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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

EFFECTS OF SWEEPBACK AND TAPER ON THE FORCE AND 

CAVITATION CHARACTERISTICS OF ASPECT-RATIO-4 HYDROFOILS 

By Douglas A. King and Norman S. Land 

SUMMARY 

An investigation was made in Langley tank no. 2 to determine the 
effects of sweepback and taper ratio on the cavitation and hydrodynamic 
force characteristics of hydrofoils. Four hydrofoils were used, three 
having a taper ratio of 0 . 6 with 00 , 450 , and 600 sweepback of the 
quarter - chord line, and the fourth having 450 sweep and a taper ratio of 
0.3. All hydrofoils had an aspect ratio of 4 and NACA 65A006 airfoil 
sections in the streamwise direction. 

In order to eliminate the effects of the free-water surface and the 
interference of supporting struts, the tests were made with semispan 
models mounted vertically in the water on a reflection plate similar to 
wind-tunnel-wall mountings of semispan models. 

Increasing the sweepback of the hydrofoils from 0 t.o 450 resulted 
in an increase in cavitation speed, but a further increase to 600 of 
sweep was of little or no additional benefit. Sweepbac k decreased lift­
drag ratios both in the cavitating and noncavitating conditions. A 
change in taper ratio from 0.6 to 0.3 on a hydrofoil with 450 of sweep­
back resulted in only negligible effects on the cavitating speed and the 
force characteristics. The cavitation speed of the unswept hydrofoil at 
moderate and high lift coefficients was higher than that computed from 
theoretical pressure distributions} probably because of boundary-layer 
separation. The variation of cavitation speed with lift coefficient of 
the swept hydrofoils was similar to that of the unswept hydrofoil . 

The hydrodynamic characteristics of the hydrofoils at subcavitation 
speeds were in reasonable agreement with the aerodynamic characteristics 
of similar wings, and the effects of sweep and taper on the subcavitation 
hydrodynamic characteristics were approximately the same as for wings. 
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INTRODUCTION 

Large angles of sweep have been used to reduce the maximum pressure 
coefficient of wings and thereby increase the critical Mach number and 
alleviate the force breaks of such wings. Since the inception of cavi­
tation on hydrofoils in water is s i milarly related to the minimum pres­
sure peaks , it would appear that sweep could be used to advantage to 
increase the speed at which cavitation begins and possibly to improve 
performance under cavitating condi tions . 

A preliminary investigation has accordingly been made in Langley 
tank no. 2 of the effects of sweepback al~le on the forces and flow 
characteristics of simple hydrofoils at speeds up to 90 feet per second 

and Reynolds numbers up to 1 . 5 X 106 . The hydrofoils had NACA 65A006 
sections in the streDmwise direction, an aspect ratio of 4, and were 
considered favorable for operation at supercavitation speeds. The plan 
forms used were selected from the transonic-wing plan-form series exten­
sively investigated aerodynamically by the National Advisory Committee 
for Aeronautics (ref. 1). They included sweepback angles of 00 , 450 , 

and 600 with a taper ratio of 0 .6, and a sweepback angle of 450 with a 
taper ratio of 0 . 3. 

The hydrofoils were tested as semispan models mounted vertically 
below a horizontal reflection plate submerged in the tank. This setup 
minimized possible surface effects and supporting-strut interferences 
and enabled a direct correlation of the data with those obtained simi ­
larly with wind - tunnel -wall balances. 

