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ABSTRACT 

Experimental studies had previously been made at this Laboratory to 

determine the tandem interference effects for noncavitating hydrofoils. The 

results are compared with theory in this report, and good agreement is shown 

to exist. The experimental studies have now been extended to include fully 

submerged, ventilated foils of finite span. Both forced and naturally ven­

tilated foils were employed in various configurations. The surface wave gen­

erated by the ventilated foil and the total interference effect of the forward 

foil on the force and cavity characteristics of the aft foil were of particu­

lar interest. The surface wave generated by the forward foil had relatively 

little influence on the force and cavity characteristics of the aft foil. For 

forced~ventilated foils, considerable change due to interference effects was 

observed in the cavity press-q.re of the aft foil. For long initial cavities 

on the forward and aft foil, the interference effect on the forces was rela­

tively small, whereas for small initial cavities, the interference effect was 

much larger. Similar trends were observed for the naturally ventilated f::>ils. 

Lateral separation of the forward foils reduced the interference effects to 

essentially negligible values. 
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Subscripts 
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a - refers to aft foil 

o - refers to single foil with no interference effects 
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TANDEM INTERFERENCE EFFECTS FOR 

NONCAVITATING AND SUPERCAVITATING HYDROFOILS 

I. INTRODUCTION 

In the design of hydrofoil c~aft, problems arise concerning the spac­

ing of the foils in the longitudinal and lateral directions. The desired in­

herent stability of the craft will dictate certain basic requirements to be 

satisfied. For a comprehensive design, some knowledge of the interference 

effects between two or more foils should be available. The interference prob­

lem associated with the use of hydrofoils ~n a tandem configuration is similar 

to the wing-tail interference problem in aerodynamics but is further compli­

cated by the existence of a free surface and the generation by the foils of 

waves on the free surface. In the case of super cavitating foils, interference 

effects may also be experienced from the rather large trailing cavity and the 

associated wake. 

Some theoretical work has been done to predict the dow.nwash effects 

* created by both noncavitating and super cavitating foils [1, 2J. In an ear-

lier report from this Laboratory [3J, experimental studies were· described 

relative to the interference effect for two identical,ifully submerged, flat, 

noncavitating hydrofoils in tandem moving through smoot,h water. A limited 

number of the experimental results were compared in Ref. [3J With a theory 

for three-dimensional foils at a finite submergence in a fluid of infinite 

depth [lJ. The theory indicated values of dow.nwash angle which appeared to 

be somewhat higher than those determined from the experimental data. There 

was excellent a~reement as to the location of points of maximum and minimum 

dow.nwash, indicating the value of the theory in the determination of the opti­

mum location of the rea! foil of a tandem system. 

Following the publication of Ref. [3J, more extensive computations of 

dow.nwash angle were made using a digital computer. The r~sults of these com­

putations ,were compared with the data and were presented in an earlier mem­

orandum [4J which received only limited distribution. In order to make this 

information more generally available, it is included in the present report. 

Experimental studies have also been undertaken. for ventilated, fully 

submerged, flat plate hydrofoils of.' fir),ite span. Most of the data for these 

* Numbers in brackets refer to the List of References on page 23. 
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foils was taken utilizing forced-ventilated conditions. Some measurements were 

made of the surface wave generated by a single, ventilated foil for various 

flow conditions. Experiments were also conducted to determine the interfer­

ence effects for two split forward foils and a single foil aft as well as for 

single foils forward and aft. A limited amount of data was taken with foils 

ventilated to the atmosphere by means of a base vented strut piercing the free 

surface. 

The investigation was carried out under the sponsorship of the Office 

of Naval Research, under terms of Contract Nonr 710(24), Task NR 062-052. 

II. GENERAL CONSIDERATIONS 

For reference purposes, the theoretical equations are presented for 

the mean downwash velocity behind a flat, noncavitating hydrofoil of finite 

span. The theory for three-dimensional foils in a fluid of infinite depth 

with a free surface is based on a velocity potential which is the sum of four 

potentials. The first is the potential for a finite span foil in an infinite 

fluid (no free surface), the second is the potential for the biplane image 

reflection in the free surface' of the original foil, the third is a potential 

that arises because of wave formation at the free surface, and the fourth is 

a correction potential introduced to insure that all boundary conditions are 

satisfied. In the evaluation of the mean downwash velocity an elliptical dis­

tribution of circulation was assumed for the foil. Due to the neglect of cer­

tain terms in the derivation, the theory is invalid in the immediate vicinity 

of the foil, and it is expected that it will give poorest agreement with ex­

perimental data taken at low speeds. 

To allow some correction for the rollup of the tip vortices, it was 

assumed that if the aft foil of a tandem system had the same span as the for­

ward foil, the average value of the downwash was essentially the same as the 

value at midspan. It was further assumed that the correction commonly ap­

plied. in classical airfoil theory for the variation of downwash along the 

longitudinal x-axis in the plane of the foil may also be applied at any point 

in the same horizontal plane as the foil. The theory would thus be most ac­

curate when the submergences of the fore and aft foils of the tandem system 

are equal. 

