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THE EFFECT OF ENTRAINED AIR ON CAVITATION PITTING 

Alvin J. Peterka* 

SYNOPSIS 

This paper is divided into three sections, "Introduction, " 
"Laboratory Tests, " and "Application of Laboratory Results to Prototype 
Structures, " each of which covers a separate phase of the subject. 

In the Introduction, the general subject of cavitation is briefly 
reviewed to acquaint the unfamiliar reader with some of the more important 
facts he needs for an understanding of the experimental procedures and re-
sults presented. In addition, the difference between the effect of entrained 
air on the formation of cavities and the effect of entrained air on cavitation 
pitting is discussed. 

In the Laboratory Test section, tests to determine the effects of 
entrained air on cavitation pitting are discussed. The first series of tests, 
utilizing a magneto -strictionoscillator, show qualitatively that entrained 
air will reduce pitting on brass samples. Then using a venturi-type cavi-
tation apparatus, tests are described which show quantitatively, in terms 
of weight loss of concrete test specimens, the beneficial effects of small 
amounts of entrained air. Also, it is shown that the cavitation number, 
as used in this paper, changes in value with the addition of entrained air 
to a flow system. 

Finally, observations and tests on two prototype structures, which 
make use of entrained air in the spillway discharge, are discussed. The 
effect of entrained air on cavitation damage is discussed in both cases. 

INTRODUCTION 

Cavitation 

Cavitation, the formation of vapor cavities, will as a rule occur in 
a liquid when dynamic conditions cause the pressure to fall below the vapor 
pressure of the liquid. Further, the cavities thus formed will as a rule col-
lapse when the pressure rises above the vapor pressure of the liquid. If the 
collapse occurs against a boundary or solid object, small pieces of material 
may be removed from the boundary or object which, over a period of time, 
may result in serious damage which is called cavitation pitting, or cavitation 
erosion. 

"Hydraulic Engineer, Engineering Laboratories Branch, Design and 
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The above concepts are adequate for most engineering applications, 
but are general in nature and contain complexities which are not fully under -
stood. Some of the limiting conditions are discussed in subsequent sections 
while others, which are beyond the scope of this paper, are discussed in 
reference material given in the Bibliography. 

Although cavitation may occur in any fluid, this paper is concerned t 
only with cavitation in water and primarily with flowing water in hydraulic 
structures. Experiments performed on other fluids are of interest, however, 
in explaining or understanding the mechanics of cavitation. 

An understanding of the mechanics of cavitation and the resulting 
damage or pitting is desirable and necessary when dealing with water veloc-
ities exceeding, perhaps, 40 feet per second or comparable relative veloc-
ities of a propeller turbine blade or other device operating in still water. 
To illustrate how low pressures may occur in steady flow of an incompres-
sible liquid, the pressure equationl, neglecting gravitational acceleration, 
may be written: 

p = po + 1/2 0 (vo2 - v2) 

where 

p is the local pressure or pressure tending to produce cavitation 
po  is the reference pressure in the flowing fluid 

is the mass density of the fluid 
vo is the reference velocity in the fluid (usually discharge divided 

by area) 

and 

v is the local velocity. 

Pressures are referred to the absolute scale and the mass density to slugs 
per cubic foot. (Fresh water 1. 94 slugs/ft3. ) 

Thus, if the local velocity becomes large the local pressure p will 
drop to small values capable of sustaining cavitation. Therefore, when local 
cavitation occurs in a hydraulic structure, it is often in the vicinity of a pro-
jecting or depressed local area, such as a bolt head or other surface offset 
where local velocities may be relatively high. 

In engineering applications, cavitation in itself is of little conse-
quence unless pitting or damage occurs as a result; or unless some dis-
continuity in flow occurs which reduces the capacity or efficiency of a 
hydraulic machine.2 Cavitation occurs in many structures and goes un-
noticed unless some side effect brims it to attention. On the other hand, 

See Bibliography at end of paper with regard to reference numbers 
throughout narrative. 
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cavitation and the resultant damage may be so severe that the life of a 
structure is reduced from years to weeks. 3 It is this type of damage 
with which this paper is concerned. 

