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Flow visualization by the schlieren technique in the neighbourhood of a fully 
developed cavity on two axisymmetric headforms has shown the existence of 
laminar boundary-layer separation upstream of cavitation separation, and the 
distance between the two separations to be strongly dependent on Reynolds 
number. Based on present results, a semi-empirical method is developed to pre- 
dict the position of cavitation separation on a smooth body. The method applies 
only in the Reynolds-number range when the cavitating body possesses laminar 
boundary-layer separation under non-cavitating conditions. Calculated positions 
of cavitation separation on a sphere by the method show good agreement with 
experimentally observed positions. 

~ - 

1. Introduction 
Following Plesset (1949), one may divide the flow of a liquid around a solid 

body into three regimes. (i) In non-cavitating flow, the liquid follows the classical 
hydrodynamic laws for an incompressible fluid. (ii) In  what may be called limited 
or incipient cavitation, small discrete bubbles or areas occupied by patches of gas 
or vapour first appear. (iii) Fully cavitating or super-cavitating flow is charac- 
terized by a single large vapour or gas cavity enveloping some portion of the 
body. Super-cavitating flow is of primary concern here. In  particular, we are 
interested in viscous effects on the beginning position of the developed cavity, 
which we may call the position of cavitation separation. 

To predict analytically the force coefficients on bodies with a fully developed 
cavity, knowledge of the position of cavitation separation is essential. Bodies 
with sharp corners (such as disks, wedges and sharp-edged hydrofoils at moder- 
ately large angles of attack) possess a cavitation separation point whose position 
is known a priori; and force coefficients for such bodies can be predicted quite 
well within the potential flow approximations (Wu 1968). But, for smooth bodies, 
the condition of smooth separation is usually used to predict the position of cavita- 
tion separation. The classical condition for smooth separation requires that 
the curvature of the free streamlines be finite at separation, in which case i t  
can be shown to be equal to the curvature of the solid body at  the detachment 
point (Wn 1968; Armstrong 1953). This condition does not take into account real 
fluid effects afforded by viscosity, surface tension, etc., on the position of cavita- 
tion separation. Recent experimental studies (Brennen 1969a, b ;  Arakeri 1971) 
have shown that the position of cavitation separation on smooth bodies at least 
f Present address : Energy and ICinetics Department, University of California, Los Angeles. 
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depends on Reynolds number. Furthermore, it  was also observed that the 
experimentally found position of cavitation separation lies considerably down- 
stream from that predicted by the condition of smooth separation. On a sphere 
(Brennen 1969a), for example, the difference was of the order of 40' at a Reynolds 
number of lo4; and the difference decreased with increase in Reynolds number. 
Similar results were noted for a bi-convex hydrofoil (Arakeri 1971). On this 
hydrofoil, linearized theory with cavitation separation positions determined by 
the smooth-separation condition predicted positive lift coefficients at small 
positive angles of attack. But experiment showed negative lift coefficients at  the 
ame angles of attack. This discrepancy was directly related to the erroneous 

prediction of cavitation separation position by the smooth-separation criterion. 
This latter example illustrates the extremely important role the position of the 
point of cavitation separation has in determining overall forces. 

This study went further (Arakeri 1971), to describe basically two different 
types of cavitation separation; these are termed (i) viscous laminar and (ii) 
nucleate. The physical appearance of (i) is very different from that of (ii); type (i) 
possesses a smooth glassy surface cavity at  the position of separation. Type (ii) 
exhibits large macroscopic cavitation bubbles at the position of separation. 
Figure 1 (plate 1) clearly illustrates the difference. From Arakeri (1973) we have a 
better idea of what is physically involved in at  least one type of cavitation separa- 
tion. It may be said that viscous laminar cavitation separation is observed only on 
bodies which possess a laminar boundary-layer separation under non-cavitating 
conditions at  the same Reynolds number as that existing under cavitating con- 
ditions. It is this type of cavitation separation whose position is predicted 
quite inaccurately using the smooth-separation condition. By comparison, the 
position of nucleate cavitating separation is predicted quite accurately using the 
same condition (Arakeri 1971). 

The present work examines the nature of real fluid flow in the neighbourhood 
of viscous laminar cavitation separation, with the schlieren technique as a flow 
visualization method. Based on data from these observations, a semi-empirical 
method of predicting the position of viscous laminar cavitation separation on 
an arbitrary smooth body is proposed, which is intended to replace that of the pure 
mathematically inferred smooth-separation condition. 