The equation obtained for the downwash angle parameter (E jcL) , ex­

pressed in radians, is 
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rr/2 
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where 

sin !:If = 

It was show:q. that for high speeds the second te:rm in the expression for E /CL 
[Eq. (l)J may be approximated by 

where 

rrs 
(2) c --

E ::; downwash angle, taken as positive when it results in a 
reduction of the angle of attack, 

CL = 21/ psv2 , the lift. coefficient for the forward foil cor-
responding to its geometric angle of attack, 

c = chord of forward foil, 

p = fluid density, 

S ::; hydrpfoil planform area, 

V ::; forward speed of hydrofoil system, 

b = semi-span of rear foil, 

s = semi-span of forward foil, 

f :;: submergence of forward foil below the undisturbed sur­
face, 
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x,y,z == coordinates of any point in the fluid measured from a 

right-handed set of axes whose origin is. in the plane of 

the undisturbed free surface and directly above the for­

ward foil lifting line. Positive z is directed upward. 

Hence, for the submergence of the rear foil substitute 

a negative value for z, 

K == gjv2 , a wave number, 
o 
g == acceleration of gravity, 

Q == wave direction angle measured from the fore-and.aft di­

rection to the normal to a wave element, and 

2 
J l (Kos sec e sine) == Bessel function of the first kind of order one and argu-

ment Kos sec2e sine. 

'::::t.' The high speed approximation [using Eq. (2) for the second term of Eq. (1) ] 

was found to differ very little from the evaluation of Eq. (1) even at a ve­

locity of 5 fps. The downwash angle parameter was therefore computed using 

the high speed approximation in all other cases. 

The first two terms of Eq. (1) are readily computed With a desk cal­

culator and the integrand in the third term was evaluated using an IBM digital 

computer. The program was written in Fortran language. The expression was 

evaluated for various velocities (5, 10, and 15 fps), submergences of the for­

ward foil (f = 1 chord, f = 2 chords), submergences of the rear· foil (z == 

-1 chord, -2 chords, and -3 chords), and longitudinal spacings of the foils 

(4, 8, 12, 16, 20, 24, 28, 32, 36, and 40 chords). The expression was eval. 

uated every 0.25 degree from e = 0 degrees to e = 90 degrees and inte­

grated between these limits. Combining the value of this integral with the 

first two terms of the high speed approximation then gave the theoretical 

value of the downwash angle parameter in radians. The theoretical curves ob­

tained in this manner are compared with the experimental data in Section IV. 

Theoretical work has also been carried out by Yim [2J for supercav­

itating foils submerged beneath a free surface. Both two- and ~hree-dimen­

sional cavities were considered. In this linearized theory, it was assumed 

that the downwash at a considerable distance downstream of the cavity was 

essentially independent of the shape of the foil. This permitted the separa­

tion of the downwash distribution into two parts: the downwash from the vor­

tex distribution, and the downwash due to the cavity itself in the presence 

of the free surface. The lifting line theory by Kaplan, Breslin, and Jacobs 

[lJ was used for the first part of the problem, and this theory has been 
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reasonably verified by experimental data as shown in Section IV-A of this 

paper. Yim was thus primarily concerned with a determination of the downwash 

angle associated with the cavity alone. The mathematical model of the Ca,\TUy 

consisted of a uniform source plus a line sink to satisfy the closure require­

ment for the cavity. A number of numerical calculations were presented to 

relate a non-dimensional downwash parameter, f,/~, and the Froude number 

based on foil submergence. The parameter, ~, is a non-dimensional expres­

sion for the strength of the source, and f, is the downwash angle expressed 

in radians. These calculations were made for a number of distances aft of 

the foil as well as for different cavity lengths. Numerical computations were 

also made for foils of different aspect ratios. A considerable difference in 

the flow field downstream of the cavity was found to exist for various aspect 

ratio foils. Cavity length also appeared to create a significant variance in 

the downwash pattern. 

The downwash due to the cavity was thus determined to be a function of 

Froude number, foil submergence, distance aft of the foil, size of the cav­

ity, and aspect ratio. The size of the cavity is related to the parameter 

~. It was suggested that some indication of the order 'of magnitude of ~ 

could be determined by means of the point drag cavity model, although diffi­

culties have been experienced in the application of this method to the exper­

imental data presented in this report. 

III. EXPERIMENTAL APPARATUS AND PROCEDURE 

A. Towing Facility 

The experimental tests were conducted in the St. Anthony Falls Hydrau­

lic Laboratory towing tank, which is 9 ft wide and 220 ft long. The tank was 

filled with water to a depth of 4.5 ft. The self-propelled towing carriage 

is capable of attaining a maximum speed of 25 fps, although lower speeds were 

used during the tests to permit a sufficient length of test run. 

B. Foils and Instrumentation 

(1) Noncavitating Foils 

Two identical foils of zero dihedral angle and rectangular planform 

were used. The foils were machihed from aluminum to a NACA 16-509 section. 

The pressure distribution for this section is rather uniform across the chord 
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and thus the section is well suited for practical applications. Each foil 

had a chord of 3 in. and a span of 18 in. (JR = 6) and was attached at mid­

sP4n to a strut of 3-in. chord machined to a NACA 16-012 section. 

