil. 

4 0  

WILCHNER PROFILE 7 

CAVITATION NUMBER. K 

Fig .  42 - ~ i f t / d r a ~  r a t i o  a s  a function of cavitation 
number  and angle of a t tack for  the 
Walchner profile 7. The dashed l ines a t  
the lower left indicate the cavitation num- 
be r  a t  which the cavitation extends down- 
s t r e a m  to the t ra i l ing edge of hydrofoil. 

k P  
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Fig .  4 3  - Lift,  d r a g  and  pitching moment  coefficients a s  functions of cavi ta-  
tion number  fo r  the Walchner profile 7 hydrofoil a t  angle of a t t ack  
of -4 ,  - 2 ,  0, 2, 4 ,  and  6 deg rees .  Each  curve  shows the r e su l t s  of 
one run.  The  dashed  l ines  marked  Ki show the cavitat ion number  
for  incipient cavitation. The dashed l ines noted a s  x =  1. 0 c  indicate 
the cavitat ion number  a t  which the cavitation extended downstream 
to the t ra i l ing edge of the hydrofoil.  



cavitation on the spindle, The problem of spurious spindle cavitation was 

finally solved by the use. of the flush disk mount. 

Lift, drag and pitching moment vs cavitation number for several  attack 

angles a r e  shown in Fig. 43. Each figure represents  a different tes t  run. 

The points on the curves a r e  coefficients calculated f rom the measured data, 

These curves show the changes which occur in  the force and moment coeffi- 

cients a s  the cavitation number i s  varied a t  constant hydrofoil attack angle. 

Lines have been drawn in these figures to show the beginning of cavitation, 

Ki, and the cavitation number a t  which the downstream end of the cavitation 

i s  a t  the trailing edge, X1 = 1.0 c. In a l l  the runs  except a t  - 2 and + 6 
degrees,  Fig. 43, the drag coefficient reaches a maximum when the down- 

s t r eam end of the cavitation coincides with the trailing edge of the hydrofoil. 

At this point the hydrofoil has lost  approximately half i t s  lift. F o r  lower 

cavitation number the cavity grows rapidly and the drag coefficient i s  r e -  

duced. 

We see that the force coefficients for an  attack angle of 6 degrees,  

Fig.  43, a r e  double valued near  incipient cavitation. This i s  due to the fact 

that the hydrofoil i s  near  s ta l l  and the cavitation can attach itself either to 

the leading edge o r  to the mid-chord point on the hydrofoil, The dashed por- 

tion of the coefficient curves  represents  the conditions wherein cavitation 

inception a t  the leading edge i s  delayed. During the tes t s  the cavitation 

sometimes alternated f rom being attached to the leading edge to being a t -  

tached a t  the mid-chord point. This  would produce sudden, violent fluctua- 

tions in  the forces. The delayed cavitation gives a double valued curve of 

lift/drag ratio, Fig. 42. We note a lso a t  6 degrees that there is a n  in- 

c r ea se  in lift coefficient with smal l  amounts of cavitation beginning a t  the 

leading edge . 

CONCLUSIONS 

Some general conclusions may be drawn from the resu l t s  of these 

tests. 

1. The new High Speed Water Tunnel force balance pr'ovide s an  accurate  

means of obtaining the force  character is t ics  of hydrofoils in noncavitating and 



cavitating flow. 

2. The resul ts  obtained in the tes t s  of the NACA 4412 hydrofoil a r e  in 

good agreement with those obtained on this profile in the NACA wind tunnel 

tests. 

3. The resu l t s  of the tes ts  of Walchner profile 7 a r e  in poor agreement 

with the resu l t s  obtained by Walchner for cavitating flow. The differences in 

forces  amount to a difference in cavitation number of approximately 0. 1. The 

differences in  cavitation number for the same flow geometry a r e  confirmed by 

the cavitation diagrams. Therefore there seems  to be some systematic dif- 

ference in the cavitation numbers reported by Walchner and those reported 

here.  

4. Large differences a r i s e  between the cavitation number based on 

vapor p ressure  and the cavitation number based on the measured cavity pres-  

sure. If the resu l t s  obtained in  different facilities a r e  to be compared, they 

mus t  be compared on the basis  of the measured cavity pressure  wherever 

possible, 

5 .  Tes ts  on the Walchner profile 7 show that extreme ca re  must  be 

taken to produce an accurate  hydrofoil contour. The forces  a r e  particularly 

sensitive to the leading edge contour. 
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APPENDIX A 

WORKING SECTION FLOW CALIBRATION TESTS 

Flow calibration experiments were made in  o rder  to determine the 

flow and pressure  field in the two-dimensional channel. A five -tube total 

head rake was used for velocity head measurements.  The rake was mounted 

in eleven positions in the working section. The locaiions of the total head 

r a k e  during these runs  a r e  indicated in the sketch, Fig. 44. Figure 45 shows 

top and side views of the total head rake mounted a t  the balance spindle posi- 

tion, station 2D. 

Five pressure  taps were dri l led in  each of the vert ical  walls of the 

channel for static p ressure  measurement. The locations of these taps a r e  

included in  Fig. 44. The static pressure  taps and the total head tubes were 

connected to a multitube mercury  manometer. The manometer readings were 

taken simultaneously during each run by photographing the entire manometer 

board using 35 m m  microfi lm cameras.  

In addition to the total head rake, two single tube total head probes 

were  used for a more  detailed survey of the velocity profile a t  the balance 

spindle position, 

The flow calibration runs  were made a t  velocities of 10 to 50 fps for 

noncavitating flow. Tes t s  were made a t  40 fps  with varying amounts of 

cavitation on the rake probes and body. No changes were observed in the 

flow pattern with cavitation. 

The resul ts  of the rake calibration tes t s  a t  40 fps a r e  shown in  Fig. 46 

and Table 111. The velocity profile did not change over the velocity range 

tested. F o r  simplicity, the resul ts  a r e  plotted only for two rake stations, 

IB and 2D. Two se t s  of data were taken a t  each station a t  each velocity. 

The stat ic p ressure  profile in the c lear  working section i s  shown in Fig. 47. 

Figure 48 shows the velocity profile a t  the spindle axis position a s  measured 

with the total head probes. Except for the boundary layer the flow was uni- 

fo rm throughout the portion of the channel which has been calibrated. F r o m  

Fig. 48 i t  can be seen that the boundary layer thickness i s  approximately 

0, 22 in. a t  the balance spindle. Thus the total boundary lay e r  flow i s  ap- 

proximately 1570 of the model span a t  the balance spindle axis. 



APPENDIX A 

TABLE I - ORDINATES OF NACA 4412 HYDROFOILS 

TABLE If - ORDINATES OF WALCHNER PROFILE 7 

Ordinates 

upper lower 

1.58 1.58 
3.86 0.52 
4 . 9 6  0.35 
5 .82  0.24 - 9.42 0 
6 . 5 9  0.16 
7 .81  0.03 

0.33 0.33 

TABLE I11 - VELOCITY CALIBRATION IN TWO-DIMENSIONAL WORKING SECTION, VELOCITY = 40 FPS 

Velocity at Each Total Head Probe 

Working Section $- Velocity 

Y = Distance of Probe from Wall Opposite Balance 

w = Two-Dimensional Channel Width = 2.90 In. 
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Fig.  44 - Sketch showing locations of s ta t ic  pressure  taps in the two- 
dimensional channel walls and the stations a t  which the 
velocity surveys were made. The static pressure  taps a r e  
noted 1 through 5. The velocity surveys were  made a t  
Stations 1A through 2G. The positions of these stations a r e  
given in the table below. 

WORKING SECTION FLOW CALIBRATION 

Total  Head Rake Stations and Static P r e s s u r e  Tap 
Locations in  Two -Dimensional Working Section 

Rake x z Static x z 
Station in. in. P r e s s u r e  Tap in. in. 



