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I NTRODUCTION 

Cavitation is a phenomenon involving a rapid and essentially 
uncontrolled change of phase from liquid to vapor. It occurs in a 
liquid system whenever the absolute pressure in the liquid drops by 
hydrodynamic means to or below some critical value. In· all the com
mon situations cavitation first appears when the pressure is low enough 
to unbalance the equilibrium of minute volumes or nuclei of undis
solved ga-s or free vapor which are trapped on entrained foreign matter 
or in the containing walls of the liquid. The result is a transient un
steady phenomenon characterized by a growth of holes or cavities, 
The bubble growth will be "explosive" if jt is primarily the result of 
vaporization into the cavity. This we call the cavitation and it is of 
prime importance. The slow growth by diffusion of gas into the cavity 
is sometimes called gaseous cavitation when acoustically induced. 

Cavitation, at least in its inception stages, is local bo-iling at 
essentially constant temperature. However, cavitation is hydrodynamic 
(fluid motion causing the unbalancing of nuclei equilibrium) while 
boiling is thermodynamic ( heat addition causing the unbalance). 

Cavitation has several effects. First, it modifies the non-cavitating 
hydrodynamic flow characteristics. This modification changes the per
formance of hydraulic devices. Since these devices are designed for 
non-cavitating conditions, the result is usually poorer performance. 
Second, cavitation causes material damage to the nearby solid bounda-
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ries. Third, it is the source of some auxiliary problems of differing im
portance in different situations. Noise, unwanted release of gases and 
mechanical breakdown of some types of fluids are examples. 

When properly controlled, cavitation can be used beneficially. 
Its damaging ability makes it an effective "scrubber" for -certain types 
of surface -deaning operations. Its noise producing characteristic has 
been applied to a high energy echo-ranging device for ocean bottom 
surveying. Its ability to mechanically break down certain chemicals and 
compounds has important possibilities. Currently there is much re
search effort going into developing hydraulic machinery and equip
ment designed to operate with cavitation and allow an important ex
tension of operating pressure and velocity ranges. 

CAVITATION M ECHA..."UCS 

A. Inception 

The critical pressure at which cavitation occurs is usually taken 
to be the vapor pressure. However, the problem is not so simple as ex
periments show. \Vhile cavitation occurs near the vapor pressure, there 
are deviations from it with both water and other liquids. Vapor pres
sure is defined as the equilibriwn pressure, at some specified tempera
ture, of the liquid's vapor which is in contact with an existing free 
surface. On the other hand, cavitation inception is related to the 
equilibrium of liquid-free pockets and involves other properties of the 
liquid, its bounding walls and any entrained contaminants. We can 
illustrate this by discussing two points. 

Let us examine fi.rst the stability of a gas volume or nucleus, in 
a normal liquid. For convenience we will consider a sphere, the shape a 
very small free gas bubble will assume. We will assume irrotational 
motion inside and outside the bubble as the sphere changes size. The 
velocity potential for the liquid motion (having zero velocity at infin
ity) which accompanies bubble size change is 

¢ = R
2

dR/dt (l) 
r 

where 
R = R ( t) = bubble radius at time t 

r = radial distance from the bubble center. 

The radial velocity at any r is 

_ ocf, _ R2 dR/dt 
u - - or-- r (2) 
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which reduces to u = U =-..: dR/ dt for the bubble wan radial velocity. 
Actually, because of evaporation or condensation at the wall, this latter 
is an approximation for a cavitating bubble. With constant liquid den
sity, the equation of motion can be written 

where 

p(r) = local pressure at radius r 
poo = pressure at infi.nity in the liquid 
Q = gravity potential. 

(3) 

Neglecting gravity and reducing to r = R gives for the bubble wall 

where 

p(R) = pressure at the bubble wall. 

For a gaseous bubble, let 

P~ = p__.(T) = vapor pressure 
1\YT 

pi; = R3 = gas partial pressure (assuming a perfect gas) 

<T = cr(T ) = surface tension. 