(2) Ventilated Foils 

The foils were machined from aluminUlll to a wedge section with an 

angle of 6 degrees. Both upper and lower surfaces were flat, terminating in 

a sharp leading edge. The foils had a 3-in. chord, 6-in. span, zero dihedral 

angle, and rectangular p1anform. A similar foil with a 3-in. chord and 18-in. 

span was also used for a special group of tests. 

<::'::L 

in. 

Attayjlment was made at midspan to a streamlined supporting strut of 2-

chord witn the leading edge of the strut 1 in. behind the leading edge of 

the foil. Ventilating air was introduced to the upper surface of the foil by 

means of a supply tube through the strut near the mid-chord position of the 

foil. This tube terminated in ports at the base of the strut so that the air 

moved spanwise across the upper surface of the foil. The air flow rate to 

the foil was determined by a calibrated orifice meter placed in the supply 

line. The cavity pressure was measured with a Statham pressure transducer 

connected by a· liquid-filled tube passing through the strut to a diaphragm 

on the upper surface of the foil near the trailing edge. The pressure trans­

ducer was mounted above the water surface. 

A brief series of tests was also conducted with the same foils ventil­

ated to the atmosphere. In this case the streamlined strut used previously 

Was replaced with a parabolic, base vented strut to provide an external air 

path to the foil. As the cavity on the foil was thus opened to the atmosphere, 

it was assUllled that the cavity pressure was atmospheric. 

(3) Instrumentation 

Lift and drag forces were measured with a two-component strain gage 

dynamometer. The lift a~d drag were measured perpendicular and parallel to 

the direction of motion of the tandem assembly, respectively, r~ther than 

perpendicular and parallel to the instantaneous velocity vector. Forces were 

continuously recorded during the test run on a Sanborn 4-channel recorder. 

The profile of the surface wave generated by the ventilated foil was 

measured using the Laboratory sonic wave transducer [5J. The sonic head was 

attached to a sub carriage that permitted movement with respect to the main 
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carriage in both the lateral and the longitudinal directions. The rails of 

the sub carriage were fixed to the underside of the main towing carriage. The 

movement of the sub carriage in the longitudinal direction was detected by a 

potentiometer attached to a wheel of the subcarriage. The signal from the 

potentiometer was fed to one input of a Mosely Y;Y recorder, and the output 

from the sonic transducer was fed to the other input of the recorder. It was 

thus possible to obtain a trace of the wave profile in the longitudinal direc­

tion, independent of the speed at which the sub carriage was moved during the 

run. By locating the sonic head at various lateral positions from the center­

span of the foil, a mapping of the water surface was readily obtained. A 

photograph of the towing carriage and the sub carriage is shown in Fig. 1. 

C. Experimental Procedure 

Force measurements were first made for a single foil for various ve­

locities, angles of attack, submergences, and in the case of the ventilated 

foils, cavitation numbers. To determine the total interference effect on the 

force characteristics, the aft foil of the tandem configuration was attached 

to the dynamometer which could be moved in the longitudinal direction. A def­

inition sketch is shown in Fig. 2. This sketch shows force ventilated foils. 

For the noncavi tating foils, CJ does not apply, and as only a single forward 

foil was used, y = O. The foils were set at partic1;llar angles of attack and 

submergences, and the lift and drag forces were measured for given velocities 

and separations of the foils. For tests "With non cavitating foils, the rear 

foil was essentially used as a downwash meter. Using the previously obtained 

lift curve for the single foil and the measured lift coefficient for the aft 

foil in the tandem configuration, the effective angle of attack for the aft 

foil was obtained. The difference between the effective angle of attack thus 

determined, 

angle, E, 

of attack, 

a , 
e 

and the geometric angle of attack, a, gave the downwash 

defined as positive when it resulted in a reduction in the angle 

i. e., 

For the force ventilated foils, the air flow rate to each of the foils 

was held constant to predetermined v~lues during the test run. The interfer­

ence effect also apparently caused a change in the air entrainment character­

istics which created additional complications, as will be discussed ina later 

section. 
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IV. DISCUSSION OF RESULTS 

A. Downwash Angle for Noncavitating Foils 

The experimental data for the downwash angle, E, are presented in 

Figs. 3 to 8. Each of these figures shows data for a fixed submergence of the 

forward foil and a given towing velocity, the submergence of the aft foil 

varying from one to three chords. The geometric angles of attack for both 

the forward and aft foil were 4 degrees. The downwash angle in degrees has 

been divided by the lift coefficient and plotted as a function of the foil 

separation in the longitudinal direction. The method used in measuring the 

downwash angle resulted in an average value across th~ span of the aft foil. 

'Q!l'he solid line in each of the figures is the theoretical value calculated from 

Eq. (1) using the approximation for high speeds as given in Eq. (2). 

