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ABSTRACT 

'l'he shape of the cavity formed in nater by a circular disk at an 

angle of attack is derived. The empirical evaluation is based on experi

mental data obtained with air cavities in the Free Surface Water Tunnel. 

The effects of model size, free stream velocity and cavitation number on 

cavity shape are presented. 

The profile shape of the cavity is assumed to be composed of two 

superposable phenomena: 

(1) the cavity shape vrithout gravity effects 

(2) the disolacement of the cavity due to gravity 

An empirical relation is obtained for the buoyant displacement of 

the cavity centerline. A quasi-elliptical aquation is derived which 

accurately describes the shape of the cavity about its centerline for 

the disk at zero angle of attack. The equation is modified and applied 

to the profile shape of a cavity formed by a circular disk at angles of 

attack up to JO degrees. All experimental data are presented in both 

graphic and analytic form. 



I. INTRODUCTION 

The shape of the cavity formed by a flat disk in a moving fluid has 

been studied experimentally by a number of investigators. 11213 ~~ These 

previous studies describe the characteristic dimensions (half length and 

maximum diameter) of the cavities formed by disks at zero attack angle 

where the flat face of the disk is normal to the flow direction. Eisenberg4 

describes an empirical representation of the shape of such a cavity for one 

specific set of test conditions. This report presents the resu.1ts of an 

experimental program which was conducted for the purpose of empirically 

describing the shape of a flat disk cavity for a variety of conditions. The 

experimental program was performed in the Free Surface Water Tunnel5 of the 

Hydrodynamics Laboratory using air-sustained cavities.6' ? The experimental 

variables uhich were considered were the disk diameter, angle of attack, free 

stream velocity, and cavitation number. 

For the purposes ·of this study, the observed profile shape of a cavity 

is assumed to be composed of t•"lo separate but superposable phenomena. One 

is the buoyant effect of gravity on the cavity and the other is the shape 

of the cavity formed in the absence of buoyant effects. The empirical 

analysis treats these two phenomena separately; however the actual cavity 

profile may be obtained by simply superimposing the cavity shape without 

buoyant effects upon a centerline which is displaced because of buoyancy. 

One section of this report describes the effect of model size~ free 

stream velocity, and cavitation number on the buoyant displacement of the 

cavity centerline. A second section describes the shape of cavities formed at 

zero attack angle for various disk sizes, free stream velocities and cavitation 

numbers. A third section describes the profile shape of cavities formed by a 

flat disk for various attack angles and cavitation numbers. The latter two 

sections describe the shape of a flat disk cavity by a practical empirical 

representation. This representation is derived solely for the first half 

length of the cavity between the disk and the point of the maximum radius 

of the cavity. However, a symmetrical application of the derived 

Superscripts refer to references in bibliography. 



cavity shape is a reasonable approximation in the region dovmstreum of the 

maximum radius. 

A calibration of the rise of the free surface of the moving water in 

the test section was performed as an essential part of this program, and 

the results are presented in the appendix of this report. 

The forces and moments on a pitched disk in full cavity flow are pre

sented in a Hydrodynamics Laboratory report by Kiceniuk. 8 

II. lY10DEL INSTALLATION 

The models for this experimental program v1ere 1/2, J/ 4 and 1-inch 

diameter circular flat disks, as shown in Fig. 1. 

The models were mounted on a 1-inch diameter sting which was attached 

at the lower end of a surface-piercing strut, i<.,ig. 2. An internal duct 

passing through the strut and the sting provided tho air supply for the main

tenance of the air cavity. A small tube nas attached along the side of the 

strut and the sting to allou the pressure in the cavity to be measured. The 

vibration of the sting and strut was found to be intolerable during the 

pitched disk tests, so a shorter sting configuration, }~ig. .3, was used for 

that phase of the program. 

The model Tias placed in the center of the width and t\"Telve inches above 

the bottom of the twenty-by-twenty-inch water tunnel test section. The 

model was pitched in a vertical plane to provide the variation of attack angle, 

III. EXPERIMENTAL PROCEDURES 

The method of obtaining the experimental conditions was to .first set the 

model size, angle of attack and free stream velocity, and then vary the air 

flow into the cavity from maximum to minimum to establish the limits for which 

a stable cavity could be meintained. The airflow was then adjusted so that 

approximately five different cavity pressures could be obtained within this 

range. 



Since the depth of the disk nas fixed, the changes of the cavity pres

sure provided the desired variations in the cavitation number. The cavi

tation number (a) is defined as 

= 

uh ere p = Static pressure 
0 

at the centerline of the disk 

pk = Pressure of gas in cavity 

p = Density of water at test conditions 

v = Velocity of water in the free stream 

The profile shape of the cavity r1as photographed for each set of stable 

test conditions, The exposure of one-fiftieth of a second provided a suf

ficiently long time average of the cavity shape without impairing the clarity 

of the cavity profile. Figure 4 is a typical example of the data photographs. 