Fig .  45 - Top and side views of the tota l  head cal ibrat ion r ake  
mounted a t  the balance spindle position, Station 2D, F ig .  44. 

Fig .  46 - Velocity ca l ib ra t ion  f r o m  the total  head r ake  m e a s u r e m e n t s  
a t  Stations IB  and ZD, F ig .  44. 



X DISTANCE ALONG WORKING SECTION ( I N . )  

Fig .  4 7 -  Static p r e s s u r e  cal ibrat ion i n  the region nea r  the spindle ax i s  
i n  the two -dimensional  working section. The p r e s s u r e  coef - 
f icient ,  C i s  based  on the p r e s s u r e  a t  the spindle ax is  

p 1  

0 0.2 04 0.6 0.8 1 .O 

Y/ W 
Fig.  48 - Velocity profile a t  the spindle ax i s ,  Station 2D, 

m e a s u r e d  with the total  head probe. 





APPENDIX B 

HYDROFOIL END GAP EXPERIMENTS 

In supporting the hydrofoils on the force balance in the two- 

dimensional working section, i t  was necessary to provide clearance gaps 

a t  each end of the hydrofoil span to prevent interference with the channel 

walls. These end gaps were adjusted to a width of approximately 0.002 in. 

during each run;  however, even with this smal l  gap there was visible flow 

through the clearance gap. Since flow f rom the pressure  to the suction 

side of the hydrofoil will cause a reduction in  lift, calibration runs  were 

made to determine the effect of clearance gap width on the forces on the 

NACA 44 12 hydrofoil, 

The gap between the end of the hydrofoil and the lucite viewing 

window in the channel wall opposite the balance can be adjusted during a 

run by tightening o r  loosening two bolts in the wall support struts. These 

two bolts pass through the outer working section window. A b r a s s  tube 
e 

containing.the lines f rom the stat ic pressure  taps i n  the channel walls 

passes  through a s ea l  in the outside lucite window. A dial indicator 

fastened to the outside of the c i rcular  working section was used to measure  

the position of the end of the b r a s s  tube relative to the fixed working 

section walls. 

Runs were  made a t  a velocity of 30 fps a t  at tack angles of 0 and 4 

degrees.  The end gap was varied f rom 0.00 1 to 0.032 in. for each run. 

The resu l t s  a r e  shown in  Fig. 49. The lift coefficient was reduced by 8% 

and the drag  coefficient was increased by 25% a t  an  angle of attack of 4 

degrees  when the end gap was increased f rom 0.001 to 0.032 in. The lift 
/ 2 e v o  ? 

was seduced by 13% and th'e drag increased by 11% a t  1 degree angle of 

at tack for the same change in end gap. The moment coefficient was not af- 

fected by changes i n  end gap in  ei ther run. 

The end gap was adjusted visually during the force runs by sighting 

through the clearance gap toward a lighted background beneath the working 

section. As noted previously, the outboard gap was adjusted to approxi- 

mately 8.002 in. during each run and probably never exceeded .006 during 

any of the force tests. The clearance gap on the balance side could not be 



adjusted without removing the hydrofoil from the spindle. This  gap was on 

the order of 0.004 in, though it  varied with working section pressure from 

approximately 0.008 to 0. 001 in. 

In later tests the hydrofoil was mounted on the circular spindle disk 

thus eliminating completely the end gap on the balance side. 



NACA 4412 

HYDROFOIL  E N D  G A P  (IN.) 

Fig. 49 - The effect of hydrofoil end gap on the lift, d rag  and pitching 
moment coefficients of the NACA 4412 hydrofoil in non- 
cavitating flow a t  angles of a t tack of 0 and 4 degrees.  The 
d rag  coefficient i s  plotted to a scale  10 t imes that of the lift 
and moment coefficients. 



Fig. 50 - Two views of the hydrofoil mounting plate f o r  calibrating 
the forces  on the spindle disk. The NACA 4412 hydrofoil 
is attached to the plate in the upper photograph. 

CAVITATION NUMBER, K 

ATTACK ANGLE IN DEGREES, a Fig. 52 - Lift, d rag  and pitching 
moment coefficients for  the 

Fig.  5 1 - Lift, d rag  and pitching mo-  spindle disk a s  a function of 
men t  coefficients for the spindle cavitation number for the NACA 
disk a s  functions of angle of a t tack 44 12 hydrofoil a t  an angle of a t -  
for  the NACA 44 1 2  hydrofoil in  non- tack of 4 degrees  and a velocity 
cavitating flow. of 30 fps. 



APPENDIX C 

DATA CORRECTIONS 

1, S ~ i n d l e  Disk T a r e  Fo rces  

The present method for mounting the hydrofoils i s  to attach them to the 

5-in. diameter spindle disk se t  flush i n  the channel wall a s  described in  the 

section on apparatus and test  procedure, With this setup the force balance 

measures  the forces  on the hydrofoil and the forces  on the spindle disk. In 

o rder  to determine the forces  on the hydrofoil alone, i t  i s  necessary to 

measure  the forces  on the spindle disk separately and subtract them f rom the 

forces  measured on the hydrofoil-disk combination. The forces  on the disk 

alone a r e  measured by mounting the hydrofoil f r o m  the opposite channel wall 

on a b r a s s  mouilting plate which replaces the lucite viewing window. Two 

views of this mounting plate with the NACA 441 2 hydrofoil attached a r e  shown 

in  Fig. 50. Mounting the hydrofoil on the wall opposite the force balance 

requires  that the hydrofoil be upside down; however, this does not affect the 

force readings other than to change the directions of the forces and moments 

relat ive to the hydrofoil. The balance i s  designed to measure both positive 

and negative forces  and moments, The hydrofoil is mounted with approxi- 

mately 0.002 in. c lea rance  between the end of the hydrofoil and the spindle 

disk. The force balance then measures  the forces  and moments on the 

spindle disk alone. 

The angle of attack of the hydrofoil i s  changed by removing the outside 

working section window, loosening a bolt and resett ing the attack angle. The 

pitching angle scale can be seen on the outside of the mounting plate in Fig. 

50. Since the resul ts  of these calibration tes ts  a r e  corrections and a r e  

smal l  relat ive to the total forces on the hydrofoil, the calibrations a r e  not 

made a t  every attack angle a t  which the hydrofoil i s  tested. Instead the 

calibration tes t s  a r e  made a t  selected attack angles and the corrections 

interpolated where necessary between the data curves. All  the conditions of 

fully wetted o r  cavitating flow which a r e  obtained with the hydrofoil a r e  r e -  

peated a t  each attack angle tested. 

Figure  5 1 shows the spindle disk corrections for the NACA 4412 hydro- 

foil  a s  functions of angle of attack for  fully wetted flow. The lift and moment 



corrections a r e  sma l l  relative to the forces  on the hydrofoil; however, the 

drag resulting f rom the viscous forces on the disk i s  a considerable par t  of 

the total drag of the hydrofoil-disk combination a t  low attack angles. Figure 

52 shows the spindle disk corrections a s  functions of cavitation number a t  an  

angle of attack of 4 degrees. In these figures the corrections have been r e -  

duced to coefficient fo rm based on the hydrofoil dimensions so they can be 

applied directly to the coefficients obtained with the hydrofoil-disk combina- 

tion. 

2. Tunnel Interference Corrections 

If the resul ts  of water tunnel tes ts  a r e  to be directly applied to full- 

scale conditions, certain nondimensional parameters  must  be equal in both 

systems. The principal modeling parameter  for fully wetted flow for deeply 

submerged hydrofoils i s  the Reynolds number. Even if the tunnel tes ts  a r e  

made a t  prototype Reynolds number, the flow pattern around the model will 

generally differ f rom that of the full scale model in f ree  fluid. The fac tors  

which produce these discrepancies a r i s e  in part  f rom the distortion of the 

flow pattern due to the limited c r o s s  section of the tunnel. The interference 

effects a r e  generally larger  for  a closed jet tunnel than for  a f ree  jet tunnel. 

