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ABSTRACT 

This project was initiated as part of a new research and development focus to 
improve hydropower generation. One aspect of the problem is severe cavitation 
erosion which is experienced when hydroturbines are operated at best power and in 
spinning reserve. Air injection has been used successfully to minimize or eliminate 
cavitation erosion in other applications. Thus, an investigation was initiated to 
determine whether or not air injection would be an effective solution for turbine 
erosion problems. A specially instrumented hydrofoil of elliptic planform ·and a 
NACA 0015 cross section was tested at flow velocities up to 20 m s·I, at various 
values of cavitation index. Pitting rate was not measured directly but was inferred 
from direct measurement of impulsive pressures on the surface of the hydrofoil and 
by monitoring accelerometers mounted at the base of the hydrofoil. Cavitation noise 
was also measured by a hydrophone positioned in the water tunnel test section. Air 
was injected through small holes in the leading edge of the foil. Air injection was 
found to be very effective in minimizing erosion as inferred from all three cavitation 
erosion detection techniques. 
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NOMENCLATURE 

a acceleration 
A aspect ratio 
Ac eroded area, m2 

c chord length 
Co speed of sound 
cl lift coefficient 
cpm minimum pressure coefficient 
d diameter of turbine runner, m 

f frequency, Hz 
F force, N 
Fo impulsive force amplitude, N 
g acceleration due to gravity 

gij piezoelectric stress coefficient 
H turbine net head, m 

Hatm atmospheric pressure head, m 
Hv vapor pressure head, pjy, m 
I erosion intensity, Watts m·2 

Jn normalized erosion intensity 
Lc cavity length 
m pressure correction factor 
Mz transfer function 
N rate of events 
Ns specific speed, w [PIp ]112![gH]514 

.p pressure, Pa 

Po freestream absolute pressure, Pa 

Pc collapse pressure 

Pm impulsive pressure amplitude 

Pv vapor pressure 
p power, Watts 
q air injection rate 
se erosion resistance of the material, Pa 
Uo freestream flow velocity, m s·1 

~ jet velocity, m s·1 

w weight loss per unit time 
y depth of penetration per unit time 
z turbine setting, m 
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ex angle of attack 
{3 void fraction 
y specific weight, pg 
y m specific weight of eroded material 
(a) rotational speed 
p fluid density, Kg m·3 

a cavitation index 
a1 inception cavitation index 
aT Thoma's cavitation index 
1 pulse duration, s 
1 a transducer rise time, s 
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1. INTRODUCTION 

1.1 Reason for Study 

This study is the first phase of a research and development effort to improve 
hydropower generation within the Pacific Gas and Electric System. Severe erosion 
has been experienced in the turbine in the Kerckhoff 2 powerhouse. This unit is 
operated for a considerable amount of time in spinning reserve as well as being 
op~rated at power settings above best gate. Leading edge erosion on the runner as 
well as erosion at the discharge end of the runner has been experienced. The unit 
is rated at 142 MW under a head of 119 meters. During normal operation the 
powerhouse sigma, defined in the usual manner, 

(1) 

varies between 0.162 and 0.188. 

As illustrated in Figure la, which is a generic schematic for a turbine in this 
specific speed range (non-dimensional Ns ~ 1), leading edge cavitation erosion on 
both the suction and pressme sides of the runner as well as erosion at the trailing 
edge of the buckets is common. Field inspection indicates that the Kerckhoff 2 
runner exhibits similar patterns of erosion, as shown in Figure lb. This erosion occurs 
in spite of the fact that the plant sigma is adequate according to USBR field 
experience ( c.f. Arndt, 1990). 

This issue is part of a larger problem. Hydroelectric generating units 
encompass a wide range of sfzes, types, and ages. Throughout this array, the problem 
of cavitation pitting damage is present in varying degrees. In some units the damage 

· results in significant reduction in operating efficiency. In many machines, inpluding 
those coming on line within the last 10 years, extensive repair outages occur every few 
years. The increasing cost of ener!:,ry that has to be generated by non-hydro sources· 
during hydroplant downtime emphasizes the need to reduce the repair periods both 
in number and duratio~ by improved operation of existing units. · · ! • · · 

~·, ". 

Arndt et al (1989) studied the extent of the problem under EPRI sponsorship. 
Their work is based on a field survey of the operational and design characteristics of 
729 hydro-turbines installed since 1950 having either a capacity greater than 20 MW 



or a discharge diameter greater than 3 m. Their data includes approximately. 2/3 of 
the total US hydropower capacity ( 40,000 MW). Their paper complements studies 
made prior to 1953 by the Edison Electric Institute, more recent stu.dies made in 
Canada (Davies 1981, Gordon 1989, Gordon 1992) and in Japan by the Japanese 
Electrical Engineering Society (1981). US, Canadian and Japanese experiences are 
similar. Significant cavitation damage is noted in 80% to 90% of the units studied as 
shown in Figure 2. Operation of the units off peak significantly aggravated the 
problem. For 8,000 hours per year of operation time, material loss due to cavitation 
erosi<;>n ranged from negligible to 900 kilograms per year. 

Two techniques for minimizing cavitation erosion are being studied. Since 
these units are operating in spinning.reserve as well as best power, both a cavitation 
monitoring system and a mitigation system were considered. By using a cavitation 
monitoring system, operational data necessary for achieving a trade.,.off between the 
extra revenue from operation at power: settings above best gate and the extra costs · 
associated with excessive erosion can be obtained. 