Cavitation inception, the point where cavities begin to form, is 
usually in a region where the reference pressure has been reduced to the 
vapor pressure of the fluid. Under special conditions, however, this may 
be modified, depending upon the type of fluid, and whether the fluid con-
tains entrained gases or impurities which can act as cavity nuclei. Under 
these conditions, cavitation may occur well above the vapor pressure.4 
On the other hand, specially prepared pure water has been subjected to 
tension equivalent to 157 atmospheres without cavity formation and has 
been heated to over 2000  C without boiling. 5 Boiling is a form of cavitation 
where cavities are induced to form in a fluid by temperature change alone. 
In practical engineering applications, however, cavitation is produced by 
pressure reductions alone. 

Cavities may occur in a fluid in motion, as in the case of the usual 
hydraulic structure, or with the fluid at rest as in the case of a ship propel-
ler.6 Cavities have been observed from pin-point size up to and greater than 
5/16-inch diameter. The life of a cavity is relatively short, having been 
measured to be 1/200 second for a 5/16 -inch cavity. ? In tests, which are 
the subject of this paper, cavity life was of the order of 1/250 second. 

Cavities upon entering a region of higher pressure usually begin to 
collapse and may be well into the higher pressure region before they have 
entirely disappeared. In some observed cases, the momentum of the water 
surrounding the collapsing cavity may produce another cavity. The cavity, 
in effect, turns inside out causing another smaller cavity to form. High-
speed motion pictures have shown many reversals of a single cavity under 
certain conditions. 

It is the collapse of the cavity which produces pitting or damage. 8 
Calculations made to determine the force exerted on a boundary or object 
caused by the collapse of a spherical bubble show values as high as 765 tons 
per square inch. Actual measurements of the force have been made and 
values of the order of 50 tons per square inch have been obtained. In any 
case, it is certain that the forces exerted are tremendous and do, in many 
cases, result in irreparable damage to ordinary construction materials. 

It is not known exactly how the bubble collapses and how the damage 
actually takes place. Early experimenters attributed damage to glass and 
quartz rods to pressure release rather than to pressure application.9 How-
ever, more evidence exists that cavitation damage is associated with the im-
pact of the water surrounding a collapsing cavity, and this idea seems to be 
more widely accepted. Other experimenters have shown that damage, 
closely resembling cavitation damage, can be produced by small water drops  
traveling at nominal speeds provided there are sufficient number of impacts. 10  
An early theory that cavitation pitting is caused by electrolytic or,  chemical 
action is now generally in discard. 
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Detection of Cavitation in Hydraulic Structures 

When cavitation damage is severe, or when a cause for cavita-
tion has been established, proof that cavitation actually occurred is ex-
tremely simple. In many cases, however, it is difficult to determine 
whether damage, which has occurred in a hydraulic structure, should be 
attributed to cavitation or to other causes such as abrasion. This is 
particularly true if the damaged material is concrete. To the practiced 
eye, however, cavitation damage is usually readily apparent. Surfaces 
damaged by cavitation have what might be described as a "plucked out" 
appearance. Pitted surfaces show abrupt variations in surface elevation 
which could not occur if an abrasive action were present. Cavitation 
damage in its early stages shows this more clearly than later stages 
where the original surface has been entirely removed. A close study of 
photographs of pitted surfaces, and also of pitted samples if they are 
available, will aid the uninitiated in determining whether cavitation pitting 
or some other type of damage has occurred. 

Cavitation is usually accompanied by crepitation, and if the struc-
ture can be observed in operation, cavitation can sometimes be confirmed 
by an audible crackling noise. Damage can occur, however, without audible 
noise and conversely, audible crepitation does not necessarily mean that 
damage is occurring. 

Occurrence of Cavitation in Hydraulic Structures 

To the designers of hydraulic structures and machinery, various 
methods of preventing cavitation are available. Laboratory tests, exper-
iences with structures in operation, and a general knowledge of the causes 
of cavitation have done much to provide structures which reduce the op-
portunities for cavitation to occur. Sufficient knowledge and know-how have 
not yet been accumulated, however, for a designer to be certain that local 
cavitation will not occur, particularly when he is faced with the necessity 
of providing a low-cost structure on a budget which allows for no overdesign 
of any kind. 

The designer assumes that the completed structure will have the 
exact dimensions he assigned and that all radii will have true tangent in-
tersections, that all joints will be plane surfaces, and that all surfaces 
will be no rougher than he anticipated. This is rarely the case, however, 
since close tolerances are virtually impossible to obtain throughout a 
structure without prohibitive cost. Consideration of all these factors 
prompted this investigation to determine the effect of entrained air on 
cavitation pitting. The addition of air to flowing water in many cases is 
a relatively simple procedure, and if entrained air will reduce or elimi-
nate cavitation pitting, the high cost of eliminating damage by other means 
can be partly offset. 