Tunnel interference corrections have been calculated for  the hydrofoils de- 

scribed in this repor t  for  fully wetted flow using the methods developed for 

two-dimensional wind tunnel airfoil  experiments.  The equations for these 

corrections were obtained f rom Ref. 5. 

The precise nature of the effects of boundary constraint i s  complex and 

the problem i s  usually approached by dividing the interference into severa l  

independent components whose effects a r e  assumed to be additive. The types 

of interference considered here  include: 

(a) Solid blockage, involving a change of axial velocity past  the hydro- 

foil, owing to i t s  partially blocking the flow. 

(b) Wake blockage, a s imilar  effect due to the reduction of velocity 

within the wake of the hydrofoil. 

(c) Lift effect, due to the constraint  imposed on the curved s t reamlines  

by the tunnel walls. The effects of the flow curvature constraint may be r e  - 
garded a s  a change of hydrofoil camber  and incidence, 



(d) Interference due to static - pre ssure gradient, which introduces 

spurious drag due to the horizontal buoyancy. 

(e) Wall boundary layer interference, which introduces a departure 

from two -dimensional conditions at the walls. 

These interference effects a r e  considered separately below and some of 

the values of the corrections a r e  given for the NACA 4412 hydrofoil. 

(a) Solid blockage 

If the working section has straight rigid walls, a s  is the case with the 

High Speed Water Tunnel, continuity of mass  flow requires that the axial 

velocity in the vicinity of the model shall exceed the velocity farther upstream. 

Blockage does not influence the components of velocity normal to the free 

s t ream direction. It i s  convenient to express the blockage in te rms of a 

factor a where S 

where VT is the tunnel speed and VF i s  the corresponding free stream 

speed. The equation which was used for the solid blockage factor i s  

where 

o = ' *  01 :-gfj;pl values from wind tunnel tests on 
k l  = 1.2 

t = hydrofoil thickness 

c = hydrofoil chord 

A' = chordwise sectional a rea  of hydrofoil 

h = height of working section 

The solid blockage is a constant for each profile and is 0,0022 for the NAGA 

44 12 hydrofoil. 

(b) Wake blockage 

The velocity in the wake of a hydrofoil model i s  lower than in the sur -  

rounding stream. In order  to satisfy conditions of continuity of mass  flow 

in a closed working section, therefore, the velocity outside the wake must 



exceed the velocity f a r  upstream of the model, whereas in a free fluid these 

velocities a r e  equal. Thus the axial velocity in a closed jet tunnel gradually 

increases past the model, (except for the reduced velocity inside the wake), 

and the velocity a t  the position of the hydrofoil i s  correspondingly greater than 

the tunnel speed. This effect i s  termedwake blockage. As in the case of 

solid blockage, it is convenient to express  the wake blockage in te rms of a 

factor E m  defined by the equation 

where VT again denotes tunnel speed and VF the free s t ream speed. The 

equation from Ref. 5 for wake blockage is 

where c and h a r e  a s  defined above, CD is the measured hydrofoil drag 

coefficient. The wake blockage is a function of the drag coefficient, hence 

angle of attack. For  the NACA 4412 hydrofoil 

In practice the solid and wake blockage a r e  combined into a single factor, 

E = P  S This gives the velocity correction a s  before, 

The forces and moments which were measured in the tunnel were f i r s t  r e -  

duced to coefficient form a s  defined in the section on data reduction. The drag 

coefficient for example is 

where the subscript T denotes measured tunnel values. The force coeffi- 

cient should be based on the dynamic head corresponding to the equivalent 

free s t ream speed, V The measured tunnel force coefficient C,, F* is r e -  

lated to the corrected f ree  s t ream value, CDF, by 



= CD ( 1  - 2 . )  . 

The corresponding lift and moment coefficient correct ions  a r e  

'LF = C L T  (1 - 2.) 

C M F  = C M T  (1 - 2 4  . 

We see  that the measured  values of the force and moment coefficients a r e  

too large.  

At ze ro  degree  attack angle the blockage factor,  r = E. + rLU for  the 
S 

NACA 4412 hydrofoil i s  E = 0.0022 + 0,0005 = 0.0027. This gives a co r r ec -  

tion to the force  coefficients of 0. 5470. 

(c) Lift effect 

The constraint  which the boundaries of the working section impose on 

the velocity field due to the vortex sys tem of a lifting hydrofoil a r e  termed 

"lift effect". Unlike solid blockage the lift effect would st i l l  occur if  the 

dimensions of the model were  so smal l  compared with those of the tunnel 

that the hydrofoil could be t rea ted a s  a lifting line. The conditions in a 

closed working section a r e  the same a s  those in an  unlimited s t r e am whose 

curvature  is such that there is no flow a c r o s s  the surfaces  which correspond 

to the tunnel walls.  The effect of this  flow curvature  may be regarded a s  a 

change of hydrofoil camber  and incidence, The lift effect can be calculated 

a s  an  effective inc rease  of camber  and inc rease  in at tack angle ; however, 

since experiments a r e  performed to determine the performance of a hydro- 

foi l  of a given camber  a t  a given at tack angle, the effective change in camber  

and incidence a r e  converted to a n  equivalent change in lift, drag,  and pitch- 

ing moment. Omitting the details of the calculations given in Ref. 5, the 

lift effect correct ions  a r e :  



where the subscript T denotes measured tunnel values and the subscript F 

denotes the corrected f ree  stream values. For  the hydrofoils tested, 

8CMT/8a may be taken a s  zero and the moment coefficient correction 

reduces to 

The values of the lift effect correction for the NACA 4412 hydrofoil at 

zero degree attack angle are: 

For  positive attack angles we see that the lift effect correction must be sub- 

tracted from the measured l i f t  coefficient and added to the measured drag 

and moment coefficients. The lift effect correction is small  a t  zero degree 

but increases with angle of attack. 

(d) Interference due to static pressure gradient 

As the boundary layers on the channel walls thicken, the axial velocity 



of the main s t r eam must  increase steadily in o rder  to preserve continuity of 

flow. This  increase in  velocity i s  accompanied by a steady decrease in 

p re  s sure .  The correction for static p ressure  gradient, o r  hori'eontal buoyan- 

cy, must  be applied to the drag measured on the force balance. Besides the 

spurious drag ar is ing f rom the horizontal buoyancy, a further correction 

has tb be applied because the hydrofoil i s  effectively being tested in an  

accelerating flow. These effects depend only on the shape of the body and 

the value of the pressure  gradient. The total drag correction per unit span 

i s  given in Ref. 5 as :  

where A" i s  the equivalent chordwise sectional a r e a  of the hydrofoil 

where ko = 1.0 and k = 1.2 a s  in  (a)  above, and A1 i s  the chordwise 1 
sectional a r e a  of the hydrofoil, dp/dx i s  the static pressure  gradient in the 

empty tunnel. Converting this correction to coefficient form, wq get: 

where d/dx (p/$ V2) i s  the gradient of the pressure  coefficient and c i s  

the hydrofoil chord. 

We see f rom Fig.  47, Appendix A, that the pressure  coefficient 

gradient i s  - 0,0047 per in. Thus for  the NACA 4412 hydrofoil the horizon- 

tal  buoyancy correction i s  

(e) Wall boundary layer interference 

In the case  of a wing which completely spans a closed tunnel, a further 

interference usually a r i s e s  because the boundary layers  of the side walls 

cause t ransverse  contamination of the laminar boundary layer of the airfoil. 