A cavitation acoustic emission test was performed prior to this study by 
Shanahan and Abbot (1993) using a cavitation monitoring system developed by Abbot 
(1989) and Abbot et al (1991). The results of their study are shown in Figure 3. The 
results clearly show that operation at best power increases erosion rate by a factor of 
20 as inferred by acoustic emissions. Severe cavitation is also encountered when 
operating in spinning reserves as shown by the sharp increase in the emission signal 
at zero power. As part of the water tunnel studies reported herein, this system was 
evaluated under laboratory conditions. Details are presented in Abbot et al (1993). 

In addition to cavitation monitoring, air injection is being considered as a 
solution to the erosion problem. The efficacy of artificially protecting hydraulic 
machinery against cavitation damage by injecting small amounts of air into the 
cavitating region has long been recognized and demonstrated (Mousson 1942, Anon. 
1945). The origin of using this technique for mitigation of cavitation damage in 
hydrodynamic applications is not known. However, it is not unlikely that the idea 
followed from observations of reduced cavitation damage in large turbines during 
seasons when the air content of the reservoir water was high (Eisenberg, 1963). 

Lord Rayleigh (1917) and Ackeret (1930) were the first to point out on . 
theoretical grounds that permanent gas in ~ cav1tation bubble would greatly reduce_:~ 
the pressure emanating from a collapsing bubble. Experimental observations of the . · 
effectiveness of air injection have been recorded by Mousson (1937); He observed;,.:· 
from his experiments in a venturi apparatus that the weight loss of a copper bus ba(.-.' 
due to cavitation erosion was remarkably reduced by injecting relatively small 
amounts of air. Rasmussen (1949, 1956) noted similar effects on aluminum alloys in 
a rotati11g disk apparatus. Huse (1975, 1976) conducted model studies on the effect 
of air injection on cavitation erosion on ship propellers. Based on the experiments . 

2 



in cavitation tunnels, it was shown that the air injection technique provided an 
efficient method of solving cavitation erosion problems of ducted propellers. The 
success of this technique in full scale installations is evident from the studies of 
Okamoto et al (1975) and Narita et al (1977). This method of mitigating cavitation 
erosion has been subsequently applied to conventional (non-ducted) propellers. Air 
injection at high head spillways has become common practice and many older 
spillways are presently being retro-fitted with air injection systems. The exact 
mechanism for attenuation is not understood, Thus, the efficacy of air injection for 
eliminating leading edge cavitation erosion in hydraulic turbines is unknown. The 
present research is directed towards determining whether or not air injection is an 
appropriate solution for the problem at hand. 
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2. PREVIOUS STUDIES 

· 2.1 Bubble Dynamics 

Arndt (1981a) provid~s a summary of noise and erosion studies. Because 
erosion is such a complex problem, many different approaches have been taken to 
isolate certain features of the process. At the heart of the problem is the impulsive 
pressures created by collapsing bubbles (Rayleigh, 1917). Recent numerical 
techniques permit detailed examination of the collapse of individual bubbles (Blake 
et al 1986, 1987, Blake and Gibson 1987, Zhang et a! 1992). This work is 
complemented by experimental studies (Lauterborn and Bolle 1975, Tomita and 
Shima 1986, Vogel eta! 1989, van der Meulen and van Renesse 1993). All of these 
studies indicate that the final stages of collapse result in the formation of a microjet 
which can be highly erosive. Estimates of collapse pressures using the water hammer 
model, 

(2) 

where p = density, c0 = speed of sound in the liquid and Vi = jet velocity, indicate 
that pressures in excess of 1500 atmospheres are possible. However, Tomita and 
Shima (1986) suggest that several related mechanisms may be involved. The modes 
of bubble collapse are dependent on the proximity to a boundary. At the first 
collapse of a bubble positioned very close to or attached to a boundary the following 
occur: 1) a pressure pulse due to bubble collapse, 2) the impact pressure from a 
liquid jet formed within the original bubble, 3) impulsive pressures caused by the 
collapse of many tiny bubbles resulting from the interaction of the outward radial flow 
following liquidjet impact and the contracting bubble surface and, 4) the impact 
pressure from a shock wave radiated from the torus like original bubble at its 
rebound. Very high local pressures may result from the interaction of the micro 
bubbles in (3) and the shock wave in (4). Vogel et al (1989) found that the resulting 
pressure pulses can be of very short duration ranging between 10 and 40 ns. Since 
these pulse durations are much smaller than the rise time of typical pressure sensing 
devices, significant measurement errors can occur. They suggest that the peak 
amplitude of an exponential pulse is too low by a factor of 

1n = (3) 

where r is the pulse time which is much shorter than the rise time r a of the pressure 
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transducer. 'For typical transducer rise times, this factor can be of the order of 0.-01 
to 0.05 which explains the unreasonably low values of collapse pressure measured in 
most experiments, Vogel et al (1989) measured collapse pressure by measuring the 
change in refractive index of the liquid using a laser. Their measurements indicate 
that pressures as high as 60 Kbar can result from spherical collapse of bubbles. 