Air-Water Mixtures 

Pure water, which has been used in some laboratory research 
investigations, exhibits cavitation characteristics which are somewhat 
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different than water which is found in nature. All natural waters contain 
air and impurities in sufficient amount to allow cavitation to occur above 
the vapor pressure. It is, therefore, important to distinguish between 
the air normally contained in water and which aids in forming cavities, 
and air added to the water for the purpose of reducing cavitation pitting. 

The exact part that entrained air plays in reducing pitting is not 
known, but entrained air does affect the compressibility of the mixture. 11 
Pure water may be considered to be an incompressible fluid, but it will 
decrease about 120, 000 in volume for an increase in pressure equal to 
one atmosphere. If 0. 1 percent, by volume, of air is added to the water, 
the compressibility of the mixture is 10 times greater. It is reasonable 
to assume, therefore, that when vapor cavities form in the air-water 
mixture, the collapsing forces should be smaller. 

The method of introducing air into the water would probably have 
some effect on the characteristics of the mixture. Air introduced into a 
flow system in small bubbles well distributed across the flow section 
would probably be more beneficial than air introduced in larger bubbles 
and concentrated in one local area. Air vents, the type usually installed 
in a hydraulic structure, often consist of a single pipe with one end placed 
in a low-pressure area and the other open to the atmosphere. When air 
vents fail to accomplish their intended purpose, it is usually because air 
introduced into rapidly flowing water cannot expand laterally to accomplish 
a pressure increase over a significant area. The air follows a flow stream-
line, and its effects extend over a relatively narrow band. Large air bub-
bles also tend to rise quickly, the turbulence in the flowing water being 
insufficient to keep the bubbles in suspension. Hydraulic model tests have 
shown the difficulty in maintaining a uniform air-water mixture for a 
useful length of time. 12 

LABORATORY TESTS ON EFFECTS OF ENTRAINED AIR 

The use of entrained air to reduce cavitation pitting has been 
reported by several investigators. All agree that entrained air has helped 
to reduce damage, but specific and quantitative information is almost non-
existent. To be of practical use, relatively small quantities of entrained 
air should produce a worthwhile reduction in the observed damage. 

Magneto -strictionOscillator Tests 

The magneto-striction oscillator is, in effect, an electronic de-
vice which causes a 5/ 8-inch diameter nickel tube, properly supported, 
to vibrate longitudinally in an alternating-current field. Sixty-cycle al-
ternating current is fed into an oscillator, and the nickel tube is coupled 
to the oscillator by placing it in the plate coil of the oscillator. Because 
of the magneto -strictioneffect, the nickel tube expands and contracts at 
the frequency of the oscillator; in this case, 7, 800 cycles per second. 

The magneto-striction oscillator is shown in Figure 1. The cab-
inet houses the oscillator and other electronic devices. The nickel tube 
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may be seen extending through the coil in the upper left of the photograph. 
The sample to be tested is soldered or rigidly fastened to the bottom end 
of the nickel tube. The end of the tube with the sample to be tested is 
submerged in the transparent container of water. 

In operation, the sample is alternately pushed downward then 
lifted upward a total vertical travel of 0. 0045 inch, 7, 800 times each ~i 
second. Because of the inertia of the water, cavities form beneath the 
sample on the upward stroke and are collapsed as a result of the down- 
ward stroke. The oscillator in operation is shown in Figure 2. The 
tube in the photograph was used for introduction of air in later tests. 
A cloud of vapor cavities may be seen extending downward from the face 
of the brass disc. The air tube was moved out of its proper position for 
this photograph. Ten minutes of operation was sufficient to show cavita- 
tion pitting on the face of a polished brass disc, as shown in Figure 3. 
The center of the disc shows a rough pitted surface which appeared to 
be similar in texture to fine sandpaper. A thin-pitted line also extended 
around the outside edge of the sample. 

Results using entrained air. To determine the effect of entrained 
air on the pitting, a single jet of air from a 132-inch diameter tube was 
directed against the center of the face. No attempt was made to measure 
the quantity of air, but the air pressure in the supply line was 2. 5 psi. 
Inspection of a similar polished brass sample after 10 minutes with the 
air flowing showed a reduction in the depth and extent of the pitting. The 
milky annular ring in Figure 4 is the pitted area. Very little damage 
along the outside edge was apparent. A photograph of this test is shown 
in Figure 5. Air bubbles in contact with the test face are readily apparent. 
Air bubbles in the lower part of the container were forced downward by 
currents induced by the vibrating sample. 