This  effect i s  greates t  when the transition point i s  well aft on the airfoil  SO 



that there is a large region of laminar flow. The transverse contamination 

of the boundary layer spreads out in a wedge-like fashion downstream, 

however the angle at  which it spreads seldom exceeds ten degrees. Due to 

the high turbulence level of the water tunnel and the Reynolds number range 

of these experiments, the region of laminar boundary layer flow on the hydro- 

foils i s  probably quite short.. 

At one time i t  was believed that the lift fell off rapidly within the boun- 

dary layers of the tunnel walls; however, more recent work cited in Ref. 5 

shows that actually the lift is maintained within the wall boundary layers to 

a far  greater extent than was formerly assumed, and for most practical pur- 

poses the effects of wall boundary layers a r e  negligible. F o r  these reasons 

no tunnel boundary layer corrections have been applied to the data. 

In summarizing the tunnel interference corrections we see that four 

separate interference corrections have been applied to the data for fully 

wetted flow. The total interference corrections, together with the per cent 

corrections a r e  shown in Fig, 53 for the NACA 4412 hydrofoil and in Fig. 54 

for Walchner profile 7. In these figures the scale on the left i s  the per cent 

correction and the scale on the right i s  the force coefficient correction. The 

scale of the interference corrections has  been made approximately the same 

a s  that of the figures showing the force coefficients iri order  to show the rela- 

tive magnitude of the interference effects. As noted previously, the pitching 

moment coefficients were not corrected for tunnel interference effects be- 

cause the correction is negligible when plotted to the scale of the moment 

coefficient curves. 

No tunnel interference corrections have been applied to the force and 

moment coefficients for cavitating flow. The interference effects surely 

exist, however their magnitude with cavitation is not known. 



ANGLE OF ATTACK IN DEGREES, a 

Fig .  53 - Tunnel in te r fe rence  cor rec t ions  for the 
NACA 44 12  hydrofoil i n  noncavitating flow. 
The d rag  coefficient cor rec t ion  has  been 
plotted to a sca le  10 t imes that of the lift 
and moment  coefficient cor rec t ions .  
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Fig .  54 - Tunnel in te r fe rence  cor rec t ions  f o r  the 
Walchner profile 7 hydrofoil in  noncavi- 
tating flow. The d rag  coefficient c o r r e c -  
tion has  been plotted to a scale  10 t imes 
that of the lift and moment coefficient -J 

Cr, cor rec t ions .  



TABLE IB - NACA 4412 Hydrofoil. Incipient Cavitation Charac te r i s t i c s  
of the NACA 4412 Hydrofoil (cavitation number based on 
vapor pressure) .  

1 a =  -6' I a = -so  I a: -4O 

APPENDIX D - DATA TABLES 

TABLE IA - NACA 4412 Hydrofoil. Section Charac te r i s t i c s  of the NACA 
4412 Hydrofoil In Noncavltatlng Flow (data co r rec ted  f o r  

I P r e s  sure(bott0m) Side I Pressure(boLtom) Side I Pressure(bot torn)  Side 

I Cavitation Cavitation Cavitation Cavitation Cavitation Cavitation I I Began Disappeared Began Disappeared Began Disappeared 

1 

V = 41.9 fps (continued) 

Re = 1,090,000 

a C~ C~ M 

- 1 ,304 .0082 -0.086 
0 .40 1 .0080 -0.087 
I .497 .0081 -0.087 
2 .584 .0076 -0.085 
3 .684 .0088 -0.087 
4 .771 .0106 -0.085 
5 .855 .0127 -0.084 
6 .939 .0150 -0.082 
7 1.022 .0184 -0.078 
8 1.054 .0215 -0.071 
9 1.135 .0257 -0.068 

10 1.197 .029'7 -0.066 
5 .873 ,0135 -0.086 
0 .4  14 .0084 -0.089 

V = 50.5 fp9 

R e  = 1,310,000 

n L CD M 

o .417 .0087 - 0 . n ~  
-5 -0.074 .0134 -0.087 
-7 -0.270 .0155 -0.083 
-6 -0.171 .0121 -0.083 
-5 -0.071 .0108 -0.OE4 
-4 .024 .0100 -0.084 
- 3 .121 .0094 -0.084 
- 2 .213 .0083 -0.084 
- 1 .311 .0074 -0.084 
0 ,412 .0071 -0.087 
I .505 .0071 -0.086 
2 .578 .0070 -0.085 
3 .698 .0077 -0.086 
4 .785 .0099 -0.084 
5 .878 .0133 -0.083 
0 .423 .0070 -0.088 

vI= 57.7 fps 

Re = 1,494,000 

- 
V =  21.1 f p s  

Re = 550,000 

a 
L C~ 

0 .362 .0153 -0.090 
0.5 .406 .0161 -0.090 
1.0 .415 -0169 -0.089 
1.5 -481 -0166 -0.088 
2.0 .538 .0173 -0.090 
2.5 .584 .0180 -0.090 
3.0 .639 .0195 -0.092 
3.5 .692 .OL08 -0.093 
4.0 .737 .0215 -0.093 
4.5 .799 .0237 -0.095 
5.0 .861 -0244 -0.095 
6.0 .946 .0271 -0.094 
7.0 1.021 .0308 -0.091 
8.0 1.098 .0368 -0.088 
9.0 1. 157 .0405 -0.083 

10.0 1.216 .0468 -0.079 
11.0 1.276 .0526 -0.076 
12.0 1.321 0584 -0.071 
13.0 1.357 .0647 -0.069 
14.0 1.372 .0774 -0.071 
15.0 1.401 .0919 -0.073 
16.0 1.397 . I076 -0.078 
18.0 1.352 . 1420 -0.088 
20.0 1.280 . I782  -0.094 

V =  21 .3 fps  

He = 555,000 

a C~ CD M 

0 .358 .0164 -0.091 
-0.5 .333 .0155 -0.093 
-1.0 .278 .0149 -0.095 
-1.5 .233 .0133 -0.093 
-2.0 . I 9 4  .0123 -0.096 
-2.5 . 142 ,0120 -0.094 
-3.0 ,107 .0115 -0.094 
-3.5 .062 .0107 -0.093 
-4.0 .019 . 0130 -0.096 
-4.5 -0.030 .0120 -0.091 
-5.0 -0.079 .0117 -0.092 

tunnel Interference effects).  

V = 31.5fps  

Re = 800, 000 

a C~ C~ C~ 

0 .378 .0133 -0.090 
I .463 .0138 -0.093 
2 .553 .0134 -0.091 
3 .643 .Dl50 -0.090 
4 .736 .0168 -0.091 
5 .835 .0190 -0.092 
6 .909 .0221 -0.090 
7 .982 ,0252 -0.086 
8 1.056 .0301 -0.084 
9 1.134 -0343 -0.082 

10 1. 190 .0391 -0.079 
11 1.231 .0475 -0.077 
12 1.300 .0503 -0.071 
13 1.330 0607 -0.073 
14 1.372 .0744 -0.078 
15 !.377 .0905 -0.081 
16 1.368 . 1074 -0.085 
17 1.338 . 1282 -0.089 
18 1.289 . 1550 -0.096 
19 1.224 . 1836 -0.102 
20 1.199 .2639 -0.124 
15 1.376 .0893 -0.079 
10 1.214 .0373 -0.079 

5 .846 .0171 -0.094 
0 .381 .0119 -0.095 

- 1 .294 .0103 -0.094 - 2 .209 -0099 -0.093 
- 3 . 114 .0103 -0.093 
-4 .020 .0110 -0.093 
-5 -0.080 .0122 -0.092 
-6 -0.175 .0134 -0.088 
-7 -0.271 .0147 -0.087 
-8 -0.367 .0176 -0.087 
-9 -0.469 .021 1 -0.087 
-5 -0.068 .0119 -0.090 
0 -374 .0108 -0.091 

V = 41.9 ips 

Re = 1.090.000 

a L CD C~ 
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TABLE IB - NACA 4412 Hydrofoil. Incipient Cavitation Characteristics 
of the NACA 4412 Hydrofoil (cavitation number based on 
vapor pressure). 