In practical problems, the collective collapse of a cloud of bubbles is an 
important mechanism. Hansson and M0rch (1980) suggested an energy~transfer 
model of concerted collapse of clusters of cavities. Because of mathematical 
difficulties this problem has not been studied in detail until recently (Chahine et al 
1992, Prosperetti et al 1993). Earlier work (van Wijngaarden, 1964) had already 
indicated the damage potential of a collapsing cloud of bubbles. Recent work 
supports . this contention. Another important feature of cloud physics is that the 
characteristic oscillation frequencies are in the tens of Hertz range. This has 
important implications for the acoustic monitoring technique used in this study. This 
research also provides a clue for understanding the effects of air injection. 
Presumably additional air bubbles tend to cushion the collapse of vapor filled bubbles. 

2.2 Cavitation Erosion 

Most of the research in this area has been directed toward the mechanics of 
bubble collapse and the associated impulsive pressures, as well as a quantification of 
those material properties that are of importance in resistance to cavitation. Little has 
been done to correlate cavitation erosion with the properties of a given flow field. 
However, it is import,ant to have in mind that cavitation erosion will scale with a high 
power of velocity at a given cavitation number and that cavitation erosion does not 
necessarily increase with a decrease in the cavitation index (Stinebring et al, 1977); 
Very little quantitative information is available. However, it has also been observed 
that the cavitation pitting rate is measurably reduced with an increased concentration 
of gas (Stinebring eta\, 1977). The important feature is that at constant a the pitting 
rate scales wlth the sixth power of velocity. It is important to note that the pitting 
rate is not quantitatively equivalent to the measured weight loss observed in a 
specially designed erosion test apparatus. However, Stinebring et al (1980) have been 
able to measure the energy absorbed per pit. This is directly proportional to its 
volume, which is found to scale with velocity to the fifth power, Thus, energy 
absorbed per unit area is · 

Energy 
area time 

pits energy u() u5 utl 
=-__._,_-X = .... oX o="' o 

a rea t bne pit 
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This result has implicatfons to the results in the present study. 

Obviously the erosion rate is very sensitive to velocity in the initial stages of 
cavitation. Since the velocity in a turbine passage is proportional to the square root 
of head, this also implies that the magnitude of the erosion problem is more severe 
in high-head installations. 

In many cases cavitation erosion can be traced to the region at the trailing 
edge of an attached cavity. The number of bubbles that collapse in this region in a 
given period of time will be a function of the cavity geometry, which in turn is a 
function of the cavitation index. 

Advanced stages of cavitation erosion can be simulated in the laboratory by 
a variety of different devices. The most common is the ASTM vibratory apparatus 
described in Arndt (1981a). Thiruvengadam (1971) has analyzed a great deal of 
erosion data and has concluded that for engineering purposes, the erosive intensity 
of a given flow field can be quantified in terms of depth of penetration per unit timey 
and the strength se of the material being eroded, 

I = ySe (power per unit area) (5) 

The intensity I is a function of a given flow field. The rate of penetration can be 
calculated from the weight loss per unit time Wand the surface area of the eroded 
material, Ac 

y = 
YmAc 

(6) 

where y m is the specific weight of the eroded material. Many different forms of Se · 
have been tried. The most used value appears to be ultimate strength, which is 
basically a weighted value of the area under a stress-strain curve (Arndt, 1990). 

Thiruvengadam (1971) was also able to show that although various materials 
have different rates of weight loss when subjected to the same cavitating flow and that 
the rate of weight loss varies with time, a normalized erosion rate versus time 
characteristic curve is similar for a wide range of materials. Thus, Thiruvengadam's : 
simplified theory allows for rapid determination of I for a given ±low by measuringy _, 
for a soft material. Service life for a harder material can then be predicted from the · 
ratio of the strengths of the hard and soft material. One objective of this study is to 
relate pitting rate observed in hydrofoil experiments to pitting rate and subsequent 
weight loss observed in the ASTM vibratory apparatus. 
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2.3 Water Tunnel Simulations 

Recently many r~searchers have recognized that the basic physics of erosion 
. in a turbine can be simulated by experiments with partially cavitating hydrofoils in a 
water tunnel (Avellan et al 1991, Bourdon et al 1990, Avellan and Dupont 1988, 
Abbot et al 1993, Le et al 1993a, 1993b). These studies indicate that maximum 
erosion occurs at the trailing edge of a cavity. The cavitation cloud at the trailing 
edge contains complex vortical struct·ures which are highly erosive, Several 
investigators have noted that the erosion process is modulated at a frequency which 
depends on the cavity length, i.e . .fLc/U0 ~ 0.3. This modulation is easily detected by 
the detection scheme used in this study. 