A 

b 

aspect ratio, 

span of model, ft 

drag coefficient, 

lift coefficient, 

SYMBOLS 

Model drag 
qS 

Model lift 
qS 

pitching-moment coefficient referred to c/4, 
Model pitching moment 

qSc 

, 

, 

/ 
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H 

M 

Pmin 

Pv 

q 

R 

S 

Smax 

v 

a 

p 

free-stream total pressure, lb/sq ft 

Mach number 

minimum value of local static pressure, Ib/sq ft 

free-stream static pressure, lb/sq ft 

vapor pressure, lb/sq ft 

dynamic pressure, ~V2, lb/sq ft 

Reynolds number, Vc 
V 

area of model, sq ft 

pressure coefficient corresponding to minimum value of local 
H - Pmin static pressure, 

q 

free-stream speed, ft/sec 

cavitation speed, speed at which cavitation first appears on 
hydrofoil, ft/sec 

mean aerodynamic chord, ft 

angle of attack, deg 

mass density of water, 1.97 slug/cu ft for these tests 

3 

V kinematic viscosity of water, 1.21 X 10-5 sq ft/sec for these 
tests 

MODELS 

A semispan model of each hydrofoil was tested . Each had an 
NACA 65A006 airfoil section (see table I) parallel to the free-stream 

velocity, an area of :6 square foot, and an aspect ratio of 4. In the 

same manner as in reference 1, the hydrofoils are designated by the 
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plan- form vari ables , sweep, aspec t r a t i o, and taper ratio. Photographs 
and dimensioned sket ches of the models are shown in figures 1 and 2, 
respectively . 

I n order to withstand the hydrodynamic lift loading, which was 
expected to attain a value of about 2100 pounds per square foot (1 atmos­
phere), the hydrofoils were made of heat - treated chrome- vanadium steel 

having a modulus of elasticity of approximately 30 X 106 . After shaping 
to the required size to a tolerance of ±0.003 inch on the section coordi­
nates, the surfaces were polished and electroplated. The 60- 4- 0.6 hydro­
foil was nickel -plated and the others were plated with chromium, all to 
a thickness of about 0 .001 inch for protection against corrosion. 
Although the plating on all the hydrofoils except that on the 45-4-0.3 
deteriorated during the tests , check tests showed negligible effects of 
the change in surface on the characteristics of the hydrofoils. 

APPARATUS 

The tests were made in Langley tank no. 2 by using a special towing 
gear. The towing gear , shown in figures 3 and 4, was based on the wall 
mounting of semispan models in wind tunnels and consisted of a stainless­
steel reflection plate at the root chord of the hydrofoils supported below 
the water by a hollow stainless - steel fairing and a framework attached 
to the towing carriage . The fairing enclosed the balance staff and the 
mounting flanges of the models . A circular portion of the reflection 
plate rotated with change in angle of attack of the model but was not 
connected to it . Photographs of two of the models on the towing gear 
are shown in figure 5 . 

The models were mounted on a three - component, electrical-resistance, 
strain- gage balance with the axis of the balance at the 25- percent sta­
tion of the model root chord. Forces normal and parallel to the root 
chord and pitching moments were read on galvanometers or recorded on an 
oscillograph with suitable low- pass filters tr;) reduce the "hash" caused 
by carriage vibration and cavitation. 

It was necessary to install a number of seals as shown in figure 6 
to minimize the effects of water circulating through the clearance gap 
between the hydrofoil and the reflection plate and to keep water from 

1 entering the balance. In addition, an air pressure of about 12 pounds 

per square inch was maintained inside the balance housing to help oppose 
the flow of water into the housing. Fouling contacts were located well 
below the lowest set of strain gages in the balance so that they pro­
vided an indication when water entered the balance housing. 

, 

, 

J 
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Before the tests the reflection plate was alined with the direction 
of motion by adjusting it until there was no change with speed of the 
static pressure measured at two orifices on the bottom surface of the 
plate. Underwater photographs of the plate indicated no cavitation on 
its bottom surface at any speed up to the maximum speed of the towing 
carriage. 

A velocity survey made w"ith a rake of total-pressure and static­
pressure tubes mounted at the hydrofoil position showed that the reflec­
tion plate and its supporting fairing had negligible effect on the water 
speed below the plate. The rake was calibrated by towing it on a thin 
support below the water with only a small breaker plate to prevent air 
flowing down the sides of the support. 