Suction (top) Side Suction (top) Side Pre ssure(bottom) Side 

Cavitation Cavitation Cavitation Cavitation 
Disappeared 

27.14 ,349 32.42 .265 32.94 .332 32.45 .282 
38.67 .318 32.29 ,331 32.72 .296 

38.71 .331 38.80 .266 38.91 .283 
38.73 .370 38.65 .307 38.77 .328 

Cavitation 43.31 .381 43.39 .403 43.65 .294 43.23 ,308 

Disappeared 43.39 .382 43.58 .307 43.44 .343 
43.15 .411 

51.01 .356 51.12 ,350 50.65 .370 51.09 .359 
27.26 .501 27.49 .617 50.64 .354 50.61 .366 50.71 .387 
27.32 .530 27.51 ,622 55.41 .378 55.82 .383 
32.26 .567 32.18 .644 55.62 .388 55.81 .378 
32.05 .549 32.22 .649 
38.72 ,569 38.97 .643 
38.80 .551 38.81 .606 
42.78 .618 42.79 .642 
43.03 .594 42.86 .655 
50.43 .662 50.73 ,826 Cavitation Cavitation 
51.12 .666 51.23 .795 Suction (tup) Side 

Cavitation Cavitation 

27.52 .443 27.52 .533 
32.60 .417 
39.03 .361 32.41 .383 
38.75 .415 38.60 .453 28.08 .512 28.27 .544 
43.26 .422 38.72 .433 32.88 .530 33.28 ,525 

Suction (top) Side 42.94 .452 43.38 .446 33.22 .560 33.22 .488 
43.01 .460 39.74 .553 

Cavitation Cavitation 51.10 .469 39.80 .546 
50.64 .543 51.01 .565 39.98 .573 
56.33 .523 
55.91 .444 48.43 .546 43.51 .606 
62.71 .506 

27.76 .420 27.83 .420 62.91 .557 48.53 .622 
32.92 .413 32.73 .409 51.22 .617 
32.61 .388 38.93 .404 56.31 .581 
43.34 .403 38.48 .430 56.27 .617 

38.67 .420 62.64 .613 
43.69 .449 63.10 .672 

43.49 ,451 Suction (top) Side 
44.14 .479 

Cavitation 
50.70 .335 Disappeared 
51.63 ,444 51.20 .472 
56.10 .410 51.83 .443 
55.93 ,492 55.81 .502 

Juction (top) Side 

64.05 .397 55.34 ,486 28.17 .455 
63.40 .487 27.94 ,462 

32.94 .376 33.09 .439 
32.94 .397 32.93 .408 
33.04 .428 32.57 .459 
32.99 .431 33.04 .493 
39.86 .419 27.52 .483 27.93 .621 

Cavitation Cavitation 39.79 -423 39.82 .465 33.23 ,577 33.49 .599 
38.80 ,425 39.69 .451 33.42 .573 33.25 .591 
38.64 ,432 38.77 .473 39.73 .570 39.75 .627 
43.42 .478 38.52 .502 39.98 ,642 40.08 .628 
43.48 .485 43.73 .541 43.74 .653 43.60 ,664 

32.66 .283 32.63 .311 43.51 .507 
43.70 ,686 43.71 .686 

32.64 .363 43.30 ,552 48.18 ,700 48.13 .700 

38.58 ,329 43.47 ,523 
48.02 ,721 48.17 .718 

38.52 .336 
38.60 .303 38.64 .347 48.78 .545 48.95 .560 50.51 ,711 50.72 .725 

48.81 .542 51.20 .710 51.20 .724 
43.49 .356 43.58 .360 
43.61 .344 43.87 .365 51.31 .479 56.44 .714 55.87 .767 

50.62 .515 50.62 .518 55.63 ,743 55.42 .771 
52.13 .387 51.00 .504 62.58 .780 62.45 ,767 

51.01 ,228 50.42 .410 51.08 .510 50.74 .544 62.63 ,757 62.44 .790 

51.40 .392 51.01 .412 55.85 .416 50.54 ,576 
56.10 .410 55.91 .435 55.91 .577 55.70 ,589 
55.81 .392 56.04 .448 56.60 .470 55.45 .592 
63.71 .439 63.72 .449 55.71 .560 
63.81 .445 63.73 -449 63.54 .402 

63.50 .403 
62.08 .602 
63.07 .504 
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TABLE IB - NACA 4412 Hydrofoil. Incipient Cav~tation Characteristics 
of the NACA 4412 Hydrofoil (cavitation number based on 
vapor pressure). 

Suction (top) Side Suction (top) Side 
Cavitation 

Cavitation Cavitation 
Disappeared Disappeared 

21.32 ,980 21.37 .938 
20.88 .791 28.33 .630 21.36 .912 21.55 .953 21.65 1.889 21.71 3.052 
28.49 .680 28.22 .993 28.22 1.072 21.52 1.941 21.70 2.423 
33.23 ,685 33.22 .676 28.26 1.019 28.31 1.090 28.09 2.429 28.06 2.623 
33.29 ,675 33.08 .661 32.99 1.022 32.91 1.103 28.06 2.361 28.03 2.771 
39.79 .599 39.96 -736 33.11 1.079 33.07 1.054 32.83 2.510 33.00 2.645 
39.90 .666 39.87 .704 39.83 1.170 40.03 1.361 32.88 2.523 32.95 2.659 

39.99 1.172 39.96 1.357 39.46 2.766 39.43 2.843 
43.75 1.397 43.49 1.523 39.47 2.835 39.50 2.852 
43.48 1.366 43.50 1.384 43.37 2.901 43.25 2.862 
48.20 1.306 48.40 1.643 42.92 2.921 43.12 2.926 

51.14 .817 48.20 1.548 

Suction (top) Side 

Cavitation Cavitation 

Suction (top) Side 
21.50 2.222 

Cavitation 21.81 3.023 21.47 2.458 21.69 2.846 
Disappeared 21.16 1.138 21.62 1.257 27.83 2.887 27.92 2.883 

21.38 1.089 21.70 1.166 27.90 2.716 27.95 2.868 
28.04 1.358 28.09 1.488 32.83 2.958 32.86 2.950 
28.36 1.102 28.30 1.516 32.91 2.973 32.83 3.062 

20.88 .733 20.88 .a37 33.00 1.457 33.18 1.525 39.44 3.199 39.41 3.158 
28.11 .661 28.05 .726 33.21 1.419 32.95 1.546 43.23 3.245 43.18 3.229 
28.15 .717 28.22 .748 39.86 1.569 39.79 1.589 
33.23 .773 33.26 ,766 
33.26 .736 33.14 .731 
40.05 .699 40.05 .849 
40.15 .792 40.09 .a38 
43.61 '857 43.42' ,872 Suction (top) Side 

43.61 .839 43.38 .921 
48.02 .846 Cavitatian 

Suction (top) Side Disappeared 

Cavitation 

21.41 2.086 21.82 3.438 
21.50 2.594 27.74 3.177 
27.56 3,077 27.81 3.197 

21.71 1.623 
27.74 3.162 32.84 3.232 

21.44 1.651 
21.63 1.618 

32.86 3.226 32,63 3.355 
21.47 1.608 

Suction (top) Side 32.63 3.216 39.42 3.754 
28.09 1.721 28.23 1.814 39.43 3.464 39.43 3.961 

28.19 1.888 28.15 1.552 
Cavitation Cavitation 33.05 1.752 33.03 1.876 39.16 3.841 42.96 3.780 42.90 3.874 

33.04 1.815 32.89 1.833 
39.34 1.875 39.50 2.091 
39.57 1.961 39.55 2.036 
43.35 2.053 43.17 2.198 