2. Experimental methods 
Conventional methods of flow visuaIization (such as dye injection and oil 

film techniques, and even the more recent hydrogen bubble procedure) are 
difficult to use in water at  high velocities. For this reason, the well-known 
schlieren technique of flow visualization, widely used in compressible aero- 
dynamics applications, was used during the present experiments. The schlieren 
method was shown to work in water by Bland & Pelick (1962) and Arakeri 
(1973). The density gradients necessary for the method were created by heating 
or cooling of the test body. In  the present experiments the schlieren method of 
flow visualization was primarily used to detect the existence of laminar separa- 
tion of the viscous boundary layer. This may be adequately accomplished by 
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observing the thermal boundary layer created by heating or cooling of the test 
body. But the fact that the Prandtl number of water at room temperatures is close 
to 7 does remove the possibility of obtaining quantitative information on the 
extent of the viscous or vorticity boundary layer by the schlieren method. 
As mentioned later, the viscous boundary-layer growth on the present test 
bodies was calculated by Thwaites’s (1949) method. Details of the optical 
apparatus are provided elsewhere (Arakeri 1973), but perhaps it should be noted 
here that a temperature difference of only 3-4 O F  is sufficient to produce a clear 
thermal boundary layer. Within such a range of temperature differences, both 
heating and cooling were shown to produce equivalent effects. In  the work to 
be discussed, heating was used, the source of the heat being a 1 kW electrical 
heater immersed within the test bodies. 

The test,s to be described were carried out in the axisymmetric test section of 
the High Speed Water Tunnel (HSWT) of the Hydrodynamics Laboratory, 
California Institute of Technology (Knapp, Levy, O’Neill & Brown 1948). 
Some preliminary tests with the schlieren technique were carried out in the Free 
Surface Water Tunnel (FSWT) of the same laboratory. Two cylindrical axi- 
symmetric bodies with different-shaped nose sections (see figure 2) were used for 
the present experimental studies. The test body with a hemispherical nose 
section is commonly known as the hemispherical nose, and the test body with a 
modified ellipsoidal nose section as the Swedish headform. Pressure distributions 
under non-cavitating conditions on the two bodies were measured by Rouse & 
McNown (1948). The bodies were mounted in the test section of the HSWT by a 
three-bladed sting support, which was about 7 diameters downstream of the 
model nose. The bodies occupied less than 2 yo of the through-flow area. 

The free-stream velocity in the tunnel U and cavitation number a were deter- 
mined from tunnel static pressure measurements, made with mercury mano- 
meters. (a is given by (Pt-Pc)/ipU2, where Pt is the free-stream tunnel static 
pressure, p is the liquid density and Pc is the cavity pressure. Presently we shall 
be dealing only with vapourous cavities; hence Pc is very close to the value of the 
vapour pressure of the liquid, e,.) These computations included corrections for the 
boundary-layer growth along the tunnel walls, as outlined by Acosta & Hama- 
guchi (1967). From computations of Hoyt (1966), blockage effects are negligible 
in the present experiments; and they were not accounted for in the data reduction. 
The normal experimental procedure was to hold the tunnel velocity fixed at  a 
constant value, and slowly reduce the tunnel pressure, until a natural cavity 
was formed on the test body. A silhouette schlieren photograph was taken with a 
spark source, having a duration of 5-lops.  This procedure was repeated for 
several tunnel pressures, and for tunnel velocities 25-60 ft-’ s. A ‘calibration’ 
photograph was made to establish true lengths. 

3. Fully-wetted flow observations 
The effectiveness of the schlieren technique is illustrated in figure 3(a) (plate l), 
which shows the laminar boundary-layer separation and re-attachment of the 
free shear layer on a 2 in. hemispherical nose mounted in the FSWT at a Reynolds 
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FIGURE 2. Diagrams showing geometrical details of the axisymmetric models used.! 
( a )  Swedish headform, a modified ellipsoidal nose. ( b )  Hemispherical nose. 