Kato et a) (1989) performed a series of tests using two different sized foils 
having a NACA-0015 cross section. Using soft indium inserts mounted on the suction 
side of the hydrofoil, they were able to quantify the erosion rate using the pit counting 
technique, They also found that they could !limulate either bubble cavitation or sheet 
cavitation by simply changing the ·angle of attack. The so-called ductile probe 
technique was developed by Hackworth and Arndt (1974) for application to 
measuring cavitation erosion on full scale ship. propellers (Hackworth, 1979). A 
comparison between weight loss and pit counting techniques was studied by Stinebring 
etal (1977). Simoneau et al (1989) have also used hydrofoil tests to develop a unique, 
electrochemical technique for monitoring cavitation erosion. This technique is 
suitable for monitoring erosion in both turbine models and full scale turbines. This 
work was extended by Bourdon et al ( 1989) who demonstrated through laboratory 
tests and field experience that hydrofoil cavitation provides a good simulation of 
hydroturbine cavitation. They used both the electrochemical detection method and 
the vibration monitoring technique originally developed by Abbot (1989) and Abbot 
et al (1991). Thus, there is ample evidence that cavitation erosion in hydroturbines 
can be simulated using cavitation hydrofoil tests in a water tunnel 

2.4 Cavitation Erosion in .Turbines 

As shown in Figure la, CflVitation pitting can occur at several components of 
a hydraulic turbine. The dominant type of pitting is usually on the surface of the 
runner or on the walls of the discharge ring. Cavitation can occur on other 
components, such as wicket gates, Although design parameters such as unit speed 
and specific speed for a given head have little variation from ·manufacturer to· 
manufacturer, cavitation pitting rate varies widely even when relative comparisons are 
made. These variations are attributable to variations in setting, variations in 
manufacturing tolerances and variations in operational history of a given unit. The 
results from current and laboratory experiments are in agreement with certain tren.ds 
noted in the field, but certain aspects of cavitation erosion in turbines are not well 
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. understood and require further research. 

Arndt et al (1989) developed a nondimensional parameter by normalizing I, 
in Equation (5) with P/d2, and assumingAc is proportional to d2, where Pis the power 
and d is the diameter of the machine: · 

(Sa) 

In practice the setting is normally a compromise between the cavitation free operation 
and performance breakdown. If this compromise is consistently the same for all types 
of machine, 10 should not vary substantially. However, Arndt et al (1989) found that 
Jn varied considerably from negligibly small to an upper limit of In= 3.16 x w-9 which 
was independent of specific speed. Using the. rated power of 142 MW of the 
Kerckhoff 2 unit, this is equivalent to a material loss of 385 kilograms per year over 
8,000 hours per year of operation, which can be considered to be an upper limit. 

In establishing guarantees, manufacturers normally assume that the rate of 
weight loss is proportional to the square of diameter, which is consistent with 
Equation (Sa) since P- d2 at constant head. Arndt eta! (1989) found that erosion 
rate was more sensitive to the size of the machine than the simple square law 
assumed by the industry. This was qualitatively correlated with the results of the 
bubble dynamics, but a definite scaling procedure is not at hand. Clearly a cavitation 
monitoring system would he extremely useful for large turbines derived from smaller 
units. 

2.5 Theory 

In spite ·of the known effects of air injection in mitigating cavitation in the 
areas mentioned above, no theory exists to account for such effects. It had been 
thought by researchers that the mitigating effects of air injection may be attributed 
to the decrease in water hammer pressure in such cases. This followed from the fact 
that the speed of sound in a bubbly liquid is much lower than even the speed of 
sound in air (Figure 4). However, recent numerical studies of bubble cloud dynamics 
indicates that the explanation of such mitigating effects is far more complex and 
requires further research. 

Studies in this direction are further warranted from the fact that very little 
work has been done on defining the formation of bubbles in moving liquids (Blake 
1986). For gas jets in comoving liquids, Sevik and Park (1973) theoretically showed 
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that the radius of the bubbles generated lies' roughly between 1.1 and 1.7 times 
(q/U0) 0·5 for a defined relative Weber number being less than 1.2. Silberman (1957) 
observed the breakup of a gas jet emitted into a liquid from a hole in the midchord 
of the suction side of a hydrofoil. He found that the largest bubbles in the bubbly 
mixture formed is close to 1.2 times (q/U0 ) 0•5• Sevik and Park (1973) and Hinze 
(1955) have found that in the case of turbulent flows bubble splitting depends on a 
threshold intensity of turbulence defined by a turbulence Weber number. 
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3. EXPERIMENTAL METHODS 

3.1 Experimental Facilities 

Two experimental facilities were used in this study: the SAFHL high speed 
water tunnel and an. ASTM vibratory apparatus. The final goal of this work was to 
determine the effect of air injection on erosion in turbines as measured by weighUoss 
over a given period of time. Since a great deal of weight loss data has been 
generated using the ASTM vibratory apparatus, it was desirable to relate erosion 
intensity measured in hydrofoil tests to weight loss studies in the vibratory apparatus. 

3.1.1 WATER TUNNEL 

Hydrofoil tests were carried out in the SAFHL high speed water tunnel (Arndt 
et al, 1991). This facility has several unique features, including the ability to remove 
as much as 4% by volume of injected air. As shown in Figure Sb, the test section is 
separated into two parts by a thin plexiglass sheet. The lower section is 190 mm 
square and 1250 mm in length and handles flows up to 30 m s·1 in velocity. The 
upper tank contains stagnant liquid in which an array of hydrophones are mounted. 
The barrier between the flow and the hydrophones is approximately acoustically 
transparent. Acoustic measurement techniques are discussed by Higuchi et al (1989). 