With the line pressure increased to 10 psi, the pitting was almost 
eliminated but was still evident. In this test the air quantity was sufficient 
to cause considerable agitation of the water in the container. 

Although, in the oscillator tests, there is no practical way to show 
a relation between the amount of air directed against the face and the 
amount of air necessary in flowing water to achieve the same results, the 
tests do show that the presence of air close to the test surface will reduce 
cavitation damage. 

Figure 5 indicates that the air bubbles introduced into the water 
container were relatively large and were directed at a single point on the 
face of the sample. The bubbles appeared to be in contact with one par- 
ticular area of the sample only a small fraction of the total time. It is 
believed that had the air been introduced in the form of a very fine air 
spray over an area equal to the test face, pitting would have been reduced  
to a greater extent. 

Conclusions.  These test results indicate, in a qualitative way, 
that entrained air will reduce the severity of pitting caused by cavitation. 



They also suggest, perhaps, that cavitation pitting which occurs on 
marine propellers, or turbine and pump blades, might be reduced by 
providing a network of air openings in critical areas near the blade 
tips and forcing air out in a continuous flow during high-speed opera-
tion. 

Venturi-type Cavitation Apparatus 

The apparatus used to produce cavitation and pitting on con-
crete samples consisted of a venturi-like device in which low, cavita-
tion-producing pressures were obtained by increasing the flow velocity 
in a constricted section. A rapidly expanding downstream section was 
used to produce higher, cavity-collapsing pressures. In this down-
stream section, space was provided for insertion of two concrete test 
blocks. Figure 6 shows the details of the machine which was made of 
welded structural steel 1/4 to 1/2 inch.thick. The layout of the entire 
test apparatus is shown in Figure 7. 

Water was supplied to the system by a two-stage vertical tur-
bine pump and was measured with an orifice-venturi meter located 
between the pump and the cavitation machine. A regulating valve was 
located downstream from the cavitation machine to regulate the pres-
sure in the discharge pipe. A similar valve, located between the ma-
chine and the meter, was used to regulate the flow and pressure in the 
approach pipe. Pressure gages were connected to the approach and 
discharge pipes so that tests could be run under identical pressure 
conditions. A pressure-measuring piezometer was placed immediately 
downstream from the throat of the venturi section, as shown in Figure 
6, and was connected to a mercury U-tube manometer. The test speci-
men was placed in the upstream receptacle since more severe cavita-
tion damage had been found to occur in the upstream location. Close 
regulation of the downstream pressure was necessary to make the area 
where cavity collapse occurred coincide with the exposed face of the 
test specimen. Several trial runs were made to determine the allowable 
range in downstream pressure. 

The velocity increase in the venturi throat was sufficient to pro-
duce cavitation. Some of the cavities collapsed against the face of the 
concrete test block, producing pitting on the face of the test block. (Pit-
ting also occurred on the steel in the vicinity of the test block. ) Cavita-
tion was sufficiently severe to show appreciable damage to a concrete 
test specimen in about 1 hour. For these tests, however, specimens 
were tested for 2 hours to provide greater accuracy in determining the 
weight loss of the specimen caused by pitting. 

To determine the effect of entrained air on cavitation pitting, a 
compressed air line was used to inject air into the flow, Figure 7. Air 
from the compressor passed through a pressure-regulating valve, through 
a 1/4-inch orifice meter fitted with a differential water manometer, through 
a calibrated Rotameter, and thence into the crown of the approach pipe 
through a 3/16-inch diameter opening located about 45 inches upstream 
from the venturi throat. The Rotameter was used to measure the larger 
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air quantities, while the 1/4-inch sharp-edged orifice was used for the 
smaller quantities. Air flow at the 3/16-inch opening could be controlled 
with a needle valve. 

The concrete test blocks had identical characteristics with re-
gard to water -cement ratio, curing, etc., and were tested with varying 
amounts of air injected into the system under identical test conditions. ~» 
The test blocks were made from a mix consisting of 30 pounds of well- 
graded sand having a maximum particle size of about 1/8 inch, 7. 5 
pounds of cement, and 5. 2 pounds of water. The sample was vibrated 
and the test face in each case was formed against a smooth steel plate. 
The cement was Type II, low-alkali cement. Samples were made daily, 
using identical procedures, and were cured for 7 days in a fog room 
maintained at 700  F and 100-percent relative humidity. 