21.33 .853 43.41 2.143 43.33 2.235 
20.56 ,856 21.47 .824 Suction (top) Side 
28.16 .838 28.37 -893 

28.28 .884 Cavitation Cavitation 
33.44 .a84 

33.03 .835 33.09 .870 
39.93 .820 39.68 .911 
39.92 .917 39.83 .898 
43.47 1.005 43.67 1.147 21.54 2.451 
43.71 1.041 43.52 1.116 21.59 2.850 21.71 3.758 
48.20 1.013 47.90 1.075 27.54 3.272 27.73 4.222 
48.33 1.013 47.90 1.084 

52.02 1.204 
27.74 3.377 27.60 3.840 

51.80 1.214 
21.45 1.637 21.77 2.100 32.53 3.522 32.42 4.154 

52.02 1.209 51.61 1.182 
21.37 1.434 21.86 2.030 32.51 3.738 32.15 3.918 

21.60 1.928 21.80 2.065 38.97 4.573 38.86 4.800 
27.95 2.001 28.18 2.291 
28.06 1.986 28.22 2,285 
32.99 2.145 32.95 2.246 
32.99 2.086 32.75 2.161 

39.41 2.440 
39.43 2.460 
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TABLE IB - NACA 4412 Hydrofoil. Incipient Cavitation Character is t ics  
of the NACA 4412 Hydrofoil (cavitation number based on 
vapor  pressure) .  

Suction (top) Side Suction (top) Side Suction (top) Side 

Cavitation Cavitation 
Disappeared Disappeared 

21.43 3.169 21.53 4.044 20.97 2.374 20.98 10.69 21.03 3.231 20.81 11.401 
21.18 2.208 27.42 7.461 21.25 2.671 27.14 8.341 20.93 3.589 20.81 12.002 
27.60 3.855 27.47 4.307 27.17 4.164 26.99 8.394 27.22 3.985 26.90 8.663 

27. 19 4. 150 31.72 7.488 26.90 4.808 26.93 8.488 
31.81 7.379 

TABLE IC - NACA 4412 Hydrofoil. F o r c e  Character is t ics  of the NACA 4412 
Hydrofoil in  Cavitating Flow (data not corrected for  tunnel inter-  

5.320 -0.400 ,0209 -0.091 a285 -0.015 ,0465 -0.009 5.181 ,283 .0141 -0.091 
3.682 -0.400 .0201 -0.091 . 182 -0.011 .0444 -0.009 3.628 .279 .0142 -0.090 
2.311 -0.359 .O276 -0.092 . 188 -0.010 .0442 -0.010 2.024 .283 .0142 -0.091 
2.161 -0.356 ,0296 -0.092 a964 -0.009 .0210 -0.091 1.535 .279 .0149 -0.091 
1,992 -0.351 ,0409 -0.090 2,207 -0.010 .0153 -0.090 1.169 .280 .0148 -0.091 
1.804 -0.341 -0509 -0.090 5.356 -0.011 .0145 -0.091 ,792 .280 .0145 -0.092 
1.625 -0.334 -0563 -0.084 .628 .280 ,0139 -0.092 
1.458 -0.314 .0652 -0.079 .411 .234 .0185 -0.092 
1.255 -0.304 +0727 -0.065 .336 .157 -0271 -0.073 
1.065 -0.299 .0797 -0.044 .302 -0.002 .0374 -0.011 
.852 -0.271 ,0883 -0.012 .277 -0.008 .0387 -0.010 
.652 -0.256 .0969 .009 .211 -0.013 ,0375 -0.007 
.476 -0.118 .0857 -0.016 .166 -0.011 .0351 -0.007 
.316 -0.033 .0677 -0,026 

5.326 .086 .0143 -0.090 . I35  -0.011 ,0333 -0.007 
-222  -0.033 a0589 -0.018 3.674 .085 -0148 -0.091 .472 .245 .0133 -0.091 
.872 -0.286 -0890 -0.017 

2.135 .085 .0143 -0.090 1.854 -0.333 ,0465 -0.090 1.559 ,085 '0147 -0.091 5.317 -0.387 .Ole0 -0.092 
1.242 ,084 .014B -0.091 

s847 086 .0147 -0.090 
.754 .086 .0144 -0.091 
,675 .086 .0173 -0,092 
,595 .080 .0206 -0.091 
.514 .055 .0253 -0.079 

5.346 -0.209 .0163 -0,092 .475 .026 .0317 -0.059 5.167 .370 .0159 -0.092 

3.809 -0.212 .0161 -0.091 -375 -0.017 .0465 -0.018 3.550 .373 .0171 -0.091 

2.148 -0.214 .0163 -0.091 ,280 -0.009 .0482 -0.012 2.012 .376 ,0167 -0.092 

1.803 -0.209 .0199 -0.092 .236 -0.011 .0451 -0.011 1.485 .372 .0167 -0.092 

1.644 -0.207 ,0246 -0.091 1.059 .088 .0148 -0.093 1.136 ,371 .0158 -0.092 

1.453 -0.204 ,0296 -0.090 2.342 .088 .0145 -0.091 ,790 ,369 .0154 -0.092 

1.257 -0.205 ,0385 -0.088 5.493 .087 .0153 -0.089 .617 ,368 .0166 -0.093 

1.078 -0.216 .0474 -0.081 .410 .298 ,0243 -0.093 
.844 -0.266 .0651 -0,041 .345 . 185 .0298 -0.076 
.660 -0.254 .0772 .002 .321 .144 .0328 -0.050 
e496 -0.125 a0732 -0.008 .293 .017 .0366 -0.011 
-303 -0.028 ,0591 -0.018 .220 -0.011 .0356 -0.006 
.203 -0.025 .0522 -0.012 . 170 -0.009 .0337 -0.004 
.ZOO -0.023 .0506 -0,012 .I66 -0.008 .0332 -0.004 

1.186 -0.214 .0446 -0.084 5.252 . 188 .0119 -0.088 . 172 -0.008 ,0339 -0.005 
2.273 -0.218 .0164 -0.090 3.707 . 186 .0118 -0.089 .576 .364 ,0185 -0.093 
5.477 -0.215 .0157 -0.090 2.153 . 185 .0124 -0.089 2.176 ,372 .0169 -0.090 

1.581 . 185 .0122 -0.089 5.327 .369 .0161 -0.090 
1.211 . 186 .0118 -0.090 
.840 . I 8 6  .0119 -0.089 
.662 . 182 .0127 -0.088 
.476 . I 7 2  ,0155 -0.090 
.390 . I24  .0220 -0.076 
.337 .001 .0384 -0.012 5.335 -0.011 .0148 -0.090 

3.716 -0.011 .0151 -0.091 .301 -0.003 .0412 -0.010 
,262 -0.010 .0412 -0.007 5.241 .460 .0170 -0.090 

2.149 -0.012 .0152 -0,091 . 188 -0.013 .0363 -0.005 3.644 .459 ,0159 -0.090 1.594 -0.012 ,0151 -0.092 . I 5 9  -0.014 -0366 -0.004 2.114 ,458 ,0162 -0.090 
1.209 -0.013 .0150 -0.089 . 145 -0.010 .0361 -0.004 1.534 .460 .0167 -0.091 
1.023 -0.010 -0177 -0.091 ,518 . 180 .0077 -0.089 1.166 .461 .0164 -0.091 ,946 -0.011 .0211 -0.091 2.170 . 186 .0129 -0.088 ,821 .462 .0167 -0.091 

5.360 . 188 .0123 -0.089 .656 .457 ,0167 -0,096 
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TABLE IC - NACA 4412 Hydrofoil. Force  Characteristrcs of the NACA 4412 
Hydrofoil in  Cavitating Flow (data not corrected for tunnel inter - 
ference effects;  cavitation number based on vapor pressure).  
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TAB1.E IC - NACA 4412 Iiydrofoil. F o r r e  Charac te r i s t i c s  of the NACA 4412 
Hydrofoil in Cavitating Flow (data not co r rec ted  fo r  tunnel in te r -  