From Figs. 3, 4, and 5 it is apparent that the downwash angle varies 

with foil separation in an oscillating manner. The greatest variation is in­

dicated at the lower velocities. It has been shown previously [3] that this 

variation is associated with the surface wave generated by the foil. In gen­

eral, the points of maximum and minimum downwash are predicted quite well by 

the theory. It maybe noted, however, that in some instances the experimental 

data deviated somewhat from the theoretical curves. This deviation can be 

seen in Figs. 3b, 3c, 4b, 5b, and 5c. The experimental data have been checked 

and the reason for the discrepancy is not known. The greatest variation of 

downwash angle with foil separation was found for the condition where both 

the forward and aft foil were at the same submergence. In Figs. 6, 7, and 8 

data are shown for the forward foil at a two chord submergence with the sub­

mergence of the aft foil varying from one to three chords. The same general 

trends are observed, in that good agreement is obtained with regard to loca­

tion of the maximum and minimum downwash angles. The greatest deviation of 

the data from the theoretical curve is found at a velocity of 5 fp~ (Fig. 6) 

and two and three chord supmergence of the aft foil. At the higher velocities 

(Figs. 7 and 8), excellent agreement is obtained. 

B. Surface Waves Generated by a Single, Ventilated Foil 

(1) Force and Cavity Characteristics for ~ Single Foil 

It was flrst of interest to determine the force and cavity charac­

teristics of a single forced-ventilated foil for various angles of attack and 

cavitation numbers. Plots of the lift and drag coefficients, based on the 
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planform area, as a function of cavitation number are shown in Figs. 9a and 

b. The solid lines shown are drawn as visual averages through the experi­

mental data. These results were obtained with the foil at a one chord sub­

mergence. Photographs of the cavity were taken for angles of attack of 14 and 

18 degrees. These photos were used to obtain the planform shape and length 

of the cavity. Cavity lengths scaled from the negatives are plotted in Fig. 

9c as a function of cr. The cavity length was taken as the distance from the 

leading edge of the foil to the tail of the cavity. The cavitation number 

was based on the measured cavity pressure and the cavity length has been made 

non-dimensional with respect to the foil chord. 

(2) Surface Wave Measurements 

The generation of a surface wave by a submerged, ventilated foil is 

considerably more complex than that for a fully wetted foil. The character­

istics of the cavity attached to the foil contribute to the deformation of 

the free-surface; thus the cavitation number is also of importance. Experi­

mental measurements were made for the conditions listed in Table I. 

TABLE I 

a= 140 a = 180 a = 180 

f = 1 chord f = 1 chord f = 2 chords 

V cr V cr V cr 
(fJ2S 2 ~fJ2S2 {fJ2S 2 

10 0.102 10 0.114 10 0.147 

10 0. 203 10 0.173 10 0.180 

14 0.072 10 0.264 10 0·303 

14 0.209 14 0.080 14 0.103 

14 0.292 14 0.198 14 0.205 

18 0.049 14 0·333 14 0·352 

18 0.059 18 0.072 

The angle of attack was measured with respect to the underside of the 

foil. Submergence was taken as the vertical distance from the smooth water 

surface to the leading edge of the fbil. Original intentions were to obtain 

data for three cavitation numbers at each velocity, but inmost instances this 

was difficult to accomplish. Data for short cavities were particularly limited 
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as a transient behavior was found that did not decay rapidly enough to permit 

obtaining a profile of the surface wave under the desired steady conditions. 

Also, it was not possible to obtain precisely the same value of the cavita­

tion number for the various foil geometries. However, values were used that 

resulted in relatively long, intermediate, and short cavities. 

Longitudinal profiles of the water surface were taken at transverse 

distances of 0 to 28 in. from the centerline of the foil at 4-in. intervals. 

For some tests, profiles were also taken at 2 and 6 in. from the centerline. 

The wave pattern was assumed to be symmetrical about the span centerline; 

therefore, measurements were made only to one side of the foil strut. A record 
":1\ 
'was first obtained of the smooth water surface to establish a reference line 

for all other elevations. After a series of profiles were taken for a given 

set of conditions, contour maps were drawn based on these longitudinal pro­

files. The contour method of representing the wave pattern was selected to 

give an overall impression as to the severity and extent of the disturbance 

for various conditions. Data reduced in this manner are shown in Fig. 10 for 

the variables listed in Table I. The contour interval for these plots is 0.1 

inch. Contours representing elevations below the mean water surface are shown 

with dashed lines, and those representing elevations above the mean water sur­

face are shown with solid lines. The reference or zero contour corresponds 

to the elevation of the mean water surface. Photographs of the cavity have 

also been obtained for some of the test conditions. The planform shape of 

the cavity scaled from the available photographs has been sketched on the ap­

propriate figures and has been shaded with dots for emphasis. The semi-span 

of the foil is indicated by hatching. It should also be noted that the ordin­

ate of these figures has been drawn to a different scale than the abscissa to 

avoid excessive crowding of the contour lines. The leading edge of the foil 

is shown 3.33 chords from the reference line. In some cases the contour lines 

have been terminated on t?-e map. This corresponds to the limit of the region 

at which reliable measurements were obtained. Thus,extrapolations were not 

made into areas for which data were not available. 

A comparison of the contours in Figs. lOa and lOb shows the effect on 

the Wave pattern of doubling (J at a velocity of 10 fps, and a comparison 

of Figs. 10c and 10d shows the effect of nearly tripling (J at a velocity of 

14 fps. It will be noted in Figs. lOa and lOb that the wave length is essen­

tially the same, and the decrease in cavity size results in a decrease in the 
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local disturbance in the region of the foil and cavity. The wave amplitude 

aft of the foil apparently increases with the cavitation number, primarily 

through an increase in the lift coefficient. 