3.1.2 ASTM VIBRATORY APPARATUS 

Vibratory cavitation tests were conducted with the ASTM G-32 procedure. 
The apparatus as shown in Figure 6, is a modification to allow for cavitation erosion 
tests on a stationary specimen. In accordance with the standards the vibration at the 
horn tip was set at a frequency of 20 KHz with an amplitude of 50 fJ.m peak-to-peak. 
It has been observed in previous studies that the erosion rate of statim:mry specimen 
strictly depends upon its standoff distance from the face of the vibrating element. 
The standoff distance during this investigation was maintained at approximately 
1.5 mm for most of the experimental work. 
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3.2 Design of Hydrofoil 

The hydrofoil designed for this project is similar in overall configuration to 
other hydrofoils being used for other cavitation studies (Maines and Arndt, 1993). 
As shown in Figure 7a, it has an elliptic planform with a straight leading edge and a 
NACA-0015 cross section. It is mounted in the test section on a circular plug 
allowing for a setting at any desired angle of attack. The overall dimensions are 
95 mm half span and 81 mm chord. This gives an aspect ratio, A, of 3.. The 
theoretical pressure distribution at various angles are also shown in Figure 7b. These 
calculations are based on two-dimensional flow analysis assuming the lift coefficient 
is given by classical lifting line theory 

C = 21f A a 
I A + 2 

(8) 

The foil is fitted with interchangeable leading edges. One of which was blank 
while the other had 5 grooves, that when in position created 5 holes at the leading 
edge of 0.5 mm diame,ter spaced 5 mm apart. These dimensions were selected on the 
basis of a number of previous studies on air injection for other purposes. 
Interchangeable inserts are also provided at mid-span as shown. One type of insert 
is machined of commercially pure aluminum for pitting studies. This can be replaced 
by an instrumented insert machined out of PVC plastic. 

The various components of the hydrofoil as well as the mounting base was 
designed to withstand structural stresses developed at a maximum flow velocity of 
30 ms"1 incident at 8 maximum angle of 16'. A factor of safety of 3 was used for the 
design calculations. The hydrofoil wm; made out of aluminum 6061-T6. 

3.3 Instrumentation 

The basic instrumentation used in this study consisted of hydrophones, 
accelerometers, tlush mounted piezoelectric transducers, and high speed video 
recording. Two B&K 8103 hydrophones were mounted in the water tank above the 
test section. The acoustic path between the foil and the hydrophones was one of 
.constant acoustic. impedance. Two accelerometers were attached to the outside of 
the hydrofoil base, one to a bolt threade.d into the foil itself, and the other to a lexan 
plug to which the foil was attached. A grid of 14 piezoelectric pressure transducers 
were attached .to a removable section of the suction side of the foil as shown in . 
Figure 7a. These custcm1 made transducers, 6.35 mm in diameter and 150 J.LID thick, 
were bonded to the surface of the insert. All but the tip and near-base region of the 
foil was covered with a 150 J.Lm thick adhesive tape (3M polyurethane protective 
tape #8672) which served both to protect and waterproof the transducers and smooth 
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the joints in the surface of the foil. The data from the piezoelectric· pressure sensors 
and hydrophones was obtained synchronously through a LeCroy digital data 
acquisition system. A video camera recorded the tests through a lexan window in the 
test section. 

3.3.1 PRESSURE DETECTING FILM 11PRESCALE11 

In the initial stages of the investigation, the impact pressure measurements 
were made with a pressure detecting film 11Prescale11 • The Prescale consists of a 
couple of film sheets with different chemicals, namely the color forming material and 
color developing material, on the surface of each sheet. The color forming material 
is in microcapsules whose size is very small (of the order of 10 ~tm) and randomly 
distributed. As shown in Figure 8a, the film sheets form a sandwich with the chemical 
sides facing each other. When a certain pressure is exceeded some of the 
microcapsules are ruptured and the released color forming chemical reacts with the 
color developing chemical to generate red color. When the pressure increases, the 
·smaller capsules are broken and the red color becomes deeper. The absolute 
pressure can be determined from the color density measured by a densitometer 
(Figure 8b ). The value is a space-averaged pressure over an effective area of about . · 
2 mm diameter defined by the size of the aperture of the densitometer. Compared 
to the expected individual pit size from cavitation to be of the order of 10 J.Lm at the 
considered flow velocities, the spatial resolution of the densitometer would be far less 
than adequate. In this study, instead of a densitometer, the data on the film was 
collected using a video camera coupled to a frame grabber (Figure 9a). Appropriate 
software was used to convert the captured images to digital data on color intensity 
and its spatial distribution. A result of this procedure is shown in Figure 9b. The 
spatial resolution obtained in this process was 23 x 2S J.Lm2• This technique of 
measuring impulse pressure is an indicator of erosion integrated over time and does 
not measure instantaneous values of pressure. The Prescale pressure sensitive film 
was subsequently abandoned in favor of a more quantitative measurement technique 
using piezoeiectric transducers. 

3.3.2 PIEZOELECTRIC FILM (PVDF) TRANSDUCERS 

The transducers were manufactured in-house from piezoelectric film. The 
integral component of the film is a polarized polyvinylidene fluoride (PVDF) polymer. 
This homopolymer discovered by Kawai (1969) for its high degree of piezoelectric 
activity, is sold urider the trade name KYNAR. According to the manufacturer, ·the 
film has a dynamic range that covers from 100 ~tPa to 1012 Fa and a frequency·· 
response that ranges from 0.005 Hz to 109 Hz. The film used was a 28 J.Lm thick 
Nickel ·metalized film. Estimates of transient stresses reported in the literature are . · 
as high as 1011 Pa. During initial development, the duration of such transient stresses 

12 



was estimated to be about 2 J.tS. In light of these observations the PVDF film was 
considered to be specially suitable for recording the impulse pressures due to the 
cavitation events on the hydrofoil. This is probably too optimistic in light of the much 
shorter durations reported by Vogel et al (1989). Recent estimates of response time 
requirements indicate that obtaining an accurate description ot' cavitation impulses is 
a formidable task (Vogel et al, 1989). 