(4) 

Then, referring to Fig. 1, which is a section through a spherical bubble, 

we see 
2a 

p (R ) = p,. + pg -·R 

so that the equation of motion of the bubble wall becomes 

(S ) 

[ 
dU 3 ] [ 2cr NT] 

r R dt : 2 u2 = - p..,- p,. + R - RH =fi(R) (6) 

dR 
With the bubble in equilibrium U = --= O and the equilibrium 

dt 
radius is given by 

( 7) 



198 BOSTON SOCIETY OF CIVIL ENGINEERS 

-p(R) 

FIG. I SECTION THROUG.H SPHERICAL BUBBLE 
The quantity fds the force encouraging growth. Ignoring the dynamic 
effects we have 

f b·1· ob o or sta 11ty oR < 
(8) 

for unstability ;; > 0 

For constant temperature and constant gas content N, the critical 
radius is 

( 
3NT )¼ 

R=R*= 20 

Combining with f1 = 0 we get 

or 

- 4l1 
R*= ------

3 (p., - Pv)c,lt 

(p,o - p,.) 
crit 

411 

3R* 

(9) 
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In Fig. 2 is shown (p.,, - })-r) versus nucleus diameter ( D = 2 R) 
for a constant temperature (and surface tension) and various constant 
values of gas content. The minimum of each curve corresponds to the 
critical value R *. The diagram shows clearly that once (poo - Pv) 
reaches its critical or minimum value, equilibrium is unstable and a 
bubble will continue to grow without further pressure reduction. It 
also shows that the ambient pressure p., must fall below the vapor 
pressure to cause instability of a gas bubble. The magnitude of this 
drop below Pv depends on the amount of gas in the nucleus, and hence 
on the original size of the nucleus. For smaller and smaller amounts of 
gas the critical value of (p"' _; p.,.) becomes increasingly negative giv
ing high tensions in the liquid. 

For a vapor bubble, pg is zero and the equilibrium is given by 

or 

fo(R) =-[p.., - p,,. +-~-] = O 

- 20 
Re11ui1. = ----

For constant temperature 

ofo 2o -· - = -- > 0 always oR R2 

so that there is no stable equilibrium. 
Then 

for R < [ 
20 

] the bubble collapses 
p.,-p.., 

for R > [ 
20 

] the bubble expands indefinitely. 
Pv - poo 

(11) 

(12) 

Thus, the static equilibrium radius is the critical radius for a vapor
filled bubble and 

* - 3 * R ,or, - -R irn• 
2 

(14) 

Now let us examine the origin of nuclei. First we note that simple 
free spherical bubbles will dissolve under surface tension forces after 
some time. Nuclei can only be stabilized on the solid boundaries of the 
system or on entrained foreign matter. All solid surfaces contain micro-
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scopic crevices and cracks and in most cases these surfaces and cracks 
are unclean and hence hydrophobic and "non-wettable". It has been. 
shown that gas can be trapped in such a crevice. This is possible be
cause under certain circumstances the surface tension of the gas 
trapped in the crevice acts to decrease rather than increase the gas: 
partial pressure. In Fig. 3 a hydrophobic (non-wettable) conical crack 

FIG. 3 

Ga s- Va po r 

INTERFACE 
HYDROPHOBIC 

Liquid 

EQUILIBRIU M IN 
CONICAL CRACK 

has the liquid-gas interface with contact angle B = (1t/2 + a). For 
this condition equilibrium is given by 

20 
p:; + pv=p- - - ( 15} 

R 

Assuming p and p, both constant, let pg exceed the saturation value. 
Gas will dissolve causing the interface to advance into the crevice. 
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The radius R is simultaneously reduced causing pg = NT/R3 to drop 
until diffusion equilibrium occurs. If P11 is less than the saturation 
value, the reverse will occur, gas diffusing from the liquid and the 
volume growing. 

If the receding angle of contact fht remains 

On~ (n/2 + a) (16) 

equilibrium will be established. On the other hand, if the receding 
angle becomes 

0 < (:;i;/2 -1- a) (17) 

the curvature of the liquid gas interface changes sign and pg continues 
to decrease. Then gas release will continue and the gas pocket will 
emerge beyond the crevice to be swept away by passing flow. Thus we 
have a mechanism for "seeding" a liquid stream with gas nuclei. 