The surface wave pattern changes somewhat at the higher velocity, as 

shown in Figs. 10c and lOde The wave amplitude also is greater than at a 

velocity of 10 fps. A direct comparison of Figs. lOb and 10d will serve as 

an example. The cavitation numbers and lift coefficients are essentially the 

same for both plots. Only the velocity has varied appreciably. The change 

in the amplitude is apparent. A further increase in (J" and CL for the same 

velocity results in an additional increase in the wave amplitude as shown in 

Fig. 10e. A large cavity at a high velocity creates a comparatively large 

local disturbance (Fig. 10f). 

The remainder of the wave profiles were taken with the foil at an angle 

of attack of 18 degrees. The effect of increasing (J" on the elevation of the 

water surface is shown in Figs. 109, h, i,. and 10j, k, and ~ for velocities of 

10 and 14 fps respectively. The same general trends are noted, and the large 

wave created by a foil operating at a large lift coefficient is apparent in 

Fig. 10~. Figure 10m again shows the influence of a large cavity on the Wave 

pattern. 

All the previous wave patterns were a result of the foil at a one chord 

submergence. Figures IOn through lOt indicate the effect of increasing the 

foil submergence. The wave amplitudes have been considerably reduced in all 

cases, as the contributions. of both the foil lift and the cavity size are 

diminished. 

C. Tandem Interference Effects for Ventilated Foils 

(1) Single Foil Forward and Aft 

The first series of tests to determine the total interference effect 

for ventilated foils Was conducted with two identical foils directly in line 

with each other in the longitudinal direction. This configuration corresponds 

to y = 0 in the definition sketch in Fig. 2 and it was chosen to represent 

maximum interference conditions. The particular procedure followed for these 

measurements is given below: 

1. The force characteri:'stics were determined for the 
aft foil at a (J" established by a specified air 
supply rate to the cavity. The forward foil was 
removed from the water for these measurements. 
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2. With the aft foil removed, the forward foil was 
placed into the water at the specified submergence 
and angle of attack. The air supply rate was ad­
justed to provide essentially the same cavitation 
number as that previously measured for the aft 
foil. 

:3. The aft foil was placed in the water, and tests 
were made for various longitudinal separations of 
the foils. If no interference effect existed, 

.the forces and the cavities should have been the 
same on both the forward and aft foils. 

The procedures outlined above resulted in a measurement of the total 

interference effect. As previously mentioned, the interference may arise from 

several sources. A downwash velocity results from the lift generated by the 
,,·r..--, \ -----
-'-- forward fO'il and also from the size of the attached cavity in the presence 

of the free surface. Furthermore, itmay be possible with small foil separa­

tions that the air entrainment characteristics are altered from those for the 

foil alone due to the increased turbulence of the flow. 

The relationship between air supplied to the cavity and the cavitation 

number may be divided into two parts: where the air requirement is propor­

tional to cavitation number (reentrant jet cavities), and where the air re­

quirement is essentially independent of the cavitation number (non-reentrant 

jet cavities). In the former region, for a given cavitation number, the air 

requirements increase as the angle of attack is increased. In the latter re­

gion, the effect of angle of attack is relatively smaller. Thus, it is ex­

pected that the changes in cavitation number due to a given change in angle 

of attack (doWllwash angle) would be considerably larger at the larger cavi­

tation numbers. This is based on the assumption that the air flow rate to the 

cavity is constant and that the air entrainment characteristics are not altered 

by interference effects. Alternatively, it may be considered that the down­

wash angle is zero and the air entrainment characteristics of the aft foil 

are different from those obtained for the foil alone. In that case, the change 

in cavitation number is also much greater at the higher cavitation number than 

at the lower values. Therefore, the use of forced ventilated foils increases 

the difficulty in actually assessing the magnitude of the dOWllwash angle it­

self. 

The conditions for which experimental measurements have been made with 

forced ventilated foils are listed in Table II. The subscripts, f and a, 

on the listed parameters refer to the forward and aft foil respectively. 
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TABLE II 

af a ff f 
V a a 

degrees degrees O"f 0" 
chords chords fJ2s a 

14 14 0.05 0.05 1 1 18 

14 14 0.053 0. 063 1 2 18 

14 14 0.06 0.06 1 1 14 

14 14 0.072 0.073 1 1 14 

14 14 0.06 0.165 1 1 14 

14 14 0.068 0.210 1 1 14 

14 14 0.207 0.208 1 1 14 

18 18 0·337 0.354 1 1 14 

The particular cavitation numbers selected for the tests were chosen 

to result in both non-reentrant jet and reentrant jet cavities, and the tabu­

lated values are for each foil alone, i. e., without interference effects. 

Generally, for 0" > 0.1, reentrant jet cavities were found to exist. Both 

cavity types were of interest, as the air entrainment characteristics are de­

pendent on the type of cavity. It will be seen that the interference effects 

are also somewhat different. 