number of 105 (R  = UD/v is the Reynolds number). The outer white line, which 
begins a t  the point marked ‘position of laminar separation’ in figure 3(a) 
could only be due to the presence of a sharp temperature gradient across a free 
shear layer, strongly indicating the existence of laminar separation. The pre- 
sence of a reverse flow region at an R of 105was confirmed by dye-injection studies, 
and by photographic study of the electrolysis bubbles created on the whole test 
body. Thus we are confident in interpreting the region shown by the outer white 
line in the schlieren photograph of figure 3 ( a )  as a laminar separated region. 
From such observations it was found that both of the test bodies possessed a 
laminar separation ‘bubble’ a t  all the test velocities used in the HSWT. The 
highest test velocity corresponds to an R of 9.06 x lo5 for the hemispherical nose, 
and 8.78 x lo5 for the Swedish headform. Examples of schlieren photographs at 
higher Reynolds numbers are shown in figures 3 (b ) ,  ( c )  (plate 1). The existence of 
a laminar separated region is strongly suggested by the photographs, and was 
confirmed by motion picture studies of electrolysis bubbles created on the test 
bodies. These studies (partly described by Arakeri 1973) showed the existence 
of reverse flow within what is interpreted as the separated region, from figures 
3 (b ) ,  ( c ) .  From the photographs of this type, the position of laminar separation 
was measured, and an estimate of the length of the separated region was made. 
The streamwise position of laminar separation on the hemispherical 
nose (in both tunnels) and the Swedish headform, as a function of tunnel velocity, 

t The subscript NC denotes the quantity in the bracket existing under non-cavitating 
conditions. 
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FIGURE 4. Measured streamwise position of laminar separation against tunnel velocity for 
the Swedish headform and two different hemispherical noses, under non-cavitating con- 
ditions. Also, effect of temperature on position. 

Body Apparatus D (in.) 

Headform HSWT 1.755 
a Nose HSWT 1.813 
0 Nose FSWT (heated) 2.0 
0 Nose FSWT (cooled) 2.0 

is shown in figure 4. From this figure, the position of laminar separation does not 
change appreciably with U ,  and is not altered by heating or cooling. This assured 
us that the boundary-layer characteristics on the test bodies used were not 
altered with the temperature differences used to create the schlieren effect. 

In  figures 3 (b) ,  ( c )  the outer white line, which indicates the boundary of the 
separatedregion, becomes wavy and subsequently too faint to be recorded. This is 
evidently the location of intense mixing signaling transition to turbulence; 
presumably re-attachment of the flow would soon follow. In  any case, it  seems 
reasonable that the representative length of the separated bubble is given by this 
distance. Variation of the distance so measured with tunnel velocity for both the 
test bodies is shown in figure 5. As expected, the bubble length L, decreases with 
increasing velocity, for both bodies. Physically these bubble lengths are quite 
small, being only 12 % of the diameter a t  20ft s-l ( R  - 3 x lo5) and about 4 % at 
60ft s-l (R  - 9 x lo6). The length of separation bubble L,, as defined earlier and 
normalized by the momentum thickness a t  separation O,, is plotted in figure 6 
as a function of local Reynolds number Ro8 = U,O,/v. Thwaites’s (1949) method in 
addition to pressure distribution measurements of Rouse & McNown (1948) 
were used to calculate 0, and Re,. Also shown in figure 6 are wind-tunnel data 
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FIGURE 5. Length of laminar separated region against tunnel velocity for both test bodies. 
A, Swedish headform; 0, hemispherical nose. (i) Position of boundary-layer separation; 
(ii) position of end of separated layer. 

K) 

FIGURE 6. Comparison of our data on the length of the separated region (A, Swedish head- 
form; 0, hemispherical nose) with wind-tunnel studies of Gaster ([II). 



The position of cavitation separation from smooth bodies 785 

obtained by Gaster (1967) in his studies on laminar separation bubbles. A 
measure of the length of the separated bubble in his case was found from detailed 
velocity surveys. The separated region represented by this length is termed the 
dead-air region by Gaster. From figure 6 present findings agree well with Gaster’s 
measurements. 