5.161 1.246 .0414 -0.077 5.216 1.352 .0537 -0.073 1.781 1.421 .2545 -0.160 
3.575 1.244 .0404 -0.080 3.564 1.329 .0513 -0.071 
2.515 1.244 .0427 -0.081 3.096 1.373 .0591 -0.076 
2.413 1.271 .0444 -0.082 2.936 1.416 .Oh70 -0.081 
2.271 1.279 .0483 -0.083 2.793 1.421 .0724 -0.b85 
2. 149 1.295 .0553 -0.086 2.623 1.424 .0820 -0.086 
1.939 1.278 .0708 -0.091 2.466 1.404 .0928 -0.089 
1.778 1.249 .0842 -0.098 2.328 1.383 .0963 -0.086 
1.610 1.236 . 1074 -0.113 2. 144 1.382 .I179 -0.093 
1.479 1.232 . 1309 -0.135 1.959 1.382 . 1382 -0.088 
1.287 1.164 . 1504 -0.150 1.708 1.377 . I877 -0.083 
1.136 1.081 . 1616 -0.156 1.514 1.323 .2092 -0.084 
,952 .936 . I626  -0.149 1.334 1.223 .2152 -0.078 
.791 .805 . 1505 -0. 130 1.149 1.093 .2139 -0.056 
.L30 .659 . I268  -0.101 .902 .881 .2000 -0. 141 5.523 1,415 . 1089 -0.082 
.489 .484 . 1030 -0.069 .746 .747 . I745  -0.118 5.111 1.384 . I117  -0.084 
.380 .379 .0857 -0.052 .534 .543 . 1572 -0.082 4.552 1.555 . 1216 -0.074 
.303 .302 ,0733 -0.040 .396 .396 . 1080 -0.057 4. 189 1.529 . 1331 -0.075 
.256 .256 .0673 -0.033 .300 .323 .0925 -0.044 3.772 1.531 .1519 -0.079 

1. 179 1.101 . I585  -0.155 1.348 1.L33 .2179 -0.178 3.306 1.512 . 1716 -0.083 
2.324 1.295 .0483 -0.085 2.490 1.417 .0878 -0.088 3.046 1.507 . 1900 -0.090 
5.168 1.244 .0402 -0.077 5. 181 1.341 .0535 -0.070 2.777 1.489 .2073 -0.098 

2.482 1.451 .2281 -0.110 
2. 177 1.415 ,2555 -0.128 

V = 30 Ips a = 14' 0 1.861 1. 527 1.416 1.302 .2916 .3054 -0.158 -0. 177 

. 137 . 123 

. I40 . I 2 6  . 128 . 113 . 131 . 116 . 135 . 119 

Pv = '464 psia. 

TABLE ID - NACA 4412 Hydrofoil. Cavity P r e s s u r e  Data for  the NACA 
44 12 Hvdrofoil. 

v 
Po Pk I v  

ips  psia psia 

a = 4O, T = 76. 1°F. Pv = .444 psia 
0 

V Pk I v  I k  
ips  psia psia 

a = 12O, T = 77.   OF, 
V 

Pk 
fps  psia  psla 

30.70 11.736 5.252 
31. 14 10.979 3.603 
31.06 10.422 3.280 

P = .460 psia 

a = so, T0 = 77.0°F, Pv = ,458 psia 

V Po Pk IV I k  
fps psia psia  

Po Pk I v  I k  
Ips psia  psia  I 

a = 12O, T, = 77.2OF. P v  = .460 psia 

V Po Pk Kv I k  
fps  psia psia 
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TABLE 11A - Walchner Profi le  7 Hydrofoil. Section Character is t ics  of 
the Walchner Profile 7 Hydrofoil in  Noncavitating Flow 
(data cor rec ted  f o r  tunnel interference effects). 

V = 19.9 fps, Re = 533.000 V = 30 fps. Re = 896,000 V = 20.2 fps, Re = 575,000 
(before leading edge modification) (before leading edge modification) (after leading edge modification) I 

0 .511 .0138 -0.127 
1 .586 ,0151 -0.125 
2 .677 -0176 -0.128 
3 .743 .0190 -0.124 
4 ,828 .0223 -0.126 
5 .920 .0264 -0.129 
6 ,947 .0274 -0.116 
7 .926 -0318 -0.093 
0 .510 .0143 -0.133 

V = 25 fps, Re = 720,000 
(before leading edge modification) 

0 C~ G~ 

0 .504 .0171 -0.126 
1 .621 -0188 -0.128 
2 .689 -0206 -0.122 
3 .776 -0215 -0.128 
4 .882 -0239 -0.130 
5 ,942 ,0271 -0.131 
6 .939 -0314 -0.107 
7 .974 -0355 -0.101 
6 -941 e0308 -0.108 
5 .963 -0279 -0.130 
4 .892 ,0257 -0.126 
3 .803 -0211 -0.132 
2 .714 a0196 -0.134 
1 .625 .0175 -0.133 
0 ,514 ,0163 -0.128 

-1 ,365 m0144 -0.110 
-2 .284 -0148 -0.111 
-3 ,199 a0148 -0.111 
-4 . I20  -0160 -0.111 
-5 .043 .0241 -0.113 1 -6 -0.037 .0380 -0.111 
-7 -0.131 -0555 -0.102 
-7 -0.129 .0549 -0.104 
-6 -0.047 .0390 -0.108 
-5 .033 .0245 -0.107 
-4 . I12  -0145 -0.108 
-3 . 194 a0139 -0.107 
-2 .278 -0136 -0.105 
-1 .360 -0139 -0.106 

0 .501 a0155 -0.121 

V = 35 fps, Re = 1,050,000 
(before leading edge modification) 

I V = 31.8 fps, Re = 908,000 
(after leading edge modification) 

TABLE 1IB - Walchner Profi le  7 Hydrofoil. F o r c e  Character is t ics  of the Walchner 
Profi le  7 Hydrofoil in Cavitating Flow (data not corrected f o r  tunnel 
interference effects; cavitation number based on vapor pressure). 

1 v = 30 fps a = - 6O 1 V = 30 fps a = - bo(cont1d) I V = 30 fps a = - 5O (cont'd) 

V = 30 fps a = - 5O 
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TABLE I1B - Walchner 
Prof i le  

1 

V = 30 f p s  a = - 4" 

K L C~ CM 

5.458 . I29 -0179 -0.119 
3.687 . 123 .0179 -0. 114 
2.121 . I20 .OI80 -0.115 
1.581 . I21 .0181 -0.117 
1.226 . I20  .OIL32 -0.115 
.a56 . I13  .0256 -0.116 
.774 . I08  .0260 -0.116 
.690 . I02 .0271 -0.116 
.601 .085 .0286 -0. 115 
,512 .047 .0321 -0.100 
-426  -0.002 .0374 -0.069 
.334 -0.052 .0471 -0.023 
.256 -0.046 .0424 -0.016 
.201 -0.042 .0380 -0.012 
.080 -0.041 .0371 -0.012 
. I67 -0.040 .0363 -0.012 

2.544 . I20  .PI77 -0.116 
5.085 . I26  .0170 -0.120 

v = 30 IPS a = - 3O 

K L D CM 

5.038 .210 .0166 -0.112 
3.504 .211 .O176 -0.114 
2.020 .211 .0175 -0.115 
1.503 .210 .0178 -0.115 
1.098 .212 .0173 -0.115 

.763 .209 .0171 -0.114 

.609 .208 .0199 -0.116 

.525 .203 .0207 -0.116 

.445 . 184 .0230 -0.114 

.368 .092 .0284 -0.089 

.328 -0.007 .0380 -0.038 

.256 -0.043 .0386 -0.012 . 192 -0.035 .0338 -0.012 
2.570 .219 ,0179 -0.117 . 185 -0.034 .0331 -0.012 