If only vapor exists in the hydrophobic crevice, equilibrium 
requires 

2tJ 
p~=p- 

R 
(18) 

Assume p exceeds the equilibrium value. The interface will advance 
into the crevice and the radius R wm decrease. It is possible then for 
the vapor pocket to become stabilized and serve as a nucleating agent 
on reversal of the pressure p. 

Of course, pure liquids completely vo-id of dissolved gases will be 
encountered rarely (possibly some cryogenic liquids may be gas-free). 
It appears that in all practical cases cavitation originates from gas 
nuclei. 

B. Travelling Cavities 

After inception, cavitation occurs in different degrees and assumes 
different physical appearances depending on magnitude of the pressure 
reduction and on the configurations of the containing solid bound
aries. The various manifestations ·can be grouped conveniently into 
two types or classifications called travelling cavities and fixed cavities, 

Travelling cavities are individual transient bubbles which form 
from nuclei and move with the liquid as they expand, shrink and then 
collapse. These cavities may originate at low pressure points along a 
solid boundary or in the liquid interior either at the cores of moving 
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vortices or in a highly turbulent shear zone. At the points of their 
collapse, high "pin-point" pressures occur. Fig. 4 shows travelling 
cavities originating at the minimum pressure zone on an immersed 
"ogive" surface. These cavities, which were "stopped" with microflash 
photography, grow rapidly to a maximum diameter and then begin 
to collapse as they sweep into a region of pressure. higher than the, 
vapor pressure. The life of a single bubble is of the order of milli
seconds. To the naked eye a case of travelling cavitation ,vilI appear 
as a quasi-steady zone of "froth." Flash photography or high speed 
moving pictures are needed to show the individual cavities clearly. 

The rate of growth and collapse of travelling cavities and the 
final pressure at collapse depends on various properties and factors. 
Compressibility, viscous effects and entrained air tend to retard 
collapse and reduce the maximum pressure. Surface tension acts to 
aid collapse. As we have seen, gas content is important in the inception 
process. H owever, beyond inception the vaporization rate is so much 
faster than gas diffusion from the liquid, that gas content becomes 
a negligible factor in growth. Only in the final stages of collapse are 
the gas effects again important. 

For spherical cavities the assumption of an empty bubble and in~ 
compressible liquid in Eq. (3) will predict bubble growth and collapse 
accurately down to about one-fourth maximum diameter. Beyond this 
the other effects must be introduced. Particularly, heat transfer at 
the bubble wall and the effect of temperature on surface tension is 
important in the last stages of collapse. Because of the complexity 
of the problem there is no agreement on the theoretical value for the 
maximum collapse pressures. Computations have given values ranging 
from several hundred to several thousand atmospheres. Experimental 
values range from 10 atmospheres at 10 cm distance from the col1apse 
point up to 12,000 atmospheres at the collapse point on a boundary. 
The latter value is interpreted from stress waves appearing in a 
photoeJastic material exposed to cavitation. It is only agreed that 
extremely high intensities are possible. 

Mechanical damage is associated with these high pin-point pres
sures which at least initiate local deformation and material removal. 
Other factors, such as corrosive and electrochemical effects, may con
tribute in an important way but are not necessary to the destruction. 
The interaction between the high pressure forces and mechanical re
sponse of the solid material appears to be primary. Different materials 
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deform and may not lose weight rapidly, while brittle materials may 
lose weight very soon after exposure cavitation. 

Travelling cavities may oscillate as they change size. Also, com
plete co1lapse is often followed by a series of re-openings and reclosures. 
Both are evidences of a pulsating pressure condition in the cavitation 
process in addition to the intermittency of the appearance and demise 
of individual bubbles. It is not clear what role "rebounding" at collapse 
plays in the mechanism of damage, but such oscillations do co11tribute 
to the noise generated in a cavitating zone. 