4. Flow observations with cavitation 
Cavitation on the test bodies was established by lowering the tunnel pres- 

sure or equivalently by lowering the cavitation number g. The extent of cavita- 
tion on the hemispherical nose at different values of tunnel pressure is shown in 
the schlieren photographs of figure 7 (plate 2). Cavitation bubbles are f is t  
observed to originate within the reattachment portion of the separated region. 
With reduction in cr, a considerable portion of the separated region is observed to 
be filled by cavitation bubbles, and, with further reduction in (r, almost all of 
the separated region is occupied by a macroscopic attached smooth cavity. The 
beginning position of a smooth attached cavity in figure 7 ( c )  is downstream of the 
position of laminar boundary-layer separation. This interpretation is further 
supported by the observations of Parkin & Kermeen (1953). They photographic- 
ally observed the reverse motion o f  microscopic cavitation bubbles ( -  0.002 in. 
in diameter), originating on the test body surface immediately upstream of an 
attached smooth cavity on a hemispherical nose a t  speeds similar to those used 
in the present experiments. The reverse motion of microscopic bubbles also 
observed in the present work strongly suggests the existence of a recirculating 
flow region just upstream of attached cavitation. A schlieren photograph of the 
Swedish headform with a cavity considerably longer than that on the hemispherical 
nose observed in figure 7 ( c )  is shown in figure 8 (plate 3). The outer white line 
away from the model surface upstream of cavitation separation indicates a free 
shear layer, which presumably reattaches to the cavity surface, to form a closed 
recirculating flow region. With the help of such photographs, it  was possible to 
estimate the position of boundary-layer separation, the position of cavitation 
separation, and hence the distance h between the two. 

Variation of the angular position of the cavitation separation yc with U 
and (r for the hemispherical nose is shown in figure 9. The position of cavitation 
separation shows a dependence on both r~ and U .  Figure I0 shows the variation 
of the angular position of the boundary-layer separation yB, which precedes 
the cavitation separation on the hemispherical nose as a function of U and (r. 
Unlike the position of cavitation separation, the position o f  the boundary-layer 
separation preceding it is independent of the tunnel velocity. Variation of the 
streamwise position of the cavitation separation Sc/D, and the boundary-layer 
separation X,/D preceding it, for the Swedish headform, as a function of U 
and (r, are shown in figures 11 and 12. The results are similar to that for the 
hemispherical nose, discussed earlier. 

The ratio of h to the diameter of the model D is plotted against CT for various 
tunnel velocities in figures 13 (a),  ( 6 )  (both test bodies). From these figures, h/D 
increases with decreasing U ,  but in general it is almost constant with change in 
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FIGURE 9. Variation of angular position of cavitation separation on the hemispherical nose 
with u and U .  
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FIGURE 10. Variation of angular position of boundary-layer separation, under cavitating 
conditions, on the hemispherical nose, with u and U .  For symbols, see figure 9. 
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g, or at least did not show any consistent dependence on g for a fixed velocity. 
Scatter at  certain velocities is considerable and in general the values of AID are 
quite small, the maximum being 0-07 and the minimum 0.01. With the earlier 
observation of the independence of AID and v, it is convenient to take an average 
value of AID for all the meaningful cavitation numbers: h*/D. This quantity is 
plotted against U for both test bodies in figure 14. Each data point in figure 14 
represents the average value of AID along the horizontal axis of figure 13 (a)  or 
(b ) ,  at the corresponding velocity. 

50-2 

I I I I I I I 

- - 0 9 f . B  1 . p9 
- A A  - 

0. - 
A 0  

- 
- # A  - 
- 4 - 
- 0 

- 1 -&=3 ---L A %  - 
I I I I I I I 

0 .  . 
(%I B 0 A - 

e. e m  

- 

- 

0.8 I I I I I I 

- - 
- ** - 

.,A 

P A  
- - 
- - 

b 8 

eq 0 
6 0.7 - ..A 

2 @A+ 

- - 
- - 
- - 

A 

- * P  - 
* A e  m. 

- 
0 on 

- 
I 0 .  

0 6  1 I I 



788 

0.1 I I I I I I I 

(4 
0.08 - - 

0 

0 
0.06 - - 

Q 0 z 
0 0 0 %cop, 0 88 - 

Porn . - 

0 0 8 O O  8 %  
0.04 - 

0 
0 0 

B m o  .. 0.02 - 
0 

I I I f I 
. P  , 

0 

V .  H .  Arakeri 

A 

A 
0.04 0’051 A 

A 

A 
A A 

4% A 

0 I I I 1 I I I I I 
0.2 0.3 0.4 0.5 0.6 

Cavitation number, c 

Now one can determine the position of cavitation separation once the position 
of the boundary-layer separation preceding it and the quantity h are known. On 
the present test bodies, observations strongly suggest that the position of the 
boundary-layer separation preceding the cavity separation is dependent only 
on u, but is independent of U ;  and the quantity h is only dependent on U ,  but 
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Tunnel velocity, U 

FIGURE 14. Average value of the distance between two separations, over all meaningful 
cavitation numbers, against U ,  for hemispherical nose (0) and Swedish headform (A). 

is independent of cr. Next an attempt will be made to generalize the above 
observations, based on physical arguments, and to obtain a correlation to pre- 
dict the position of cavitation separation. This correlation will then be used to 
predict the point of cavitation separation on a sphere and a cylinder. 