The light background makes the cavity profile stand out in silhouette. The 

dark framing above and below the cavity reduced the reflected light from the 

upper and lower edges of the cavity, thereby increasing the definition of the 

cavity profile. The dark stripe in the background is a horizontal line used 

as a reference for the photographs. 

The cavity shapes were measured by projecting the photographic negatives 

and measuring the position of the upper and lo\7er edges of the cavity relative t 
the horizontal reference stripe, These measurements uere obtained at various 

axial positions from the edge of the disk to a point weli beyond the maximum 

diameter of the cavity. The estimated accuracy of the measurements was 

! 0,015 inches relative to the model scale. 

The variable test conditions for the disk at zero attack angle were: 

a. disk diameter (1/2, J/4, 1 inch) 

b. free stream velocity (12, 16, 20, 24 fps) 

c. cavitation number (O.OJ5 to 0.1?2 depending upon 
model size and free stream velocity). 

The 1-inch diameter disk was tested at 24 fps for variable: 

a. angle of attack (-JO, -20, +10, +20 and +JO degrees) 

b. cavitation number (0,04J to 0.098 depending upon angle of attack). 
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The free surface of the water rises slightly along the norking section. 

Since the surface rise varies with the free stream velocity, it ~as neces

sary to calibrate the surface profile and to take this rise into account 

when comparing cavity profiles at various free stream velocities. The pro

cedure and results of this portion of the tests are presented in Appendix I. 

IV. EXPERiliiEl~TAL RESULTS 

A. Buoyant Displacement-2! Cavity 

The effect of gravity on the cavity shape in low velocity is evident 

by the buoyant displacement of the gas-filled cavity, Fig. 5. Visual ob

servation of the cavities indicates that there is no significant gravita

tional distortion of the circular cross section of the cavity for its first 

half length. Downstream of the maximum radius obvious distortion appeers as 

the bottom of the cavity rises inside the circular section and eventually 

separates the cavity into either a twin vortex or a deformed re-entrant jet. 

The photographs of the experimental cavities at zero attack angle were 

measured to obtain the vertical displacement of the cavity centerline which 

is defined as midway between the upper and lower profile edges of the cavity. 

This definition has practical significance over the for~ard half length of 

the cavity uhere the cross section is generally circular. Since the cavity 

displacements were measured from a horizontal reference, the data were 

corrected for the rise of the free water surface. 

Figure 6 shows the corrected cavity centerline rise for a 1-inch dia

meter disk at 24 fps. Variation of cavitation number does not appear to 

have an appreciable effect upon the centerline displacement. Figure 7 shows 

the centerline rise at 24 fps for all data with the 1/2, 3/4 and 1-inch dia

meter disks. The curves indicate that there is no significant size effect 

on the centerline displacement. Figure 8 presents the average centerline 

rise for each diameter disk for the four free stream velocities tested. It 

is apparent that the effect of velocity is very pronounced and systematic. 

Figure 9, a replot of Fig. 8 on a log-log scale, emphasized this systematic 

behavior. .ligure 10 sho\7S these centerline displacements plotted as a 

function of time, i.e., the distance along the centerline divided by the free 

stream velocity. Since the displacement curves as a function of time form 

a common line, ;!ig. 10, the f ollm1ing empirical equation is used to describe 
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the centerline rise due to buoyancy: 

CLR = (2) 

where CLR = £ente.r1ine ~ise due to buoyancy (inches) 

t = ~ 
v 

= time (seconds), and 

x = distance from disk 

v = free stream velocity 

This result is in approximate agreement \7i th that which 11ould be ob

tained by assuming a coefficient of virtual mass caused by the buoyant 

acceleration of the cavity and by considering a drag force due to the buoy

ant velocity of the cavity. 

Therefore, it can be concluded that within the range of variables, as 

reported herein, the buoyant displacement of the cavity centerline is 

l. independent of the size of the disk, 

2. independent of the cavitation number, and 

3. dependent solely on the time for flow past 
the cavity as detailed in the above equation. 