C. Fixed Cavities 

At advanced stages of cavitation, a fixed cavity may occur in the 
form of a pocket attached to a rigid boundary around which the main 
liquid flow passes. In hydraulic equipment, the fixed or attached 
cavities are very important. As the pressure and velocity conditions 
for inception are exceeded, cavitation advances to a stage where it 
causes the main flow to separate from the guiding surface leaving a 
cavitated zone or space between the solid surface and the boundary of 
separation. The main flow follows a trajectory determined by the 
pressure field and usually returns to the solid surface at some point 
downstream. It is at this point that damage usually occurs. While 
there is a zone of condensation at the terminus of the cavitated vol
ume, sudden collapse is not readily apparent. A question is raised 
about the damage process and the applicability of the ideas from 
travelling ,cavity considerations. Also these flows are definitely un
steady giving rise to unsteady pressure and force variations. 

The conditions for inception and character of subsequent stages 
of cavitation depend on the shape of the solid boundary or boundaries 
of the liquid space. In hydrodynamic machines and structures, cavita
tion is due to pressure reductions occurring as the result of a relative 
flow past an immersed body, vane, hydrofoil or other guiding surface. 
In all cases as the liquid iR deflected around the solid boundary, a 
curvilinear flow field is established having pressure gradients normal 
to the •streamlines opposing the centripetal accelerations. In addition, 
convective accelerations along streamJines will cause negative pres
sure gradients in the flow direction and decelerations will cause posi
tive gradients. Thus, on the solid boundaries the pressure intensity 
tends to fall if the boundary curves away from the flow or if the flow 
accelerates along the boundary. The pressure tends to rise if the 
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boundary curves into the .flow or the flow decelerates along the 
boundary. There results a pressure distribution along any immersed 
surface consisting of a minimum pressure point with higher pressures 
preceding and following the minimum. 

Since boundary layer separation tends to occur in regions of high 
adverse pressure gradients or excessively sharp boundary curvature, 
a distinction can be made between two general classes of bodies or 
guiding surfaces. They are: · 

1. Streamlined surfaces• for which non-cavitating flow boundary 
layer separation is avoided. 

2. Projecting surfaces which present sharp or possibly zero 
curvature projections to the relative flow so that non
cavitating boundary layer separation coincides with the 
minimum pressure point. 

For the streamlined surfaces, so long as boundary layer separation 
does not occur, the liquid will remain in contac,t with tl1e boundary 
until sufficient tension is developed by pressure reduction to cause 
"rupture" at weak points. Initially such ruptures will occur as discrete 
and nearly spherical bubbles and the large bulk of the liquid will pass 
the minimum pressure point without break in continuity. For the 
projecting type surfaces, cavitation generally will occur first at the 
cores of vortices established in the zone of high shear along the 
separation boundary, and well away from the solid surface. Due to 
the highly vortical motion of the liquid, as at the rupture points, the 
resulting cavities develop irregular shapes. 

In general, as the pressure is reduced or relative velocity in
creased in a given situation, bubbles appear more diffusely and with 
greater frequency and persist longer. There results for streamlined 
type boundaries a gradual blanketing by coalescing bubbles. The 
mingling cavities effectively break the continuity of the liquid stream 
and complete breakaway from the boundary may occur causing a 
fixed or attached cavity. 

The maximum length of a fixed cavity depends on the pressure 
field and termination may be on the solid boundary or may extend 
well beyond the body before the liquid stream closes together again. 
Cavities which are long compared to the body are often called super
cavities. Supercavitation has become important in connection with 
high speed propellers and hydrofoils. By purposely designing to 
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operate in the supercavitation range, the speed of operation has been 
extended. Currently, attention is being given to development of super
cavitating hydraulic turbines and pumps. Figs. 5, 6 and 7 show fixed 
cavity examples . 

. , 
110 CU"IUTlOH 
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Fig. 5a - Regions of intermittent bubble and clear, attached cavity cavitation 

For low cavitation numbers cavities formed by the same body 
have been observed either as 

1. a smooth transparent walled void apparently enclosing a 
vapo·r or gas-filled volume, 

l.. a cavitated region with a turbulent fluctuation interface sur
face. This surface is seemingly composed of an intermingling 
of transient cavities, and its. roughness reduces its trans
parency, sometimes making it opaque. 