5. A correlation for boundary-layer separation with cavitation 
From the results of $ 4  it  is clear that the original position of boundary-layer 

separation under non-cavitating conditions is shifted to a new upstream position 
owing to the preseiice of cavitation. In  this section we consider determining this 
shift X ,  as a function of cr and some relevant quantities existing under non- 
cavitating conditions. X is symbolically given by the difference 

is the position of boundary-layer separation existing under non-cavitating con- 
ditions, and (AYB/D)~ is the same quantity existing under cavitating conditions. 

The extent of cavitation on the present two bodies was found to be determined 
by a normalized cavitation number cr‘, (T’ = I + cr/(CJNC = (8- Pv)/(8- pt), 
where (C8)NC is the pressure coefficient at the position of boundary-layer sepa- 
ration under non-cavitating conditions. The values of (Cs)NC were determined 
with the help of the observed positions of boundary-layer separation and the 
pressure distribution measurements of Rouse & McNown (1948), and Kermeen 
(1952) in the present tunnel facility. cr’ is a useful parameter: it indicates the close- 
ness of the pressure at  laminar separation to the vapour pressure. When (T’ was 
less than zero, no attached cavitation was ever observed. Attached cavitation 
was first observed when cr’ f 0, and, as v‘ was further increased, progressively 
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FIGURE 15. Diagram showing the development of cavitation with reduction of 
tunnel pressure, a t  a fixed velocity, on both test bodies. 

more cavitation was seen. Prom this, it  is expected that X is at least dependent 
on c'. In  addition, X was found to be related to the length parameter 

[ ( f J , /D)NC - (fJCmin/%CI. 

is the position of boundary-layer separation under non-cavitating 
conditions and (SCmln/D)NC is the streamwise position of the minimum pressure 
point under non-cavitating conditions. The value of ( A S ' ~ , ~ ~ / D ) ~ ~  for our test 
bodies was obtained from Rouse & McNown (1948). The important parameters 
in determining the position of boundary-layer separation with cavitation are 
shown in the figure 15. The non-dimensional groups formed from the relevant 
parameters (already mentioned) were 

A plot of IT' against CD for our test bodies is shown in figure 16 and it may be said 
that the data collapse fairly well. Figure 16 indicates that certain quantities, 
known under non-cavitating conditions, are sufficient to determine the position of 
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FIGURE 16. Correlation plot, to find the position of boundary-layer separation under cavi- 
tating conditions. 
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boundary-layer separation in the presence of cavitation as a function of cavita- 
tion number CT. A straight-line approximation to the data of figure 16 gives 

CD = 2 . 3 7 ~ ’ .  (1)  
A5 will be seen, use of ( I )  for a range of (T‘ wider than that shown in figure 16 
provided good agreement between predicted and observed positions of cavitation 
separation on sphere and cylinder. 

6. A correlation for the distance between the two separations 
The physical appearance of cavitation in present models, as represented by 

figure 1 (b)  (plate I ) ,  has a striking similarity to that of cavitation (in the form 
of air entrainment) in the diverging sections of oil-film lubrication bearings, as 
illustrated by Taylor (1964). Although the two flow configurations are quite 
different, especially in terms of inertial effects, the similarity arises because 
cavitation in the present models occurs in the separated zone of the viscous 
laminar boundary layer, where inertial effects may be quite small as compared 
with inertial effects in the outer flow. Pearson (1960) conducted experiments 
similar t o  that of Taylor but with simpler apparatus. The apparatus consisted of 
a symmetric wedge with a divergence angle of A, placed over a flat plate with 
minimum clearance of 09004in.; and the region between the two was filled with 
different types of liquid with viscosity high compared with that of water. The 
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FIGURE 17. Diagram showing the physical conditions of cavitation formation in (a) diverg- 
ing section of a wedge (Pearson 1960), ( b )  boundary-layer separated region of both test 
bodies. 