B. Cavity Shape at Zero Attack Angle 

This section describes an empirical representation of the shape of 

the first half length of a cavity from uhich buoyant effects heve been re

moved. ?igure 11 presents the analytic description of a circular disk 

cavity as considered in this section. The x-y coordinate system originates 

at the center of the flat face of the disk uith the x-axis parallel to the 

flow direction. The commonly used characteristic dimensions of the cavity, 

half length and maximum diameter, are denoted a and d , respectively. o m 

The analytic equation describing the cavity profile must meet the re

quirements of being tangent to the disk surface at the point of flow sepa

ration and parallel to the free stream direction at the point of maximum 

diameter. To satisfy these requirements, the analytic cavity shape was as

sumed to be of the quasi-elliptical form 

I ~n t y - Yo 

\ 
b + 

0 J 
(J} 

' / 
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where y = radial distance to co.vi ty at any axial position 

x = axial distance from the center of the face of the 

circular disk 

Yo = radial distance to the point of flow separation 

b 
0 

= radial distance from flot1 separation to maximum 

cavity diameter (b = 
0 

dm/2-yo) 

ao = axial distance from flow separation to point of 

maximum cavity diameter (ao = half length) 

n = empirical exponent 

The cavity shape data at zero attack angle 11ere first analyzed for the 

characteristic dimensions of the elliptical form of the cavities a
0 

and b
0

• 

Dimensionless forms of these results are presented in Figs. 12 and lJ as 

functions of cavitation number independent of both model size and free 

stream velocity. The data for a
0
/d, Fig. 12, arc well represented by the 

follov1ing functions of cavitation number, 

ao = Q.:.2d& 
d 1.118 

0 
.035 ~-- (J L .l?l 

Similarly the data for b
0
/d, Fig. 13, are represented by a function 

of cavitation number, 

b 
_Q 
d = 0.26? 

.568 
C1 

.035 L. 0 L .l?l 

Experimental data from Reichardt1 have been included in Figs. 12 and 

13 for comparison. 

(4) 

( 5) 

Secondly the cavity shape data uere analyzed by a least squares 

method to determine values of n for equation (3). The cavity shapes ~ere 

fitted by curves of the forms of equation (3) with b
0 

and y
0 

established 

from the experim~nts and nith a
0 

and n as tho variables. This produced 

values of the cavity half length (denoted a 1 /d for least squares method) 
0 

Fig. 14, trhich are similar to but more scattered than the a
0
/d data ob-

tained from the experiments. The computed values of n, as shown in 



Fig. 151 appear to be independent of the cavitation number uith a numerical 

average of n = 1.800. 

For convenience in computing the coordinates of the cavity profile, 

equation (J) can be solved for y as follous: 

y=y0 +b0 [1- (t-JJ ~ = y + b p. 
0 0 

(6) 

Values of ~ for n = 1.800 are sho\"m in Fig. 16 as fanctions of x/a
0

• 

Cavity profile shapes can thus be computed by using eq~ation (6) and Fig. 

161 plus the characteristic dimensions from equations (4),(5) or Figs. 12,1). 

A check of the validity of the assumed cnvity shape is shorm in Fig. l? 

r1here the difference betVJeen several measured cavity shapes a.nd their cor

responding computed ce.vi ty shv.pes are shmm. The differences are in 

general less than the estimated reading accuracy for the measured cavity 

profile data. Hence the assumed quasi-elliptical cavity shape equation does 

accurately describe the shape of the cavity. 

The follouing conclusions are draun about the shape of a cavity formed 

by a circular disk at zero attack angle neglecting buoyancy: 

1. The shape is independent of free stream velocity 
for a given cavitation number. 

2. The size of the cavity is directly proportional 
to the disk diameter for a given cavitation number. 

J. The proportions of the cavity are solely dependent 
upon the cavitation number, Figs. 12 and 13, and 
equations (4) and (5) 

4. The shape of the cavity is accurately described by 
equation (3) and its more useful form, equation (6). 

C. Qavitv Profile Shape at Angles of Attack up to 30 Degre8s 

This section describes an empirical representation for the profile 

shape of the first half length of a cavity formed by a circular disk at 

an angle of attack relative to the free stream velocity. The effects of 

buoyancy have been removed from the analysis. The method of deriving the 

empirical cavity shape is to employ a generalized version of the equations 

presented for v disk at zero attack anele and to apply them using two sim

plifying e.pproximations. The analytic results are implemented by experi-



mental data obtained uith the 1-inch diameter disk as tested at 24 fps 

free stream velocity for pitch angles up to 30 degrees. 

Fig .lS presents tho genernlizod ' 'ersion of Pig .11 as it applies to 

the analytic description of a circular disk cavity at un angle of attack. 

Because of experimental difficulties caused by the supporting strut ~hen 

using the short boom, only the louer profile edge of the cavity could be 

measured. Since the disk is pitched to both positive and negative angles, 

houever, it is possible to escertain the profile s~1ape of both sides of the 

cavity at any atta ck angle by appropriate application of the available ex

perimental results. For this purpose the experimental data presented in 

this section are not identified with positive or negative attack angles, 

but rather they ar·e identified as belonging \"Ii th either the ce.·1i ty -nall 

which s"Jp srates from the farthest forward edge of the disk 01• the o&vity 

rmll which separates from the farthest dm·mstree.m edge of t he disk, fig .18. 