The smooth transparent cavities are practically steady state in that the 
cavity wall is nearly stationary with fluctuations and oscillations only 
at the trailing end. The most useful examples of supercavitation are 
such smooth transparent cavities. The forward portions of these cavi
ties are essentially free-streamline flows and certain examples have 
been analyzed as such, The rough and less transparent cavity walls are 
steady only in the sense that there is an average envelope of fixed 
dimensions. The reasons for these differences have not been completely 
established, but there is evidence that the smooth transparent free 
stream type is associated with the presence of large amounts of non-
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K = 0.67 K = 0.64 

Fie. 5b - 1NTERM.J.Tl'L.'IT l3U11BLE (LEl!'T) AND ATT.'1.CHJ!Jl CAVITY (Rrc:a:T) Ct.VITATION 
ON 2-n.•. D IAMETER J{F.MISPDJ::IIB 

V = 50 fps, Re = 8.2 X 10-~ 
Figs. 5.i, Sb taken from Kenneen (1) 

condensable gas. It is known, for example, that a clear cavity can be 
maintained behind an immersed body by venting the wake with air. It 
is also clear that the mechanics of cavity maintenance and downstream 
closure will be different in the two cases. In general, vaporization and 
gas release through the cavity walls must be in equilibrium with the 
vapor condensation and gas solution at cavity closure. The smooth 
transparent walls are indications that very little vaporization is occur
ring and suggests that the smooth ,valled cavity can be maintained only 
if it can accumulate a large mass of non-condensable gas. For small 
amounts of gas the cavity must be maintained by boiling through the 
turbulent interface. 

The difference in steadiness between the two cases affects re
sulting vibration and noise in hydraulic equipment. In fact, the favor
able effect of bleeding air into cavitating hydraulic turbines suggests 
that a transition from the unsteady to the more steady type may 
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take place. Then too, it is suspected that, if the air mass is important 
in distinguishing the two types, the damage potential of the more 
turbulent type is greater than that of the smooth walled cavity. 

In some cases fixed cavities display a cycling process. Following 
initial formation, the cavity grows by a process of liquid entrainment 
out of the pocket region and then refills by a re-entrant liquid jet 
from the high pressure zone caused by the main flow closing back on 
the solid boundary as shown in the schematic diagram in Fig. 8. When 
the re-entrant jet reaches the upper end of the cavity, the process is 
disrupted and the bulk of the cavitated zone breaks off and is swept 
downstream. The process is then repeated. The cycle time is short 
( of the order of 0.02 seconds at 50 feet per second) and decreases 
with main flow velocity increase. The series of motion picture frames 
in Fig. 8 show the cavity growth, filling and breakoff. The re-entrant 
flow is .seen clearly in fourth and fifth frame. The last frame shows 
the breakup of the surface which occurs at complete filling. As indi
cated in_ the schematic below the photographs, the liquid in the re
entrant flow is largely fluid that was adjacent to the cavity free surface, 
a point of significance in the observed damage pattern. The surface of 
the main cavity has been observed to be covered with a multitude of 
small bubbles which grow like travelling cavities. These bubbles are 
swept into the downstream stagnation pressure zone (S) in Figure 8 
and disappear. It is thought that a number collapse at the boundary 
and are the cause of the observed damage. With cycling, the stagnation 
point (S) sweeps the length of the cavitated zone but with gre.ater con
centration near the end of the fully developed cavity. This is the region 
of greatest damage. 

The cycling just described does not occur below some critical 
velocity. Probably insufficient energy and momentum prevent com
plete cavity filling and lead to stability. With the increasing use of 
higher velocities in structures and machines the possibility of cycling 
becomes a more important consideration. 

BASIC DATA FOR DESIGN A.PPLICA'IlONS 

A. Cavitation Number and Scale Effects 
In comparing cavitation conditions, a useful cavitation number 

( called sigma) is defined as 

o= ( 19) 
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--
Re- entrant Flow 

Fig . 8 For mat ion and Re- ent rant Flow in a Cycling 
Fixed Cavity [Af ter R.T. Knapp (2)1 
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where 

Ph = local pressure in the cavitated region 
poo = free stream pressure 
Uczo = free stream velocity. 

If Pv = Pmiu, the minimum pressure on a submerged boundary, sigma 
equals the minimum pressure coefficient, or 

At cavitation inception a-= <Ti defined as 

p, - Po 
fJ· -
,- pU,,2 2 

where 

(20) 

(21) 

Pi = free stream pressure at which inception occurs some place in 
the flow system. 