The experimental data are plotted in Figs. lla to Ilh. In each of 

these figures, the lift coefficient, CL , drag coefficient, CD' and cav-
x x 

itation numbe~ 0" , . x of the aft foil have been divided by the corresponding 

value for the foil alone ( denoted with the subscript zero). The parameters 

for the aft foil have been given a subscript x to indicate variation with 

foil separation. For the ordinate of the plots, the subscript a has been 

dropped to reduce complexity in notation. The cavitation numbers for the for­

ward and aft foils alone are shown on the small sketch on each figure. The 

resulting ratios were plotted as a function of the longitudinal spacing of 

the foil expressed in chords, x/c. 

On each plot for the lift coefficient in Fig. 11, two sets of symbols 

have been used. The open symbols represent the experimental data based on 

measurements of the total interference effect. The solid symbols represent 

the calculated lift coefficient flor the aft foil, assuming that the entire 

interference effect is caused by a change in cavitation number, the effective 
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angle of attack remaining the same as the geometric angle of attack in all 

cases. These points ,were added to provide an estimate of the interference 

effect resulting from a change in the air entrainment characteristics of the 

aft foil. 

Figure lla shows the experimental data for both forward and aft foils 

at the same submergence. The low cavitation numbers resulted in initially 

long cavities. The lift and drag coefficients for the aft foil changed very 

little with foil separation, whereas the cavitation number varied by a maxi­

mum of 50 per cent. As the initial cr for the aft foil was low, the 50 per 

cent increase in cr from 0.05 to 0.075 did not result in a large change in 

,::::~he forces~_ The interference effect essentially vanishes if the aft foil is 

submerged to two chords, as shown in Fig. lIb. Some variation of the drag 

coefficient persists with foil separation; this may be caused by changes in 

the strut drag. 

At a velocity of 14 fps, similar results are obtained. However, as 

seen in Figs. llcand lId, the change in cr is somewhat greater, doubling at 

a foil separation of ten chords. This increase still does not affect the 

forces appreciably. In each of these figures, the measured lift coefficients 

are quite similar to those determined assuming the interference effect is de­

pendent on the cavitation number, as indicated by the solid symbols. 

A different trend is noted as the cavitation number of the aft foil is 

increased, maintaining the cavitation number of the forward foil essentially 

the same. Typical results are shown in Figs. lIe and llf. In this case cr 

reaches a maximum at a twenty chord separation of the foils, rather than at 

the smallest separation as previously noted in Fig. lId. The forces tend to 

follow this variation in cavitation number much closer than in the previous 

case, as the actual change in the cavitation number was greater. However, it 

can also be seen by a comparison of the open and solid symbols that apparently 

the effective angle of attack has been changed to some extent. 

For air flow rates that resulted in shorter cavities on both the for­

ward and aft foils, the interference effects are considerably different. Typ­

ical results are shown plotted in Figs. llg and llh for angles of attack of 

14 and 18 degrees respectively. In both instances the cavitation number of 

the aft foil has been reduced rather than increased as noted in the previous 

figures. This reduction in cavitation number resulted in a lengthening of the 
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cavity as observed during the tests. Again, a change in the angle of attack 

of the aft foil is evidently experienced, as the lift coefficients determined 

by the geometric angle of attack and cavitation number at each xl c are great_ 

er than those measured. 

For a particular series of t~sts, several photographs were taken to 

obtain visual evidence of the tandem interference effect. Photographs were 

first taken of the forward and aft foils operating separately to provide a 

reference for the other conditions. Typical photographs are shown in Fig. 12 

for the foils moving from right to left. As the camera was si tuated below 

and to one side of the cavity, the double ,image is created by a reflection in 

the water surface. Therefore, both the bottom surface (lower image) and the 

top surface (upper image) of the cavities can be seen. Note that the cavity 

lengths of both the forward (Fig. 12a) and aft foil (Fig. 12b) are essentially 

the same. Fig. 12c shows the foils in a tandem configuration at a longitudinal 

spacing of ten chords. The interference effect on the aft foil is quite ex­

tensive for this condition. The shortened cavity length on the aft foil in­

dicates the change in the cavitation number, which has beel'} increased from 

D.D8to about D.15. As the longitudinal foil spacing is increased to fifteen 

chords, less interference is noted as in Fig. 12d. In this photo, only the 

tail of the cavity from the forward foil is visible. 

Closer inspection of Fig. 12c indicates that a very severe disturbance 

exists in the region of the aft foil for relatively small foil separations. 

The air entrained from the forward cavity flows over the aft foil, causing a 

disrupted flow pattern. In all the reported tests, the air flow to the aft 

foil was maintained the same as that previously established for the foil alone. 

That is, the air flow rate resulting in the cavity in Fig. 12b is the same as 

that in Fig. 12c. It is well known that for a single foil (no interference 

effects) a definite relationship exists between the air flow rate and the 

cavitation num1;>er, assuming other factors, such as the angle of attack and 

velOCity, remain constant. If a foil is placed in a region where the turbu­

lence is greatly increased, such as shown in Fig. 12c, it is possible that 

the relationship between air flow rate and cavitation number is no longer the 

same. It is expected that the increased turbulence may result in a larger 

air flow rate being required to maintain the same cavitation number. Converse­

ly, if the air flow rate is not changed, then the cavitation number would be 

expected to increase. 
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It was also of interest to relate the tandem interference effect to the 

surface waves generated by the forward foil. This can be done directly with 

a comparison of Figs. lla and 10f for essentially the same flow conditions. 