Effects of entrained air on pitting.  For each concrete speci-
men tested in the cavitation machine, shown in Figure 6, the discharge 
was maintained at 2.2 cfs throughout the 2-hour test period. Pressure 
at the upstream gage was set and maintained equivalent to 110 feet of 
water and at the lower gage, 32 feet of water. For these conditions the 
velocity through the throat of the venturi section of the test apparatus 
was over 100 feet per second, sufficient to produce cavitation. Crackling 
and pounding noises were sufficiently loud to be disturbing in the labora-
tory, and it was found desirable to place the apparatus in a sound-reducing 
box. 

The first concrete block was tested without air being injected 
into the flow. The test block was weighed before and after the test and 
the weight loss of the specimen, due to cavitation damage during the test, 
determined. A technique for obtaining small weight losses from a sample 
weighing about 16 pounds was developed during trial runs. Other speci-
mens were then tested, using the same procedure described above except 
that, in addition, a measured quantity of air was injected into the flow 
through the air system shown in Figure 7. The air quantity was different 
for each test and varied between 0. 4 and 7.4 percent, by volume at stand-
ard conditions, of the water quantity. The amount of air in percent, of 
course, varies with the pressure in any particular part of the test ap-
paratus. As the air quantity was increased, it was noted that the crack-
ling and pounding decreased. By adding about 7-percent air the noise 
was almost entirely stopped. 

The loss in weight of the test blocks was plotted against the per- 
cent of air entrained in the flow, Figure 8. The resulting curve shows 
that the entrained air reduced the amount of cavitation pitting. The curve  
drawn through the test points defines the relation between the quantity of 
entrained air and the damage incurred. For 7.4 percent of entrained air 
there was no measurable weight loss, while with no entrained air the 
weight loss varied, for the two samples tested, between 0. 43 and 0. 61 
pound. The region between 1. 5 and 2. 5 percent of air appeared to be very 
critical with regard to the amount of damage and also in the crepitation. 
The scattering of points in this region was consistent with the audible 
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sounds. Small adjustments in air quantity produced quite noticeable 
changes in intensity of sound. In addition, pressure fluctuations 
throughout the system were greater than usual. The shape of the curve 
in Figure 8 indicates a transition region between 1. 5- and 2.5-percent 
air, the significance of which is not fully understood. Six of the test 
specimens were photographed to show the variation in pitting with var-
ious amounts of entrained air. Figure 9 shows the test specimens with 
the air quantity in percent shown on the samples. 

Effect of entrained air on cavitation number.  Since the damage 
to a test specimen was reduced by the quantity of air introduced into the 
flow, and since the cavitation number has been proposed as a measure 
of the severity of cavitation, the cavitation number should reflect the 
effect of air entrained in the flow. A piezometer was installed in the 
roof of the venturi section, just downstream from the throat, and con-
nected to a mercury U-tube manometer. With a test specimen in the 
receptacle, pressures were determined for 12 conditions of flow with 
air content of the flow varying from 0 to 7. 1 percent. 

The cavitation numbers were computed, using the pressures 
obtained for the various air contents, the velocity head based on the 
measured discharge and the flow area at the piezometer location, 
using the equation: B 

K =  ho  - by  
V2 
2g 

where 

ho  is the head measured at the piezometer 
by  is the difference between atmospheric pressure and the vapor 

pressure of water 

and 
V2 2g  is the velocity head, or maximum possible pressure rise 

at the piezometer. 

The cavitation numbers thus obtained, plotted against the percent 
of entrained air, showed a straight line variation as shown in Figure 8. 
An increase in the cavitation number indicates a decrease in the tendency 
toward cavitation. The cavitation number varied from 0. 109 with no air 
flowing to 0. 288 for 7. 1-percent air. Thus, the entrainment of air in the 
flowing water increased the cavitation number (other flow conditions were 
identical), by increasing the pressure in the low-pressure or cavity-pro-
ducing area. The increase in pressure was visually apparent on the 
mercury U-tube during the tests. 

These results help to establish the validity of the cavitation 
number as an index to severity of cavitation under unusual conditions 
of flow. Although the cavitation number contains no provisions to di-
rectly include air quantities, the effect of entrained air is reflected in 



the pressure measured in the cavity-producing region. With other flow 
conditions identical, air entrainment raises the pressure and therefore 
the cavitation number. 