For convenience it is customary to use the vapor pressure instead of 
pb. Thus we write 

(22) 

where 

Pv = vapor pressure. 
If cavitation inception occurs when pmin = Pv we have 

(23) 

Departures from the equality of Eq. (23) are known as scale effects. 
They are related to 

(a) the nucleation process already discussed, 
(b) Reynolds number effects on the distribution of average 

pressure over the immersed boundary, 
( c) turbulence and separation eddy effects on the local minimum 

pressure in the fluid, 
( d) roughness effects. 

These effects combined may lead to inception pressures higher or 
lower than predictions using vapor pressure. Roughness is a special 
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problem which we will discuss in the next section. Turbulence causes 
local pressures to fluctuate about the mean. Turbulence in a boundary 
layer has been observed ( 4) to cause a local minimum of 0.40 to 0.57 
feet of water below the existing mean pressure. This would make the 
measured er; [by Eq, (22) J higher than Cllmiu [by Eq, (20)]. Separa
tion and eddy effects produce similar results, but the magnitudes are 
not well established. Nucleation from gas nuclei, which we have dis
cussed, tends to make the measured Gt less than CPmtn so long as we 
adhere to the definition that cavitation is the explosive growth of the 
bubbles. On the other hand, with large quantities of entrained un
dissolved gas, growth by diffusion may lead to cavitation-like condi
tions and to fixed cavities at pressures equal, or even above, the vapor 
pressure. In experiments, therefore, every effort is made to operate a.t 
pressures corresponding to undersaturated air solutions. If the air 
is completely dissolved, there appears ,to be no problem. Consequently, 
pressurized samples of water shmv great tensions before cavitation 
starts because all gas (and hence most nuclei) is driven into solution. 

For advanced stages of cavitation 

(24) 

The pressure p11 remains approx:mately constant at the vapor pressure 
once cavitation occurs and the pressure distribution over the im
mersed surface is distorted from the non-cavitating value. Hence, 
lowering poo or increasing Uoo causes (j to fall below u;. 

B. Roughness Effects 

Cavitation-free operation of hydraulic devices involves both the 
proper design and control of the surface finish. Roughness, whether 
randomly distributed or composed of isolated projections, can result 
in early cavitation leading to either performance changes or damage 
or both. There have been many well-publicized examples of concrete 
structures, hydraulic turbines and centrifugal pumps which have 
suffered costly damages due to cavitation which roughness initiated. 

In general, the extra potential for cavitation inception and its 
various consequences is measured by the relative height of the sur
face projections and the boundary layer thickness. Holl ( 3) has in
vestigated isolated roughnesses protruding into a turbulent boundary 
layer. A sample of his results is shown in Fig. 9 in the plot of in
cipient cavitation number "i versus the ratio h/8 of roughness height 



214 

2.8 

H 
,.._ 

2.4 

22 

2.0 ~ 

IS 

L6 

l'c>'" •. 4 
I 

~ 1.01---
>-
~ 901---
> 
5 aoi.-

,70 

BOSTON SOCIETY OF CIVIL ENGINEERS 

I 
I 
I 

I -
·I 
I 

I I ._ 
t 

[~ I I 

I 
I I 

I I 

I I 
I 

! I 
I 

Fig, 9 Incipient cavitation Nt::n'bers .for 
Triangular Roughnesaes 

[liter Holl (3)] 

I 
I 

11 11111 

111 ~~ ; . I 
I I I 

1/4◄ J, I 

I j I 

•111 
' 

to boundary layer thickness. In these the "inception" pressure of 
cavitation was measured as the pressure at which cavitation dis
appeared. This procedure gave more consistent results. In addition, 
average values of several determinations of o; and 5 for each flow 
condition are used. The roughness elements were two-dimensional 
cylindrical strips attached to a plane surface normal to the flow direc
tion. Using these results, Holl gives rules for computing the percent 
increase of the inception cavitation parameter of a parent body with 
a projection which we will describe. 

To predict the effect, four factors must be known: 

(a) roughness height, 
(b) boundary layer thickness in the vicinity of the roughness, 
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( c) pressure distribution on the parent body in the vicinity of 
the roughness, 

( d) the incipient cavitation number of the roughness considered 
alone (that is when the roughness is on a flat plate). 