The origin of the abscissa of Fig. 10f must be shifted to the right about three 

chords to make the definitions of longitudinal separation the same. The cav­

ity is approximately twelve chords long. The measurements of interference 

effects were started at a fifteen chord separation as shown in Fig. lla. At 

this location, the aft foil is practically in the tail of the forward cavity 

itself; thus some influence of this disturbance on the aft cavity wOl.l.ld cer­

tainlybe expected. The cavitation number of the aft foil decreases with foil 

separation. At a longitudinal spacing of thirty chords the cavitation number 
~":"1 I, 

lS essentially the same as for an infinite separation. The wave pattern shown 

in Fig. 10f indicates that the aft foil has apparently been moved through a 

rather weak depression in the water surface over this range of separations. 

However, no definite oscillatory pattern corresponding to the wave profile 

can be detected as has been found previously for noncavitating foils. 

A comparison can also be made between the wave pattern in Fig. 10c and 

the experimental data in Fig. llc for a velocity of 14 fps. Again no oscil­

latory trend as evidenced in the wave profile along the centerline is observed 

in the variation of cr or the force coefficients. 

In general, the variation of the force coefficients with both angle 

of attack and cavitation number, in addition to the inherent scatter in the 

experimental data, precluded any precise information relative to the actu8.1 

downwash angle associated with a ventilated hydrofoil. In several attempts 

to reduce the data in this form, it was found that the comparatively small 

lift-curve slope for a ventilated foil was partially responsible for much of 

the scatter obtained when the downwash angle was determined by the method 

similar to that previously used for noncavitating foils L3J. It was thus de­

cided to initiate a brief series of tests with a ventilated foil, forward and 

a typical fully wetted section used for the aft foil. The aft foil was then 

used primarily as a downwash meter. The lift curve slope for the fully wetted 

aft foil was much greater than that for the ventilated foil previously used, 

and therefore the variation in lift for a given change in angle of attack was 

also greater. The cavitation number of the aft foil was also no longer a 

parameter. This resulted in more accurate measurements of the downwash angle 

than previously obtained. As the available theory [2J on the downwash angle 
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for super cavitating foils was evaluated for foils of aspect ratio 6, a flat 

plate with a J-in. chord and 18-in. span was employed as the ventilated for­

ward foil in this series of tests. The noncavitating aft foil was of a NACA 

16-509 section also with an aspect ratio of 6 (J-in. chord, 18-in. span) and 

was set at the same submergence as the forward foil (one chord). This foil 

was used in the earlier tests describ~d in Ref. [3J and also for the experi­

mental data presented in Figs. 3 through 8. 

Experimental data taken for two velocities, two angles of attack, and 

various cavitation numbers are presented in Fig. lJ. The downwash angle, t, 

is expressed in radians. In Fig. lJa, three sets of data are shown. Two sets 

of data correspond to fully ventilated flow at the cavitation numbers as in­

dicated, and the triangular symbols in Fig. 13a correspond to data taken with 

the forward foil in the fully wetted condition. The solid lines in Figs. l3a 

and 13b represent values calculated for fully wetted flow from Eq. (1), in­

corporating the high speed approximation. The experimental data for the sharp­

edged foil in a fully wetted condition are somewhat below the calculated curve. 

Previous comparison of Eq. (1) with data for noncavitating hydrofoil sections 

with a rounded leading edge indicated generally satisfactory agreement (Figs. 

3 to 8). The theoretical curves based on Eq. (1) in Figs. 13c and 13d were 

taken from Ref. [2J, as the Froude number for these conditions was larger than 

those used in computations carried out at this Laboratory. Only three points 

at xl c = 15, 20, and 25 could be obtained from the cro ss plot s in Ref. [2], 

although these are sufficient for the present purposes. There appears to be 

very little variation in the downwash angle with cavitation number for the 

limited experimental data, particularly at the higher velocity. If the dis­

crepancy between the theory and data for the fully wetted condition in Fig. 

13a is neglected, the effect of the long trailing cavity is to increase the 

downwash angle over that for the fully wetted foil. 

(2) Two Foils Forward, One Aft 

Some measurements were also made with forced ventilated foils in 

ano~her configuration. The configuration consisted of two foils forward and 

a single foil aft. The results of these tests are plotted in Figs. 14 and. 

15. The parameter, y, indicates the lateral spacing or split of the for­

ward foils measured from the longitudinal centerline of the foil system, as 

shown in the definition sketch of Fig. 2. The experimental data for the lift 

and drag forces and cavitation numbers of the aft foil were reduced in terms 
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of the same parameters as used in Figs. lla to llh and were plotted on a com­

mon graph for a given set of conditions. Note that the triangular symbols 

refer to cavitation number. In each of these figures, it will be noted that 

practically no interference effect exists when the initial cavities on the 

forward and aft foils are long. For the case where the aft cavity is shorter 

than the forward cavity, as shown on the plots at the right in Fig. 14, the 

forces and cavitation numbers have been reduced slightly. The exception to 

this trend is in Fig. 15, where for all practical purposes no interference 

effect on the force coefficients exists :for nearly all foil separations in 

the longitudinal direction. 