symmetric wedge was terminated at x: = f 1 in. and x = - 1 in., in the notation 
of figure 17 (a) .  It was drawn at measured constant speed perpendicular to planes 
x = constant. This resulted in the suction of an air cavity through the diverging 
section of the apparatus, and the position of the meniscus was determined with 
flash photographs. The air cavity possessed a characteristic instability in the z 
direction, with alternating air fingers and fully wetted regions. Similar instability 
is noticed with cavitation on present bodies, as in figure 1 ( b )  (plate I ) .  In the 
experiments of Taylor and Pearson, the important dimensionless group was found 
to be pUJT (p is the coefficient of dynamic viscosity, T is the coefficient of sur- 
face tension), with the minimum clearance h, as the pertinent length parameter. 
pU,/T is commonly known as the Taylor-Saflman parameter; it  is the ratio of 
Weber number to Reynolds number, both based on U,. The physical conditions 
under which cavitation occurs in the present models are shown in figure 17 (b ) ;  
and the likeness to conditions shown in figure 17 (a )  is very suggestive. With this 
in mind, the important dimensionless group was taken to be the Taylor-Saffman 
parameter, with Weber number based on local velocity at  boundary-layer sepa- 
ration, and Reynolds number based on free stream velocity. The length para- 
meter equivalent to h, was chosen to be the boundary-layer momentum thickness 
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Taylor-Saffman parameter 

FIGURE 18. Correlation plot, to find the distance from the position of boundary-layer 
separation t o  that  of cavitation separation. 0 ,  Swedish headform, Y = h*/(0,),,; A, 
hemispherical nose, Y = h*/(Os)NC; D, Pearson's data, Y = b/h,. 

at separation 0,. As discussed earlier, h was independent of u; and this allows us 
to choose the pertinent variables in determining h a t  any cavitation number. 
The most useful condition to choose is that under non-cavitating conditions, 
or for u 9 I. Thus the non-dimensional groups chosen were 

A plot of these quantities for the present models is shown in figure 18. The values 
of (OJNC were computed by Thwaites's approximate method (Arakeri 1973). 
Also inchded in figure 18 are results obtained by Pearson; b/ho in Pearson's 
experiments is equivalent to h*/(BSfNc for the present experiments and pUo/T 
is equivalent to ( p U / T )  [I - (CJXc]. The agreement between our results and those 
of Pearson is quite good, especially for low values of the Taylor-Saffman para- 
meter. In  our analysis, the possible role of another geometrical parameter, 
equivalent to the wedge angle in Pearson's experiments, is not considered. In  our 
problem, this parameter would be the angle between the viscous separated 
streamline and the adjacent boundary of the solid body. Neglect of it may be 
responsible for some of the differences in the observations of figure 18. 

Astraight-line approximation to the data for our test bodies, in figure 18, gives 

h"l(0,)NC and ( P U P )  [ I -  (CS)NCl* 

P U  -- - 130-312- [I  - (C,)Ec]. 
(Os)NC T 

A" 

Since A" cannot be negative, it  should be taken that 
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7. The complete correIation 
One can express the position of cavitation separation as the sum of the position 

of the boundary-layer separation preceding it and the distance between the 
two. or 6) = (%)+(;). (3) 

Using the correlations obtained in (1)  and (2), (3) may be written as 

To use (4), knowledge of the pressure distribution on the cavitating body under 
non-cavitating conditions, but a t  the same Reynolds number, is required. 
Similarly, the position of boundary-layer separation under non-cavitating con- 
ditions should be known experimentally, or may be estimated by Thwaites’s 
approximate method. For our test bodies, Thwaites’s method predicted the 
position of laminar boundary-layer separation to within 2 yo of that observed 
(Arakeri 1973). Again, Thwaites’s method may be used to compute 6, under 
non-cavitating conditions. Equation (4) is valid only for 

(/J.U/T) [ I -  (Cs)NC!l < 0.42; 

for values of this term greater than 0.42, the third term representing (h*/D) is 
zero. 

8. Computations using the complete correlation 
Computations were made to predict the position of cavitation separation on 

spheres and cylinders for various Reynolds and cavitation numbers. For these, 
it  is convenient to express (4) in terms of angular position: 

y represents the angular position from the stagnation point, in degrees. The 
different flow regimes possible on spheres and cylinders are as first defined by 
Roshko (1961). The first critical Reynolds number is when the separated laminar 
free shear layer re-attaches, to form a laminar separation bubble. Therefore, 
for R less than first critical Reynolds number, only laminar separation exists; 
and, for R greater than first critical Reynolds number, both laminar and tur- 
bulent separations exist. The following information under non-cavitating 
conditions was obtained with the help of experimental pressure distribution 
measurements of Maxworthy (1969) on spheres and Roshko (1961) on cylinders. 
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Spheres 

(i) 104 < R < 105: below the first critical Reynolds number, 

(YB)NC + 82*5", (YCmin)NC + 74" ; 
Thwaites's method, 

(Cs)Nc + - 0.4, (/3s/D)Nc + 0*284/RB. 