Calibration 
In the impact sensing mode the essential transduction property of the film is 

given in terms of the voltage or the stress coefficient gu. This is defined as the ratio 
of the open circuit electric field to the applied mechanical stress. Output voltage is 
obtained by multiplying the calculated electric field by the thickness of the 
piezoelectric polymer between the electrodes. In our experiment the film was 
mounted in the "33" mode. This implies that the electric field and the mechanical 
stress are both along the polarization axis. Thus, for the PYDF film used in this st\}dy 
(thickness 28 J.tm ~nd g33 of ~339 x 10"3 Y/Jn per Pa) the applied stress calibration is 
then 1.05351 x 10~ PaN. Calibration using a dropping ball technique indicated that 
the calculated sensitivity was very optimistic. Our estimate was 1.1 x 106 PaN. The 
significant reduction in sensitivity is attributed to the particular methcid of mounting 
and coating with a protective film. The time trace of the pressure signal recorded on 
a Philips 50 MHz digital storage oscilloscope from the dropping ball calibration test· 
is shown in Figure 10. 

Layout 
The layout of the PYDF sensor array is schematically illustrated in Figure 7a. 

In the incipient stage of development, the film was mounted on a PVC button which 
formed the stationary specimen in the ASTM vibratory cavitation setup. At a 
standoff distance of 1.5 mm from the horn tip, an output signal in the range of 3 to 
4 Volts could be obtained. The excellent response of the film and the very clean 
signal precluded requirements of any amplifier and noise filter. 

The signal from the PVDF film is conducted through leads attached to both 
the metalized surfaces. Simultaneous monitoring of cavitation signals at closely 
juxtaposed target areas on the hydrofoil posed a major problem in terms of spatial 
management and architectural layout. This problem was handled by using a common 
ground for all the individual PYDF probes. Exploratory runs with this concept of 
common ground were made on the vibratory cavitation setup. The acquired temporal 
signal showed no evidence of any appreciable cross-talk amongst the signals of the 
different probes. This proven technique of fabricating a matrix of target sensors was 
subsequently used to instrument an interchangeable plug on the hydrofoil. A 
considerable effort \vas expended in developing an adequate method of mounting and 
layout of the transducer array finally used. Unfortunately, this resulted in a reduction 
of the sensitivity of the sensor. 



4. RESULTS AND DISCUSSION 

4.1 Preliminary Tests 

4.1.1 CAVITATION INCEPTION 

Preliminary to selecting the conditions for carrying out a comparative study of 
cavitation erosion with and without air, the hydrofoil was tested over a range of 
velocity and angle of attack. Cavitation data were compared with expected values 
(Figure 7b ). As shown in Table I, reasonable agreement was found. Perfect 
agreement was not expected because the fit of various components was not perfect. 
Cavitation number is defined in the usual manner, 

[Po _ Pv] 
a = y y 

') (9) U'" 0 

2g 

The analogy between Equations (1) and (9) is obvious. 

TABLE I 

Cavitation Inception Data 

Angle of Attack -Cpm Oj 

Q Calculated 

0" 0.52 0.5 
2' 0.68 0.6** 
4' 0.90 0.7** ·;· .. 

6' 1.15 1.1 
8' 1.50 1.6 
10' . 1.88 2.0 

** Air bubble observed in the manometer tubing. 
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In order to closely simulate the cavitation pattern observed on the Kerckhoff 2 
turbines, the tlow velocity relative to the blade during the operation at spinning 
reserve was calculated using procedure·~> outlined in Arndt (1990). Based on the field 
data obtained from PG&E, the relative flow velocity was estimated to be about 
13 m s"1, Subsequently, cavitation tests in the water tunnel were performed at flow 
velocities ranging from 12.5 m s'1 to 20 m s·1• 

After a preliminary series of tests, it was decided to make all comparisons at 
an angle of attack of 8'. At this incidence, a well developed sheet with cloud 
cavitation occurs over a range of cavitation number. Between a ::= 1.0 and 0.6 bubble 
collapse occurs on the hydrofoil. Below a ;::: 0.6 the sheet extends beyond the trailing 
edge of the hydrofoil. 

4.1.2 ASTM VIBRATORY AP.PARATUS TESTS 

Several different types of tests were carried out with the vibratory apparatus 
in the course of developing the PVDF transducers. Figure 11 shows the power 
spectrum measured beneath the horn with 6.35 mm diameter transducers at a stand" 
off distance of 1.54 mm. Channel 4 is from a transducer positioned at centerline. of 
the horn. Chann·els 1, 2; and 3 are from transducers each positioned at a radial offset 
distance of 7.94 mm and angles of o·, 90', and 180'. A common ground was 
positioned at 27W. As expected, a strong peak is noted at a vibration frequency of 
20 KHz with another peak at the first harmonic of 40 KHz. The signal from the 
centerline transducer is higher, as expected. Some discrepancies are noted in the 
signals from the other three trunsdt1cers, wl:lich should be identical. 