The thickness of the boundary layer under the reflection plate at 
the position of the hydrofoil root was measured at speeds of from 40 

to 70 feet per second with a calibrated total-pressure tube of it-inch 

outside diameter and was found to be about 0.25 inch thick as shown in 
figure 7. As shown, this result agrees reasonably well with values com­
puted for the thickness of turbulent boundary layers (ref. 2). 

PROCEDURE 

Test Procedure 

The tests were made by setting the desired initial angle of 
attack a and taking readings of normal force, chordwise force, and 
pitching moment about the balance axis over a range of speeds starting 
at 20 feet per second. At speeds up to 60 feet per second, the forces 
and moments were read on galvanometers . At higher speeds, the internal 
damping and lag in the meters were too great to allow sufficient time 
for reading; therefore, the data were recorded on an oscillograph. The 
maximum speed at any angle of attack was the speed at which water entered 
the bottom of the balance housing, or the top speed of the towing car­
riage, 90 feet per second. 

The appearance and extent of cavitation on the hydrofOils were 
determined by underwater pictures taken with a stationary 35-millimeter 
camera. Illumination was provided by high-intensity strobo-flash lamps 
under the water which were fired by the passage of the carriage. 

The sweptback hydrofOils, especially the highly swept 60-4-0.6 
hydrofoil, twisted under a load so that a washout was produced. The 
amount of twisting was approximated by applying normal force to the 
quarter-chord line at the spanwise stations of the centroids of the panels 
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inboard and outboar d of the mean aerodynamic chord and measuring} for 
several valu es of normal force ) the angular deflection at the mean aero­
dynamic chord and the tip chord with respect to the root of the hydro ­
foil . Figure 8 shows the t wist ing obtained from this loading on the 
three sweptback hydrofo i ls . The twist resulting at a given lift coeffi­
cient on the model hydrofoil would be the same as that which would occur 
on a full - s i ze hydrofo i l having the same modulus of elasticity operating 
at the same lift coefficient and speed . Also shown are the maximum lift 
loadings obtained during the tests of each swept hydrofoil. 

Reduction of Data 

The hydrofoils were tested with their spanwise direction perpen­
dicular to the water surface and the towing gear had no measurable effect 
on the velocity at the hydrofoil position. No corrections were made for 
any possible surface effects or for any possible reduction in aspect 
ratio due to the finite extent of the reflection plate. The hydrofoils 
were so small relative to the cross - sectional area of the tank and rela­
tively so far away from the walls that corrections for the closed channel 
were considered to be negligible . 

The measured forces and moments were converted to lift} drag} and 
pitching moment about the quarter -mean-aerodynamic-chord point and these 
values were then put in coefficient form. 

The pitching- moment data on all the hydrofoils except the 0-4-0.6 
hydr ofoil showed unexplained variations to the extent that its accuracy 
was suspected . Accordingly} pitching-moment data are given for the 
0-4-0.6 hydrofoil only . 

RESULTS AND DISCUSSION 

Presentation of Results 

The r esults of the tests are presented in the form of curves of 
lift coefficient} drag coeffic i ent} and lift- drag ratio plotted against 
speed with angle of attack as a parameter in figures 9 to 12. A portion 
of the drag -coefficient plots has been shown to an enlarged scale in 
order to fac i litate reading . The effects of speed on the hydrodynamic 
char acter i stics are shown in figures 13 to 16 in plots of angle of attack} 
drag coefficient} lift - drag ratio} and pitching-moment coefficient against 
lift coefficient . Typical cavi tation pi ctures are presented in figures 17 
to 20 . 

, 

• 
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Although the hydrofoils were mounted with their spanwise axes per­
pendicular to the water surface, terms relating to lift, upper surface, 
lower surface, and the like are used as though the hydrofoils were paral­
lel to the water surface with the lift acting upward. The angle of 
attack of the hydrofoil root is referred to simply as angle of attack. 