(ii) R = 3 x 105: at the first critical Reynolds number, 

(YB)NC A 82.50, (YCmin)NC =k 72'5"; 

(Cs)Nc = - 0-46, (6s/D)NC * 6 X 

(iii) 3 x lo5 < R < 106: above the first critical Reynolds number, 

( Y B ) N c  + log", (YCmln)NC 

(cs)Nc + - 1.02, (/3s/D)Nc = 0*4/R$. 

Cylinders 

(i) 104 < R < lo5: below the first critical Reynolds number, 

(Yl3)n.C = go", (YCmin)NC 70°; 

(Cs)Nc - 1.1875, (Os/D)NC + 0*32/R&. 

The momentum thickness at boundary-layer separation under non-cavitating 
conditions was estimated by Thwaites's method at  the predicted position of 
laminar separation. The predicted positions were the same, to within 7 yo, as those 
observed experimentally. 

Sample calcula,tions : spheres 

U = lofts-', (T = 0.1, D = 1' 2 In., 

R = 4 x l O 4 *  (Bs/D)NC + 0.284/(4 x lo4)$ = 14.2 x 

As mentioned, 

( 7 B ) N c  + 82.5", (YCmin)NC f 74", (C,)NC + - 0.4. 
Therefore, 

Using these values in ( 5 ) ,  

yC = 82.5" - [2*37(0.75) (82.5"- 74")] +{360/3.14 x 14.2 x 10-4 

x [130-312(0~061)]}0 = 82.5"- 15*1"+ 18.1" = 85.5". 

Similar calculations for spheres and cylinders, a t  various Reynolds and cavita- 
tion numbers, are shown in figures 19(a)-(c). 
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FIGURE 19. Comparison of calculated with observed position of cavitation separation. ( a ) ,  
( 6 )  0.25 and 06in. sphere; ( e )  0.25 in. cylinder. yc calculated from the smooth-separation 
condition by Brennen. 
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FIGURE 20. Calculated position of cavitation separation on 0-5in. sphere, at = 0-1. 

Mercury Water Benzene 

p/T ( x 103sft-l) 0.9 4.36 6.85 
A 0 

9. Comparison with experiments 
Also shown in figures 19(a)-(c) are positions of cavitation separation found 

experimentally by Brennen (1969a, 1970). Marked, too, is the position of cavita- 
tion obtained theoretically, using the smooth-separation condition (Brennen 
19693). Since these are based on potential flow calculations, the predicted 
positions would not be dependent on Reynolds number. 

From figure 19(a ) ,  a t  u = 0.1 the calculated values follow the same trend, 
with R, as the experimentally observed values, to within 7 %. From figure 19 (b ) ,  
a t  u = 0.25 and 0-5 the agreement is much better; the calculated values are 
the same to within 4 yo as those observed. The important point is that the slope 
of the calculated and experimentally found curves is in excellent agreement for all 
Reynolds and cavitationnumbers. From figure 19 (b ) ,  at u = 0.25 thediscontinuity 
in the observed positions, just before and after the first critical Reynolds number 
for a sphere, is also predicted from our calculations. From figure 19(c) ,  the case 
of a cylinder, agreement is very good at  R = lo4, but gradually differs by about 
10% at R = lo5. 

Predictions of the position of cavitation separation for three different fluids, 
which have different PIT, are shown in figure 20. The value of the coefficient of 
surface tension T of mercury is about eight times that of water; and for benzene 
it is one-half that of water. From figure 20, for the low Reynolds number range 
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R < 6 x lo4, viscous forces dominate in determining the position of cavitation 
separation on a sphere; and this is consistent with the observations of Brennen 
(1  970). However, a t  higher Reynolds numbers, surface tension is seen to influence 
the position of cavitation separation. This is in contrast to Brennen’s observa- 
tions, which show that, even up to R = 1.2 x lo5, surface tension does not affect 
the position of cavitation separation. 
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