An examination of equation (3) shm1s tha t it can be appl ied to the 

case of tho pitched disk in the following modified form: 

{ y - :v){ + (x -x0 - aq) 2 

\ bo ) \ ao / 
= 1 

Tihere all t e.rms are as defined for equation (3) \?ith "the additional term, 

(?) 

:c
0

, being t he axial distance from the center of the disk to the point of 

flow s eparation. Note that in this _cane y 
0 

= d/2 cos a and x
0 

= d/2 sin a . 

It is assumed thnt. although the quasi-ellip1:,ical ~.-ivi+,y shape is not tangent 

to the disk eurface at the point of flow separation, as is the actual cavity, 

that there is no effect on the cavity shape beyond the i!IIIllediate region of 

flo11 separation. Secondly, it is assumed t hat the value of n = i.eoo is 

applicable to the pitched disk case since the experimental values of n are 

vii thin the scatter of the more numerous data for the disk at zero angle of 

attack. 

In addition to these tuo assumptions, the values of a and b for 
0 0 

both surfaces must be obtained before equation (?) can be employed to ob-

tain the cavity profile. Figures 19 and 20 present the dimensionless experi

mental values of a
0
/d and b

0
/d as a function of cavitation number for 

angles of attack up to 30 degrees for both forward and downstream separation 

edges. Within the limited range of the experimental ca vi ta ti on numbers, 
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a /d and 
0 

b
0
/d can be represented analytically as follows: 

M ao 
= (8) 

d J.118 
0.043 / 

-'---- o L 0.098 
and 

b Q 
_Q = d J3 (9) 

0.043 L CJ L. 0.098 

where M is an empirical function, Fig. 21, 

Q and s are empirical functions, Fig. 22. 

This completes the information required to compute the profile shape 

of the pitched disk cavity based on the ~uasi-elliptical representation of 

equation (?). 

A check of the success of this simplified analysis is sho'\m in Fig. 23 

where several computed and measured cavity shapes are compared. These 

plots indicate that the discrepancies between the shapes are generally less 

than five percent of the disk radius. 

Thus the folloning conclusions are drawn for the case of the cavity 

profile formed by a pitched circular disk with buoyan·I; effects removed: 

l. The proportions of both forward and dovmstream separation 

edges of the profile are functions of both the cavitation 

number and the angle of attack of the disk, Figs. 19 - 22 

and equations (8) and (9). 

2. The shape of the cavity is satisfactorily described by e

quation (7) which is a slightly modified version of the 

equation for the zero angle of attack case, equation {J). 
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APPENDIX I 

CALIBRATION OF THE FREE WATER SURFACE 

The surface of the water in the F.ree Surface Water Tunnel is displaced 

from the horizontal by the boundary layer built up along the side and bottom 

walls of the tunnel and by the upstream influence of the diffuser back pres

sure. There has been no calibration of this surface displacement since a 

ne~ surface skimmer was installed in the tunnel. For an accurate analysis 

of the centerline rise of air-sustained cavities, as presented in this re

port, it was necessary to know the surface displacement as a function of the 

free stream velocity. 

The surface calibration was conducted photographically. This was dor-e 

to avoid the errors inherent in the time consuming and inconsistent pointer 

method. Figure 24 shows the technique employed to obtain instantaneous 

measurements of a major portion of th~ free surface in the test section. A 

light was projected obliquely toward the underside of the water surface 

through the side-wall windows. A careful'.cy' levelled stripe was attached to 

the outside of the window several inches below the mean water level. A 

camera positioned on the opposite side of the test section photographed the 

image of the light source and the stripe as reflected from the slightly 

rippled surface of the flowing water. Three light sources were placed along 

the test section to high light the major testing regions. A typical photo

graph of the underside of the water surface by this technique is shown in 

lig. 25. The distance between the upper edge of the stripe and the lower 

edge of the reflection from the water surface can be calibrated to give the 

actual height of the surface above the level stripe. 

The calibration of the stripe to image distance was performed by coating 

the surface of stationary water with likopodium and taking photographs of the 

level. water surface at several measured ~ater heights. The distance be

tween the stripe and its image was used to calibrate the flow photographs. 

The height of the free surface l7as obtained from these photographs and 

is shown in Fig. 26 as a function of the distance from the entrance to the 

test section for several free stream velocities. 
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Fig. 4 . Typical cavity profile photograph 
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