Effect of Cavitation on Hydrodynamic Characteristics 

The principal effect of cavitation on the hydrodynamic character­
istics of the hydrofoils was to limit the maximum lift available to a 
value of about 1900 to 2000 pounds per square foot, except for the 
60-4-0.6 hydrofoil, which had a maximum lift of only 1210 pounds per 
square foot. The maximum lift per square foot for hydrofoils other than 
the 60-4-0.6 occurred when the upper surface of the hydrofoil was almost 
completely covered by cavitation and was approximately equal to the dif­
ference between the free-stream static pressure and the vapor pressure 
of the water. A similar value was observed in reference 3. For the 
60-4-0.6 hydrofoil, the low value of the maximum lift attainable was 
probably caused by the load-relieving effect of the large twisting indi­
cated by figure 8. Figure ll(a) indicates that the lift attainable 
might be greater than 1210 pounds per square foot at angles of attack of 
80 and less. 

There were no large changes in the hydrodynamic characteristics 
until a speed appreciably greater than the cavitation speed had been 
reached, at which speed the cavitation had spread over an appreciable 
portion of the hydrofoil. Similarly, airfoils do not necessarily experi­
ence marked changes in forces when passing through the critical speed. 
As the speed increased above cavitation speed, the cavitation spread over 
a greater portion of the hydrofoil and the lift coefficient at constant 
angle of attack generally increased somewhat and then decreased again to 
meet and follow the curve of maximum lift available. The drag coeffi­
cient followed much the same trend but in such a manner that the lift­
drag ratio generally tended to decrea$e with increase in speed. 

The effect of cavitation on the pitching-moment characteristics is 
illustrated in figure 9(d). Increasing the speed in the cavitating 
region increased the cavitation area and produced a rather rapid nose­
down change in pitching-moment coefficient (rearward shift of the center 
of pressure) of the unBwept 0-4-0.6 hydrofoil at constant angles of 
attack. This effect has been observed on airfoils passing through criti­
cal speed. As the speed for any angle of attack approached that corre­
sponding to the maximum lift available, the rearward shift of the center 
of pressure ceased and then reversed and moved the center of pressure 
back towards the leading edge. This change agrees with the variation 
obtained by considering the spread of cavitation over the surface of a 
hydrofoil section to be equivalent to cutting off the peak of the 

j 
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upper - surface pressure distribution at the value of the vapor pressure 
of water. As the speed increases more of the peak is cut off and the 
increasing contribution of the pressure towards the trailing edge moves 
the center of pressure rearward. When the upper - surface pressure is at 
the vapor pressure over the complete chord (section completely covered 
by cavitation or condition of maximum lift available), the center of 
pressure is approximately at the 50 -percent-chord station as the lift 
would probably be provided mainly by the upper-surface pressure distri­
bution, at least, until speeds greater than those of the present tests 
are reached . The pressure distribution over the lower surface will, of 
course, be changed from its original shape by the change of shape of the 
upper - surface pressure distribution. 

Effect of Sweep on Cavitation and Force Characteristics 

Cavitation on the unswept 0- 4- 0.6 hydrofoil first formed in a narrow 
band near the leading edge, and extended farther chordwise with increasing 
speed (fig. 17) . Cavitation on the swept hydrofoils, at high angles of 
attack, however, (figs. 18 and 19) spread out from a point at the root 
leading edge and had the general appearance of the vortex flow shown dia­
grammatically in figures 5(c) and 5(d) of reference 4. This type of flow 
was more pronounced for the highly swept 60-4-0 . 6 hydrofoil than for the 
45- 4-0.6 hydrofoil . At low angles of attack, the cavitation on the swept 
hydrofoils started approximately at the leading edge and progressed to an 
appearance intermediate between that of vortex flow and that of the 
unswept hydrofOil . 