A second test was carried out to determine the eti'ect of transducer size. A 
circular shaped transducer was split into 3 pie shaped pieces having included angles 
of 60', 120', and 180' respectively. The pressure spectra of the signals obtained by 
placing this configmation under the horn is plotted in Figure 12. The signal from 
each pie shaped transducer here can be seen to be essentially the same, indicating 
that effect. of size wus m·inimal. 

4.2 Cavitation Noise 

Figures 13 and 14 contain noise data collected at various values of a and flow 
velocity. In Figure 13 a comparison is made at U0 ::= 15 m s'1 between sp'ectra 
collected at a ::= 0.8, 0.9, and 1. The high frequency decay is 6. dB/octave which is 
typical for cavitation noise. The level of low frequency noise increases with 
decreasing a, but the high frequency noise level is highest at a ::: 1.0. At higher 
velocities, Figure 14, the same trend with a is noted for the low frequency noise, but 
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the high frequency noise appears to be independent of a. This characteristic is not 
completely understood. It was also noted that the scaling of cavitation noise with 
velocity did not agree with the pressure data or the accelerometer data. Presumably 
the acoustic path between the hydrofoil and the hydrophones was modified by 
cavitation. 

4.3 Pressure Pulse Height Spectra 

Several· researchers have· turned to the measurement of the pressure pulse 
height spectra as a method to quantify erosion rate and have obtained encouraging 
results. De and Hammitt (1982) succeeded in correlating cavitation noise and erosion 
capability from the measurement of pressure pulse height spectra. Arai (1984) 
developed a diagnostic technique based on . the measurement of pulse height 
frequency of cavitation noise to detect cloud cavitation on marine propellers. Recent 
studies of N'guyen et al (1987), Quang eta! (1989), Okada et al (1989), Iwai et al 
(1989) and Le et al (1993), all tend to prove that the pressure pulse measurements 
can directly be correlated to pitting rate measurements. 

Since it was expected that the pressure signal would be dominated by pressure 
impulses of high amplitude due to cavitation, pulse height spectra were compared at. 
different velocities. A typical comparison is shown in Figure 15. Scaling of pressure 
amplitude with velocity depends on the frequency of occurrence, as expected. High 
frequency of occurrence corresponds to turbulent pressure fluctuations which scale .., 
like U~. High amplitude, low frequency of occurrence pulses scale with a much 
higher power of velocity. Presumably high amplitude pulses are due to cavitation 
events. Unfortunately, the measurement technique was not able to accurately resolve 
the amplitude of these pulses. Using the measured rise time of the film, the 
measured sensitivity and Equation (3), an estimate of 250 atmospheres was obtained, 
orders of magnitude below the expected value. The technique is further limited by 
a data rate of only 100 KHz, which appeared adequate for measurement of spectra. 
However, measurements of mean square pressure and pulse height spectra are 
consistent. The mean square pressure for a series of pulses of amplitude Pm and 
duration r is given by 

7 2 p- = N Pm r (10) 

Typical values for N, r, and p 111 at a velocity of 17.5 m s-1 are 195 s-1, 5.3 fJ,S, and 
0.088 V respectively, which agree with a measured value of Jl- = 8 x 10-6 V2• · 

Pulse height spectra were expected to be a good indicator of cavitation erosion 
intensity after further development. However, our initial findings suggest that · 
comparisons of the mean square signal in the frequency band 10 KHz to 30 KHz 
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. 
offer the best indication of erosion rate in the present study. 

4.4 Effects of Air Injection 

A comparison of relative erosive power versus normalized air flow rate is 
shown in Figures 16 and 17. Comparisons are made using three methods: 1) the 
mean square of the hydrophone signal in the 10KHz to 30KHz barid, 2) the average 
of the three most intense. mean square. pressure signals in the 10 KHz to 30 KHz 
band and, 3) the mean square ·.modulation acceleration defined by Equation ( 4) 
in Abbot eta! (199.3). The air flow rate per unit width, q, in the normalized air flow 
rate, q/U0c, is obtained by dividing the total air flow rate applied by the number of 
holes (5) and the spacing between holes; c refers to the chord length of 68.87 mm 
at the position of. the center air injection port. 

The favorable intluence of air injection is clearly evident. It is important to 
note that acceleration modulation analysis appears to be much more sensitive to. 
changes in erosive intensity. Further discussion of this technique is found in Abbot 
et al (1993). Although the modulation method appears to be the most sensitive 
technique, the effects of air on the pressure pulses are also evident. This is illustrated 
in Figures 18 and 19. These are photographs of the sheet cavitation without and with 
a relative amount of air injection of 8.3 x 1 0"'1• Superimposed on the plots are isobars 
of the mean square pressure. The favorable influence of air injection over the entire 
surface of the foil is evident. Similar observation!) can be made in Figures 20 and 21 
from the isobars of the number of pulses exceeding a predetermined critical level. 

4.5 Modulation Frequency 

As discussed in Abbot et al (1993), there is evidence that erosion intensity is· 
most severe under conditions where a cavitating cloud i!-i modulated. Whether this 
modulation is a function of the sheet churacteristics, the cloud dimensions and void 
fraction, or a combination of both is not clear at this point. 