To- relieve some of the difficulties experienced with forced-ventilated 

fOils, a series of tests was conducted with naturally ventilated foils for­

ward and aft. These foils were ventilated to the atmosphere by means of a 

parabolic base vented strut; thus the cavitation number was a function of the 

foil submergence and velocity. The cavity pressure Was assumed to be essen­

tially atmospheric and therefore constant. The results of these tests are 

shown in Figs. 16, 17, and 18 for various longitudinal and lateral foil sep­

arations and various flow conditions. In each of these figures, the value of 

the cavitation number given applies to both the forward and aft foils and is 

assumed not to change with longitudinal separation of the foils, x/c. The 

experimental data shown in Fig. 16 for y = 0 were taken with one foil for­

ward and one foil aft. It can be seen that for the higher cr (lower veloc­

ity) the force coefficients for the aft foil have generally been reduced by 

the interference effect for all longitudinal separations. For lower cr (high­

er velocity) the interference effect practically disappears except for small 

foil separations. At a higher angle of attack, the force coefficients are 

apparently not changed. This is somewhat surprising, as both the lift coef­

ficient and the length of the cavity for the forward foil are greater at an 

angle of 18 degrees than at 14 degrees, other conditions being the same. It 

was expected that the dbwnwash angle would increase with both lift coefficient 

and cavity size. 

The interference effects for hiTO forward foils split at lateral dis­

tances of two and four chords are shown in Figs. 17 and 18 respectively. In 

comparing the results for the zero and two chord foil separation, it can be 

seen that the force coefficients of the aft foil tended to increase slightly 

as the foils were split. This tendency disappeared at the higher angle of 
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attack. With the forward foils split at four chords, the interference effect 

was negligible. A small oscillatory trend maybe noted with longitudinal sep­

aration at the lowsr velocities. This maybe caused by the wave patterns gen­

erated by the forward foils and' struts converging in the vicinity of the aft 

foil. 

Another typ~ of interference was noted in the tests with the base vent­

ed struts. For some conditions, the cavity attached to the strut on the aft 

foii was modified by the wave pattern generated by the forward strut. The 

general effect was to disrupt the strut cavity to the extent that it could 

not be maintained over the length of the ·test run. The strut cavity partially 

closed, which resulted in an increase in the cavitation number on the foil 

itself. As such a behavior was readily recognized by visual observation, 

these results were not included in the previous figures. 

V. CONCLUSIONS 

1. Experimental measurements were made of the inter­
ference effects for two submerged, noncavitating 
hydrofoils of aspect ratio 6 in a tandem config­
uration. Data for the average downwash angle as 
a function of velocity, submergence, and distance 
aft of the forward foil agreed satisfactorily with 
the theory of Ref. [IJ. Particularly good agree­
ment between the theory and experimental data was 
noted in the location of the maximum and minimum 
values of the downwash angle. Previous experi­
ments DJ have shown that the variation of the 
downwash angle was closely associated with the 
surface wave generated by the foil. 

2. The surface wave generated by a single, ventilated 
foil of finite span was measured for various ve­
locities, angles of attack, submergences, and cav­
itation numbers. In general the disturbance was 
not as large as that for fully wetted foils, al­
though relatively severe disturbances were found 
in the immediate vicinityofthe trailing cavity. 
The wave amplitude increased with increasing cav­
itation number, primarily through an increase in 
lift coefficient, and decreased as the submergence 
of the foil was increased. 

J. Tests with two fully submerged, forced-ventilated 
foils in a tandem configuration indicated that 
the total interf~rence effect was dependent on 
the foil spacing and the initial cavitation num­
bers on the forward and aft foil. For long cav­

. ities (low cavitation numbers) a relatively small 
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change in the force characteristics of the aft 

foilwasobserved even though the cavity pressure 

for the aft foil changed considerably. For short 

cavities (higher cavitation numbers) a much great­

er variation in the force characteristics was 

found. In some cases, the cavity on the aft foil 

was lost due to interference effects. Similar 

trends 'were observed for naturally ventilated foils 

forward and aft. 

4. For forced-ventilated foils, it appears that the 

ventilation characteristicfi of the aft foil may 

have been changed by interference from the for­

ward foil. The surface wave from the forward foil 

had little effect on the aft foil compared to 

results previously obtained with non cavitating 

foils. 

5. Measurements of the downwash angle for a forced­

ventilated foil of aspect ratio 6, using a non­

c9-vitating foil as a downwash meter, indicated 

that the downwash angle dec:r:eased monotonically 

with distance aft of the foil. For the limited 

data available, cavitation number had little in­

fluence on. the non-dimensional downwash angle, 

E leL •. 

6. With a .configuration emploYing two foils forward 

and one foil aft, the interference effect was re­

duc~d to negligible values as the lateral spacing 

of the forward foils was increased. For some con­

ditions with naturally ventilated foils, some dif­

ficulty was experienced in maintaining a well de­

fined cavity on the parabolic, base vented strut. 
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