The theoretical cavitation speed of the 0 - 4- 0 . 6 hydrofoil was com­
puted from the theoretical pressure distribution for the 65A006 section 
given in reference 5 by using the relation 

2(po - pv) 

p(Smax - 1) 

The ratio of the peak local section lift coefficient to the average lift 
coefficient was determined from reference 6 . This ratio made the hydro­
foil cavitation speed about two feet per second less than that for uni­
form spanwise lift distribution. The actual cavitation speed of the 
hydrofoil agreed with the theoretical speed up to a lift coefficient of 
about 0 . 25 but was greater than the theoretical at greater lift coeffi­
cients (fig. 21) . This result indicates that at lift coefficients 
greater than 0 . 25, the negative pressure on the upper surface of the 
hydrofoil was less than that predicted by theory. A similar collapse of 
the pressure peak and the appearance of a region of approximately 
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constant pressure on the NACA 64A006 a i rfoil section was noted in refer­
ence 7 and was shown to be caused by boundary - layer separation . 

Cavitation speeds of the NACA 64A006 airfoil section computed f r om 
the theoretical pressure di stribut i ons of reference 5 and from t he experi ­
mental pressure di stributi on of re f erence 7 are compared in figure 22 . 
It can be seen that they foll ow the same t rends as do the theoretical 
and experimental cavitation speeds of the 0 - 4- 0 . 6 hydrofo i l having the 
65A006 a i rfoil section (fi g . 21 ). 

Figure 21 shows the effect of sweep on the observed and calculated 
cavitation speeds on a bas i s of l i ft coeffic i ent. The calculated cavi ­
tation speeds for the swept hydrofoils were obtained from the calculat ed 
values for the unswept hydr ofoil by using the method of reference 8 . It 
can be seen that the observed cavi tation speed of the 45- 4- 0 . 6 hydrofoil 
was generally greater than that of the 0- 4- 0.6 hydrofoil. The observed 
cavitation speed of the 60 - 4- 0 . 6 hydrofoil was not much different than 
that of the 45- 4- 0.6 hydrofoil. The same is true of the calculated cavi ­
tation speeds for these two hydrofoils. Throughout the range of lift 
coeffic i ents investigated for the swept hydrofoils , the observed values 
of cavitation speed were greater than the calculated values . This di f ­
ference is attributed to the boundary - layer - separation phenomenon pre ­
viously mentioned . 

Figure 23 compares the hydrodynamic force characteristics of the 
hydrofoils with 00 , 450 , and 600 sweepback . It can be seen that, through­
out the entire speed range , increasing the angle of sweep results in a 
deterioration of lift coefficient with increasing speed and an increase 
in induced drag coefficient with increasing lift coefficient . The effect 
of sweep on lift - drag ratio in both the noncavitating and the cavitati ng 
conditi ons is shown in figure 24 . At lift coefficients below 0 . 2 there 
is little decrease in efficiency to 450 of sweepback . At greater lift 
coefficients and greater angles of sweepback there was a large decrease 
in lift - drag ratio . These effects are similar to those observed on swept 
wings (ref. 1). 

Effect of Taper Ratio on Cavitation and 

Force Character istics 

The cavitation speeds of the 45- 4- 0.6 and 45- 4- 0 . 3 hydrofoils are 
shown in figure 25 . The more highly t apered hydrofoil had slightly 
greater cavitation speeds than the 45 - 4- 0.6 hydrofoil and displayed the 
same tendency for the cavitation speed to be higher than the theoretical 
cavitat i on speed . 
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Figure 26 compares the hydrodynamic force characteristics of the 
450 swept hydrofoil with different taper ratios. It is apparent that 
the characteristics were not greatly affected by the change in taper 
ratio, either in the cavitating or the noncavitating range. The small 
magnitude of the ~ffect of the change in taper ratio on the efficiency 
of the hydrofoil is shown in figure 27. 

Comparison with Wind-Tunnel Data 

Hydrodynamic force and moment characteristics of the hydrofoils at 

a subcavitation speed (Reynolds number of 0.5 X 106 ) are compared with 
low-speed aerodynamic characteristics at fairly large Reynolds numbers 
and with aerodynamic characteristics at low Reynolds numbers and low sub­
sonic Mach numbers in figure 28. The aerodynamic characteristics were 
obtained from references 1, 9, and 10, and from the wing-alone wall data 
presented in reference 11. 