156 -0.034 .0328 -0.011 
2.004 .215 .0173 -0.113 
5.018 .219 .0161 -0.103 

V = 30 fps a = - 2O 

K 
C~ CM 

5.194 .301 .0170 -0.116 
3.688 .297 .0166 -0.114 
2.098 .301 ,0177 -0. 116 
1.549 .299 .0175 -0.115 
1.180 .294 .0177 -0.113 
.838 .300 .0172 -0.116 
.656 .294 .0173 -0.114 
,469 .297 .0185 -0.117 
.406 .247 .0225 -0. 113 
.333 . 100 .0285 -0.080 
.248 . 137 .0357 -0.088 
-180 -0.026 .0295 -0.011 
. I60  -0.025 .0299 -0.015 

5.260 .316 .0171 -0. 121 - 
V = 30 ips a = - 1' 

K L C~ C~ 

5.086 .390 .0169 -0.114 
3.538 .389 .0164 -0.114 
1.983 .381 .0163 -0.112 
1.484 .383 .0158 -0.113 
1. 120 .390 .0166 -0.116 
.780 . 384 .0163 -0.114 
.602 .386 .0159 -0.114 
.471 ,368  .0178 -0.111 
.404 .288 .0223 -0.096 

2.583 .388 ,0173 -0.113 
.338 . 165 .0272 -0.072 
.248 -0.028 .0310 -0.010 . 171 -0.016 .0268 -0.008 

2.613 .393 .0173 -0.115 . 146 -0.014 .0264 -0.010 
2.082 .382 .0172 -0.112 
5.216 .378 .0163 -0.109 

Profi le  7 Hydrofo~l. Force  C h a r a c t e r ~ s t l c s  o f  the Walcl~ner  
7 Hydrololl in Cav~ta t lng  Flow (data not corrected for tunnel 

interference e f fec t s ;  C a v ~ t a t ~ o n  number based on vapor pressure) .  

V = 30 fps  a = o0 

L C~ C~ K 

5.075 .554 ,0184 -0. 131 
5.075 .548 .0175 -0.126 
3.508 .542 .Oi84 -0. 130 
2.007 .543 .0191 -0.128 
1.512 .558 .0191 -0. 134 
1.140 .554 .0193 -0.135 
.762 .534 .Ole6 -0.129 
.602 -543  .0186 -0.129 
.484 -476 .0214 -0. 119 
.484 ,476 .OZ16 -0.121 
.424 .363 .0258 -0.102 
.322 . 190 .0291 -0.058 
.238 .067 .0278 -0.043 . 168 .059 .0229 -0.040 

2.028 .547 .0198 -0. 131 
5.078 .538 .0189 -0.126 

V = 30 fps  a = l o  

J 

V s 30 Ips 0 = 4O 

K L C~ 

5.039 .915 .0273 -0.138 
3.491 .916 .0269 -0.139 
2.004 .924 .0263 -0. 138 
1.481 .924 .0262 -0.141 
I. 125 .920 .0265 -0.139 
.872 .935 .0267 -0. I43 
.711 .855 .0369 -0.131 
.650 .814 .0396 -0.130 
,572 .705 .0439 -0. 115 
.499 .587 .0467 -0.093 
.441 .498 .0461 -0.082 
.368 .382 .0431 -0.056 
.270 .244 .0340 -0.038 . 176 . 110 .0251 -0.015 . 152 .087 .0232 -0.013 . 134 .087 .0230 -0.014 

1.993 .922 .0267 -0.134 
5.075 .913 .0263 -0. 134 

K L C~ c~ 
4.984 .636 .0191 -0.129 
3.502 .658 .0201 -0.136 
1.980 .655 .0201 -0.135 
1.448 .664 .0196 -0.138 
1.101 .666 .0199 -0. 140 
.749 -657  .0196 -0.137 
.579 ,665 .0205 -0.139 
.472 .463 .0286 -0.105 
.402 .383 .0296 -0.087 
.340 .282 .0304 -0.070 
.253 . 109 ,0284 -0.035 
.166 -0.003 .0216 -0.009 
. I 2 8  -0.011 .0214 -0.005 

2.017 .687 .0202 -0.143 . 
4.890 .668 .0186 -0. 136 

V = 30 ips  a = 2O 

K C~ M 

5.240 .767 .0199 -0.136 
3.616 .765 .0214 -0.137 
2.046 .767 ,0204 -0.139 
1.487 .758 .0210 -0.142 
1.143 .753 .0201 -0.137 

.817 .777 .0213 -0.141 

.639 -735 .0250 -0. 140 
,547  .597 .0332 -0.117 
.465 .498 .0347 -0.100 
,392  .384 ,0348 -0.076 
.318 .276 .0330 -0.061 
.232 . 143 .0272 -0.029 

2.560 ,780 .O219 -0.142 
2.606 .765 .0220 -0.142 

.095 .037 .0208 -0.013 

.OZ1 .002 .0161 -0.006 

.418 ,413 .0319 -0.086 
2.133 .785 .OZ22 -0.144 
5. 124 ,759 .0207 -0.138 

s 
K C~ C~ 

5.081 .a51 .0228 -0. 143 
3.549 .843 .0226 -0.138 
1.994 .848 .0237 -0. 145 
1.470 .838 .0238 -0.138 
1.117 .845 .0243 -0. 142 
.774 .a32 .0243 -0. 139 
.600 .729 .0337 -0. 130 
.537 .631 .0387 -0.108 
.474 .552 .0400 -0.100 
.415 .460 .0416 -0.082 
.337 .357 .0384 -0.063 
.250 .227 .0324 -0.044 
.I55 ,067 .0224 -0.001 

2.553 .844 .0251 -0. 140 
.038 .030 .Ole4 -0.011 

2.067 .858 .0254 -0. 142 
5.094 .831 .0252 -0. 140 

V = 30 fps  a = 5' 

K C~ C~ C~ 

5.026 .968 .0282 -0.126 
3.459 .974 .0291 -0.130 
1.988 .972 .0306 -0. 129 
1.449 .982 .0306 -0.131 
I. 119 .990 .0303 -0. 133 
.971 .989 .0383 -0.140 
.918 .975 .0426 -0. 143 
.740 .896 .0462 -0.131 
.662 .831 .0514 -0.128 
.575 .716 .0546 -0.101 
.503 .616 .0543 -0.083 
.442 .524 .0536 -0.073 
.367 .399 .0483 -0.053 
.270 .249 .0382 -0.030 . 192 . 162 .0299 -0.016 
. I57  . I37  .0278 -0.015 
. I51  . I37  .0277 -0.017 

2.007 .974 .0308 -0.013 
4.981 .970 .0290 -0. 127 

v = 30 fps a = b0 

K L C~ C~ 

5.237 .978 .0311 -0.106 
3.643 .970 .0318 -0.106 
2. 119 .963 .0317 -0.104 
1.576 -970  .0322 -0.107 
1.197 1.004 .0327 -0.111 
.995 .971 .0321 -0.107 

1.040 1.029 . I186 -0.159 
.955 1.052 .I244 -0.195 
.876 .963 .0894 -0.171 
.794 .913 .0840 -0.165 
.706 .788 .0795 -0.128 
.621 .743 .0695 -0.108 
.577 .655 .0660 -0.087 
.453 .555 .0597 -0.071 
.360 .394 .0508 -0.038 
.262 .268 .0406 -0.023 . 192 . 194 .0335 -0.015 . 167 . 183 .0318 -0.012 

1. 160 1. 140 .0523 -0.162 
1. 239 1. 120 .0428 -0.140 
1.328 .968 .0330 -0.103 
2. 105 .967 .0317 -0.104 
5.229 .955 .0306 -0.102 
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