The velocity head used in the cavitation number computations 
was based on the cross-sectional area at the piezometer. The flow 
passage at this point was 0. 5 by 12. 38 inches and the velocity 51 feet . 
per second. Therefore, the values shown on Figure 8 are relative and 
have value only for this particular test machine. 

Conclusions.  Tests on the venturi-type cavitation apparatus 
show that entrainment of air in flowing water will reduce the damage 
caused by cavitation, and that the amount of damage is definitely related 
to the quantity of air entrained as shown by the curve in Figure 8. Small 
amounts of air, as low as 2 percent, have a definitely beneficial effect, 
while 7. 4 percent of air is necessary to remove the harmful effects en-
tirely for a 2-hour test. Tests to determine the effect of air on the 
cavitation number showed that entrained air increased the cavitation 
number by increasing the pressure in the cavity-producing region. A 
plot of the cavitation number against the percent of entrained air resulted 
in a straight line relation over the limits tested, Figure 8. 

APPLICATION OF LABORATORY RESULTS TO PROTOTYPE STRUCTURES 

Examples of the effects of entrained air on cavitation damage in 
a prototype structure are difficult to find and evaluate. The two examples 
given here may not be considered ideal, but the evidence presented in 
each case is believed to be of value in furthering existing knowledge. 

Heart Butte Spillway 

The laboratory tests described were initiated during the over-all 
hydraulic model tests on the Heart Butte Dam spillway located near Bis-
marck, North Dakota. The spillway is of the morning-glory type and is 
unique in that it operates throughout the free discharge range, through 
the transition range, and well into the submerged flow range. 

Since the structure is founded on sand, every effort was made 
to reduce the possibility of spillway vibration. Air was entrained in the 
flow to help cushion the flow in the 900  vertical bend at the base of the 
vertical spillway shaft. As a secondary effect, it was believed that the 
entrainment of air would reduce cavitation damage in the vertical bend 
or in other critical areas in the spillway. Although hydraulic model 
tests had shown the spillway to be free of cavitation-producing pressures, 
it would still be possible for construction misalinements to produce local 
areas where cavitation might occur. 

The first season following completion of the dam, a spring flood 
provided water to test the spillway at 68 percent of the maximum antici-
pated outflow. 14 The spillway crest was submerged 17. 24 feet at the 
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maximum flow during the tests. The venting system used in the prototype 
structure is shown in Figures 10 and 11. Air velocity measurements were 
made in the vertical and horizontal air supply pipes to determine the quan-
tity of air necessary to ventilate the reduced pressure areas over a range 
of discharges. Pressure measurements were also made in one horizontal 
pipe, as shown in Section BB of Figure 11. 

Prototype tests showed that the discharge characteristics of the 
spillway, including discharge quantity and submergence points, were 
identical to those shown by a previously constructed 1:21. 5 scale model, 
but that air entrainment in the prototype was somewhat greater than in 
the model, Figure 12. Accurate measurement of air velocity in the pro-
totype structure was extremely difficult because of the unsteady flow in 
the vent pipes. Irregular surges occurred in the air vents which were 
also evidenced by pressure surges in the pressure-measuring manometer. 
In the model, the same type of irregular air flow occurred, although high-
speed photographs or motion pictures were necessary to indicate the un-
steady air flow. The photograph of Figure 13 taken at 115, 000 of a 
second shows the air flow in the 900  bend in the model and indicates that 
the air was introduced into the flow in distinct "clouds" or "gusts. " 

Prototype air entrainment was about four times as great as in 
the model throughout the range of prototype values measured. When the 
model indicated that 1. 86 percent of the water discharge was air, the 
prototype indicated air entrainment of 7. 7 percent. It is believed that 
some "scale effect" was responsible for the discrepancy between model 
and prototype air-entrainment quantities, but it is not known what partic-
ular characteristic of the flow caused the difference. 

Following the flood in 1950, the structure was inspected and no 
cavitation damage was found. Four small eroded areas were found in the 
900  bend, but these were believed to be caused by debris and ice passing 
through the spillway. The largest area is shown in Figure 14. In 1951, 
the spillway again operated for several weeks and a second measurement 
of the eroded areas showed no progressive erosion. It was concluded that 
no cavitation damage had occurred in the structure. Throughout the oper-
ation, the structure was checked for vibration and crepitation. None could 
be detected in any part of the structure at any time. 