Although there was a small amount of cavitation on the hydrofoils 
at the higher lift coefficients for the speed under consideration, fig­
ures 9 to 12 show that it had a negligible effect on the hydrodynamic 
characteristics, except possibly at the stall; therefore, the hydrodynamic 
characteristics of figure 28 may be considered representative of subcavi­
tation characteristics. 

In general, the hydrofoils at a Reynolds number of 0.5 X 106 had 
lower slope of the lift curve, greater induced drag, and lower lift coef­
ficient for the pitching-moment break than the wings. This result may be 
due to an aspect-ratio reduction resulting from the finite extent of the 
reflection plate. The differences in lift-curve slope are in qualitative 
agreement with the separate effects of Reynolds number and Mach number 
on lift-curve slope. The lift coefficient at which the pitching moment 
broke would be expected to be lower at low Reynolds numbers than at high 
Reynolds numbers (ref. 1). 

CONCLUSIONS 

The results of an investigation to determine the effects of sweep­
back and taper ratio on the cavitation and hydrodynamic force and 
pitching-moment characteristics of semispan hydrofoils having an aspect 
ratio of 4 and NACA 65A006 airfoil sections led to the following conclu­
sions: 

1. Increasing ~he sweepback of the hydrofoils from 00 to 450 

resulted in an increase in cavitation speed, but a further increase to 

-- - ---. -------- -- - - --- ------ ----- ---

• 
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600 of sweep gave little or no additional increase. For these hydrofoils, 
sweepback decreased lift-drag ratios both in the cavitating and noncavi­
tating conditions. 

2. The twist occurring on the hydrofoil with 600 of sweepback was 
sufficient to obscure the effect of its angle of sweep. This twist was 
great enough to limit the maximum lift of the 600 swept hydrofoil to 
1210 pounds per square foot, whereas the corresponding values for the 
00 and 450 sweptback hydrofoils were 2050 and 1900 pounds per square 
foot, respectively. 

3. A change in taper ratio from 0.6 to 0.3 on a hydrofoil with 450 

of sweepback resulted in only negligible effects on the cavitation speed 
and the force characteristics. 

4. The cavitation speed of the unBwept hydrofoil at moderate and 
high lift coefficients was higher than that computed from theoretical 
pressure distributions, probably because of boundary-layer separation. 
The variation of cavitation speed with lift coefficient of the swept 
hydrofoils was similar to that of the unswept hydrofoil. 

5. The hydrodynamic characteristics of the hydrofoils at subcavita­
tion speeds were in reasonable agreement with the aerodynamic character­
istics of similar wings, and the eff€cts of sweep and taper on the sub­
cavitation hydrodynamic characteristics were approximately the same as 
for wings. 

Langley Aeronautical Laborstor" 
National Advi.or, C.u,w. to. Ae ...... ,&O., 

LMllq rilU, V •• 
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TABLE I 

ORDINATES OF NACA 65A006 HYDROFOIL SECTION 

E 

Station, Ordinate, 
percent c percent c 

0 0 
.5 .464 
.75 .563 

1.25 .718 
2.5 .981 
5.0 1.313 
7.5 1.591 

10 1.824 
15 2.194 
20 2.474 
25 2.687 
30 2.842 
35 2.945 
40 2.996 
45 2.992 
50 2.925 
55 2.793 
60 2.602 
65 2.364 
70 2.087 
75 1.775 
80 1.437 
85 1.083 
90 .727 
95 .370 

100 .013 

L.E. ra.dius: 0.229 percent c 
T.E. ra.dius : 0.014 percent c 
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Figur e 5. - The 0-4-0.6 and 60 -4-0.6 hydrofoils mounted on the towing gear. 
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