The minimum pressure coefficient for a parent body with roughness 
-can be written 

where 

p"' = free stream pressure 

p - Pmiult 

r u2/2 

pm1nn =min.press. caused by rouglmess irregularity 
U.,, = free stream velocity 
p = pressure in the vicinity of the roughness 

(2.'i) 

( u~ ) 
(26) 

U= velocity outside the boundary layer in the vicinity of the 
roughness. 

The pressure coefficient for the smooth body at the location of the 
roughness is 

Then, for small roughness, 

p;,;,-p 
C[)s = U ~, 

p L; 2 
(27) 

(28) 

Finally, the minimum pressure coefficient of the roughness (as would 
be obtained when the roughness is on a flat plate) is 

C _ P - l},niulL 
Pm\n - u~ ,2 p -; 

We have then 
c.,miuR = Cps + [ 1 + Cps] CPm!n 

Assuming that Pminll = Pv at the inception of cavitation 

Uj R = Cps + r 1 + Cus] CJ; 

(29) 

(30) 

(31) 
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where 
crm = the incipient cavitation number of the body with roughness 
er; = the incipient cavitation number of the roughness element 

on a plane. 

The roughness is most detrimental when located at the minimum pres
sure point on the body. Then C.,s = Cr,ru;ns and 

(32) 

The thickness of the boundary layer can be estimated using the power 
law relation 

0.37x 
o=----

IR./lri 
(33) 

so long as the boundary layer is fully turbulent. The values of 0"1 arc 
obtained from test results. 

Computations for a triangular projection on a hydrofoil's mini
mum pressure point are summarized below. The right hand column 
gives the percent increase and is computed using the approximation 
that for the smooth body ~iS = CPminS' Then 

as 

h, in. 

0.001 
0.002 
0.004 
0.008 

100 ( <Jm-CPmm.s) 
% increase=--------

CPm1ns 
Calculations for C~m,us = 0.5, 6 = 0.048, in. 

h/,5 CJ; O;n 

0.021 0.34 1.01 
0.042 0.45 1.18 
0.083 0.67 1.50 
0.167 0.90 1.85 

(34) 

Percent increase 
in oiS 

102 
135 
201 
270 

An extrapolation formula to other roughness elements is suggested 

(Uh) 2 
01 :C:::: - 0"1 u 00 

( 35) 

where 

0"1
00 
= incipient cavitation number of a roughness element in a 

uniform stream (i.e. h/6 = ro) 
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U1, = velocity in the boundary layer at the height of the rough-
ness projection. 

For sharp-edged roughness elements it is suggested that a; for sharp
edged disks might be used to approximate aj,,,, 

C. Cavitation on Bodies of Revolution 

Among the basic design elements are simple bodies of revolution. 
In the accompanying Table I are values of cavitation numbers, 
measured in a water tunnel

1 
for families of ogival and conical tips, 

or noses, attached to circular cylindrical bodies. The ogive and the 
cones are defined as shown in the sketches below. 

4 
d r =- 2d 2-Caliber Ogive 

,_l_ 

i 
d r d/4 1/4-Caliber Ogive 

r t 

~ 
d 

_L 
0 u5 Cone 

The cavitation numbers are compared with measured minimum pres
sure coefficients at inception and at advanced stages of cavitation. 
The CPmin values at inception are the non-cavitating values. The 
CPn,in values after inception are, of course, those measured under 
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cavitating conditions. All the data are for Reynolds numbers at which 
non-cavitating flow separation was assured. 

Some points are of special interest. First, the observed value of 
CTi tends to be greater than the measured minimum pressure coefficient. 
This is attributed to microscale cavitation occurring in locally sep
arated regions in which the local pressure reached the cavitating con
dition before the pressure at the surface of the body dropped that low. 
Second, for advanced stages of cavitation ( at which a statistically 
steady attached cavity existed) CT is equal to the measured CI>m,n· This. 
indicates that the mean pressure in the cavitated region is the vapor 
pressure, to the accuracy of the measurements. Third, for those noses 
with sharp comers and severe separation CPmu, rises slightly after incep
tion before it decreases ( ultimately linearly with <1). Apparently a small 
amount of cavitation changes the intensity of the separation and, 
hence, the pressure in the separation zone. 