Grand Coulee Spillway 

The Grand Coulee Dam spillway is of the overfall type and spill-
way flows are controlled by drum gates on the spillway crest. Fully 
raised, the drum gates add 28 feet of controlled reservoir elevation; 
fully lowered, they form part of the curve of the spillway crest. For 
spillway discharge with the gate fully or partially raised, the flow drops 
from the gate lip to the spillway face, and a relatively large quantity of 
air is entrained in the spillway flow, as shown in Figure 15. The quan-
tity of air varies over wide limits depending upon the. height of the gate 
lip above the spillway face and the depth of water passing over the gate. 
However, for most operating conditions the water on the face of the 
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spillway, in the regions where high velocity flow occurs, contains a 
high percentage of entrained air. 

The spillway operates for about 6 months each year, passing 
floods as great as 630, 000 cfs. It is estimated that the spillway, since 
1942, has operated for over 40, 000 hours. 

A recent inspection of the spillway face indicated the presence 
of several areas where cavitation damage had occurred. Although the 
damage is minor in nature, it is undoubtedly cavitation damage and is 
of interest because it occurred in fully aerated flow. 

Figure 16 is a view of the spillway face as seen from below. 
The bulges in the concrete between lifts is readily apparent as is a 
pitted area located just below the first noticeable bulge. Figure 17 
shows a close-up of a similar area. The straight edge indicates that 
the offset between bulges is several inches. The character of the pitted 
surface is also apparent in the photograph with the deepest pitting occur-
ring near the upper end of the straight edge and milder pitting occurring 
downstream. The pitted area extends beyond the right-hand limits of 
the photograph. 

Although pitting has occurred in several local areas on the face 
of the spillway, it is believed that the air entrained in the flow delayed 
the appearance of cavitation damage and thereby reduced the damage 
which otherwise might have occurred. The areas shown in the photo-
graphs are about 300 feet below the spillway crest in an area where 
velocities, depending on the depth of flow, might be as high as 130 feet 
per second. Other areas on the spillway face which might be expected 
to show similar damage show only slight traces of pitting or none at all. 

It is not certain when the cavitation damage first became notice-
able because of the difficulty in inspecting the spillway face. It is believed 
that the first evidence appeared in 1950, or 8 to 9 years after completion of 
the structure. Now that pitting has been detected, however, it is intended 
to keep watch on the progress of the damage. Undamaged areas, as well 
as those already showing the effects of cavitation, will be observed and 
photographed when possible. It is probable that further observations and 
study of the problem will shed more light on the degree to which entrained 
air reduces cavitation pitting under field conditions. 
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Figure 1 

Magneto -strictionoscillator utilizing a 5 / 8-inch 
diameter nickel tube to produce cavitation pitting 
on test specimens. 



Figure 2 

Magneto-striction oscillator in operation showing 
vapor cavities beneath brass disc test specimen. 
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Figure 3 

Condition of brass disc test specimen after 10 
minutes of operation in magneto- striction 
oscillator. 



Figure 4 

Brass disc shows less pitting after 10 minutes of 
operation in magneto -strictionoscillator with air 
directed against test face. 



Figure 5 

Magneto- strictionoscillator test showing air being 
directed upward against test face. 
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Figure 8 

Relation between the percent of entrained air and 
the weight loss of a concrete test specimen. Also, 
the relation between the percent of entrained air 
and the cavitation number. 
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Figure 9 

Concrete test blocks after 2 hours in cavitation 
machine. Each sample is marked with the per -
cent of air entrained in flow. 
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Details of the Spillway crest and air-entraining 
system of the Heart Butte Spillway, North Dakota. 
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Figure 13 

Entrained air in 900  bend of 1:21. 5 scale model of 
Heart Butte Spillway. Exposure of 1/15 ' /15, 000 
second shows air entering flow in "gusts. " 
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Figure 14 

Rubber reproduction of eroded area found in 900  
bend of Heart Butte following 1950 flood. 



Figure 15 

Grand Coulee Dam showing air entrained in 
spillway flow. 
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Figure 16 

Bulges in concrete caused cavitation pitting on 
the spillway face of Grand Coulee Dam. 
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Figure 17 

Amount of misalinement of spillway face is shown 
by straight edge. Pitted area is evident--Grand 
Coulee Dam. 
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