If one assumes that a sheet has a cyclical life time that scales with the time 
required for a re~entrant jet to travel forward and pinch off the cavity (Stinebring et 
al, 1980) then it follows that 

+ a (11) 

where it is assumed that 
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(12) 

Since Lc varies strongly with a, most of the observed variation in modulation 
frequency with a is removed by using Lc as the characteristic length scale. This is 
shown in Figure 22. The frequency of oscillation is obtained from the modulation 
analysis and agreed almost perfectly with cavity oscillation frequency data obtained 
visually using a stroboscope. 

4.6 Comparison of Modulation Analysis 
and Measurement of Mean Squar~ Pressure 

Abbot et al (1993) have found very good correlation between hydrofoil erosion 
rate measurements and the mean square acceleration level. They also found that 
their mean square acceleration levels had a velocity exponent as high as 11. On the 
other hand measured mean square pressure data scaled with velocity to a lower 
exponent. One possibility for this discrepancy is offered here. 

Assuming that each pit formed on the surface of the hydrofoil corre~onds to 
an impulsive force of amplitude F0 and duration r, the mean square force F is then 

-="1 ") 
F~ = N F0 r (13) 

where N is the number of pits per unit time. Mean square acceleration ~ and Pare 
related by a transfer function 

(14) 

Assuming that F0 is proportional to peak pressure, p 01 , and pit diameter, dP 

(15) 

then 

(16) 

Noting that Np~1 r = [l-, we obtain 
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(17) 

Using our measured values, jr.... U~ and (12.., U~1 , we obtain dP ... u~·25 which 
is fairly consi.stent with previously reported results for pit volume, dP3 - rfo or 
dP ... u~·6 • These results are very tentative and warrant further study.· 
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5. CONCLUSIONS 

This study and previous work by others indicate that water tunnel tests are an 
effective method for isolating the essential flow physics that contribute to cavitation 
erosion in hydroturbines. Air injection has been shown to be very effective in 
minimizing erosion. The modulation analysis indicates reductions as high as 23 dB 
were found in these tests. 

Initial results indicate that the m·odulation analysis technique is the most 
sensitive to changes in erosion rate. A simple analysis indicates that mean square 
acceleration and mean squar~ pressure are related by the fourth power of pit 
diameter. If pit diameter scales directly with bubble size, there should be no 
difference in the velocity scaling for ? and /?-. However, there are observed 
differences in the velocity scaling of the two quantities, implying a velocity scaling for 
pit diameter which appears to be consistent with previous results. 

·The piezoelectric film used in these studies shows promise. However, the very 
short duration of the pressure pulses, much ·shorter than the Rayleigh bubble collapse 
time, probably preclude accurate measurement of pulse height spectra. In spite of 
limitations in resolving pulse height, total impulse may be accurately recorded, 
implying that there may still be some reasonable validity to mean square 
measurements. Although trends with velocity and a were noted in the noise signal, 
the effect of cavitation on the acoustic path makes the monitoring of cavitation noise 
less effective than the other techniques used. 

The results reported herein must be viewed as preliminary until a direct 
correlation between pitting rate and acoustic emission monitoring is achieved. 
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6. SUGGESTIONS FOR FUTURE WORK 

Since the results of this study indicate that air injection would be an effective· 
technique for mitigation of cavitation, the method should be developed further for 
field studies. The leading edge air injection technique developed in this study shows 
promise and an effective system for Francis runners .can be developed. 

A definitive correlation between pitting rate on the hydrofoil and weight loss 
measurements in the ASTM vibratory apparatus should prove invaluable, since a 
direct correlation between service life and weight loss does not exist. 

Further research to correlate hydroft)il studies with model and full scale 
turbine tests is necessary to achieve s finite closure between laboratory tests and field 
experience. This is necessary for both evalustion of mitigation techniques and further 
development of cavitation monit'oring system. 
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Figure 8a. Schematic of the pressure detecting film "Prescale" (adapted from 
Fujifilm Imaging & Information, Fuji Photo Film Co., Ltd., Japan). 
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Figure 8b. Typical pressure calibration of the color density from "Prescale" exposed 
to momentary pressure (adapted from Instruction Manual, Fuji Prescale Film, Fuji 
Photo Film Co., Ltd., Japan). 
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Figure 9a. Computer output of a digitized image acquired through the frame 
grabber. "Prescale" film exposed for 5 s·econds at a standoff distance of 1.5 mm from 
the face of the horn. 
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Figure 10. Time trace of the pressure signal acquired on the oscilloscope during 
the dropping ball calibration test. 
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Figure .18. Photograph of sheet . cavitstion at a == 0.9 and U0 == 17.5 m s·1• 

Superimposed on the plot are isobars of mean square pressure fluctuations. 

Figure 19. This is the same situation as Figure 18 except for an air jnjection rate, 
q/U0c of 8.3 x 10·4• Note the dramatic reduction in pressure intensity over the entire 
surface of the foil. 
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Figure 20. Photograph of sheet cavit<Hion at a = 0.9 and U0 = 17.5 m s·1• 

Superimposed on the plot me isobsrs of the number of pulses exceeding a 
predetermined critical level. 

Figure 21. This is the same situation as Figure 20 except for an air injection rate, 
q/U0cjof 8.3 x 10-4• Note the dramatic reduction in amplitude of the pressure pulses 
over the surface of the foil. · 
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