TABLE I 
CAVITATION Nu:r,U;ERS COMPARED WITH MINIMUM PRESSURE COEFFICIENTS 

[Adopted .from Rouse and McNown (S)J 

At Inception Beyond Inception 

u; CPm,n Ci CPwin 

Ogi'/)es 
2-caliber ?0.40 0.32 0.20 0.20 
I-caliber ~ 0.55 0.48 0.24 0.24 

¼-caliber ~0.80 0.73 0.20 0.20 
¼-caliber ;;,: 1.30 1.08 0.20 0.20 
¾-caliber 1R = 2.4 X 1Q5 1.30 0.82 0.30 0.29 

IR = 3.2 X 10" ~ 1.30 1.16 0.30 0.29 
0-caliber ( square-ended) ;;,: 1.80 0.62 1.50 0.64 

0.30 0.29 

Conical Heads 
45° ? 1.40 1.10 1.25 1.17 

0.30 0.30 
90° ;;,: 1.60 0.69 1.20 0.76 

0.30 0.30 
135° I.70 0.63 1.30 0.68 

0.30 0.30 
180° ( 0-caliber, square- ;;,: 1.80 0.62 1.50 0.64 

ended) 0.30 0.29 
135° concave ~ 1.80 0.62 1.30 0.65 

0.30 0.30 
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An interesting comparison witb tbe 0-caliber nose is tbe result 
-of experiments with disks normal to tbe flow. Kenneen et al. ( 6) made 
tests over a wide Reynolds number range, as summarized in Table II, 
using disks from 1/16" to 1-1/2" diameter. Note that tbe 0-caliber 
nose (and the 13.5° concave nose) falls in the disk range. 

TABLE II 
lNCEPTIOK CAVITAHO:\l NUMRF.RS FOR DISKS 

[Adopted from Kermeen et al. (6)] 
-----------

Reyno 1 d s ~umber 
X 10-:; 

0.25 
0.50 
1.0 
2.0 
3.0 
4.0 
6.0 

1.0 
1.3 
1.5 
1.8 
1.9 
2.0 
2.1 

Beyond inception tbe flow resistance changes. This is typified by 
drag on bodies. As the fixed cavity stage develops, the drag coefficient 
.at first increases over the non-cavitating value. As a supercavity is 
formed the coefficient then decreases. In the supercavity range tbe 
drag coefficient for bodies of revolution is approximately 

where 
Cn( o) = CD(O) + o (36) 

Cn = Drag 
(P U,}/2) A 

(37) 

with 
A = projected area of the body 

Cn(O) = coefficient at cr = O. 

Typical values of tbe zero sigma CD are given in Table III as obtained 
by extrapolating measurements at finite sigmas back to zero. The data 
.are from various sources. 

D. Cavitation on Struts 

As a final example of design data, Table IV gives some values 
from various sources of the zero sigma drag coefficients for struts. 
Such data is of interest, not only in connection with struts as such, 
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TABLE III 
DRAG CoEJtFICIENTS AT ZERO CAVITATION NUMBER 

BODIES OF REVOLUTION 

Nose Form 

Disk 
2-caliber Ogive 
Hemisphere 
Hollow Cylinder 
Cones 

15° 
30° 
45° 
90° 

0.8 
0.15 
0.26 
1.0 

0.12 
0.36 
0.52 
0.81 

but relates to flow over the leading edges of all kinds of vanes and 
hydrofoils. For such two-dimensional bodies the drag coefficient in the 
supercavitating range near zero sigma is approximately 

(38) 

Compared with Table III, this shows higher a for the two-dimensional 
cases. This is in agreement with the higher Cll,nin of non-cavitating 
flows for these cases. 

TABLE IV 
DRAG Co1;;-rncrr.NTS AT ZERO CAVITATION NUMBER 

Two-DIMENSIONAL STRUTS 

Strut Form 

Ellipse (2: 1) 
Circle 
Wedges 

15° 
30° 
45° 
90' 
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