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Abstract. In the present article, three problems associated with cavitation in
turbomachinery are discussed. The first one deals with the potential application
of recent understanding in cavitation inception to similar problems in
turbomachinery. The second considers the thermodynamic effects in developed
cavitation. This has relevance to turbopump operation using fluids other than
water. Old correlations to predict the above effect are summarized and a new
correlation is proposed. Lastly, the possible methodology to predict pump
cavitation noise is outlined. This section relies heavily on similar developments
in propeller cavitation noise research.
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”3“ 1. Introduction

The problem of cavitation, which is local vaporization in liquid flows due to reduction in
static pressure, and its association with turbomachinery, is an old one. In general, cavitation
is to be avoided since it can result in material damage, loss in performance, inducement of
vibration and intense noise radiation over a wide frequency band. In some special
applications, another deleterious effect due to cavitation could be the change of chemical
composition of the original liquid sample. Therefore, it is understandable that considerable
efforts are still being expended in trying to tackle the problem of cavitation in
turbomachinery flows, since even the rudimentary problem of prediction of the conditions
for the onset of some of the physical effects due to cavitation as noted above is far from
solution.

One of the commonly used methods for assessing the potential occurrence of cavitation

. in a prototype turbomachine is through model-testing in a suitable facility. In order to

conduct the tests properly and extrapolate the findings to prototype conditions, it is
necessary to establish proper scaling laws. It is most convenient to do this through the use

A list of symbols is given at the end of the paper
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of non-dimensional parameters. In addition to the non-dimensional parameters associated
with well-established affinity rules for the performance of turbomachines under non-
cavitating conditions, it is necessary to use an additional non-dimensional parameter when
dealing with cavitating conditions. As indicated in well-known text books on the subject

(for example, Wislicenus 1947) the relevant parameter most widely used is the Thoma
cavitation parameter, defined by,

o= Hg/H, (1)

where, Hy, is the appropriate pressure head above the vapour pressure head and H is the
difference in the head across the machine. In the case of pumps, Hy, is commonly termed
the Net Positive Suction Head (NPSH) and an expression for computing the same is

Hy, = H; + (V2/28) - Hv- _ (2)

Here, Hy, is the absolute static pressure head at the inlet, V is the average velocity at the

inlet and H, is the vapour pressure head evaluated at the bulk liquid temperature at the
inlet. In the case of a turbine, referring to figure 1, Hj, is given by

Hw = Ha +hs - Hva (3)

where H, is the atmospheric pressure head; here, velocity effects have been neglected. It
should be clear that the magnitude of o can be specified irrespective of whether cavitation
occurs or not in the machine. Hence, the magnitude of ¢ in a given situation is referred to as
the plant o and its relation to a critical o is then a measure of the extent of cavitation. For

this purpose, we can define three specific values of o and denote them as o3, o, and o, with
their relevance indicated below.

o; — This is the value of o at which the first signs of cavitation are detected. Therefore, the
most sensitive method of detecting cavitation should be used to infer o; and experience
suggests that monitoring noise levels at high frequencies could be one such method.

o, — This is the value of ¢ at which the first signs of performance deterioration of the
machine due to cavitation become apparent. One cannot be precise about this measure and
some arbitrariness would be essential in arriving at a value of o,. The commonly used

measure of 3% head drop from non-cavitating conditions is one method used frequently in
centrifugal pump applications. '

ap ~ This is the value of o at which breakdown in the performance of the machine due to
cavitation occurs.

From the criterion indicated, we expect 0; > o, > 0p and if o > o; no cavitation is
expected. The difference in ¢; and o, values can differ from machine to machine; for

Tail water

Figure 1. Figure illustrating parameters in computing suction head for a turbine.
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example, McNulty & Pearsall (1979) indicate values of 2 to 8 for the ratio of inception to
critical cavitation number for different pumps. In their experiments, inception value was
arrived at by an acoustic method of detection and critical value was based on 3% head drop
criterion. The definitions for o; and o}, are less ambiguous as compared to that for o.
Several possibilities exist for the latter and the implications of these in practical use have,
for example, been discussed by Schiele et al (1974). However, it should be noted that a
distinction between o; and o, is not always made.

The cavitation number, o, defined above is only one of the several definitions used in
practice. A complete list of the several variations in the definition of o for centrifugal
pumps is given by Kumaraswamy (1986). It is not the purpose here to indicate the preferred
definition for o, however, we would like to introduce another cavitation number, K, which
is useful in relating cavitation in the machine to the cavitation properties of individual vane
or blade sections. This number, primarily useful for pumps is defined as,

K = (P—Py)/3plV? + U%), (4)

where P, refers to the static pressure and V is the axial velocity at the inlet of the pump, U
the tip velocity equal to mDn and P, the vapour pressure at upstream bulk temperature.
Further, K;, K. and K, are defined in the same manner as o and have similar physical
significance. Another possibility is to replace the denominator of (4) by the dynamic head
based on relative velocity at pump inlet. This will be particularly applicable when there are
inlet guide vanes. :

If cavitation number is the only additional significant parameter, then we can expect
complete similarity in the relative extent of cavitation etc. in geometrically similar
machines at equal o values, provided the operation points of the machine are fixed by the
classical affinity laws. Any deviations from this can in general be termed as “scale
effects”. Several types of scale effects have been observed and are associated with various
sources like viscous effects, thermodynamic effects etc. The scale effects seem to be most
severe in determining the conditions for the onset of cavitation. Understanding the scale
effects in general is one of the important topics of current cavitation research.

There are several aspects to the problem of cavitation in turbomachinery, the
fundamental and most significant one being the ability to predict the conditions for the
onset of cavitation in such machines. There are others, like assessing the potential loss in
performance, extent of damage, levels of radiated noise etc. once cavitation sets in. In
principle, it would be highly desirable to achieve this capability at the design stage itself.
As noted earlier, we are far from such a possibility and it can be appreciated that for
comprehensive coverage, in one article of the present type, some choice of topics is a
necessity and presently three have been chosen. The first one is a summary of the recent
developments in understanding the mechanism of cavitation inception. The second one
concerns the thermodynamic effects in pump cavitation and the third one is on cavitation
noise where emphasis is placed on presenting data from propeller cavitation noise
measurements. It is believed that all the three topics are of current relevance.

2. Recent developments in understanding the mechanism of cavitation inception

2.1 Background

In general the two conditions which must be satisfied for the occurrence of cavitation are:
(i) the availability of “nuclei” (the weak spots in the liquid), and (ii) the reduction of static
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pressure to or below the vapour pressure. Therefore, considerable effort has been expended
in trying to understand the role of nuclei and viscous effects, which controls the local
excursions in static pressure, in cavitation inception. In the following, we only provide a
summary and the interested reader can consult several review articles on the subject like

Arndt (1981), Acosta er al (1986), Arakeri (1986), Billet (1986) and Kuiper (1985) for
additional information.

2.2 Role of nuclei

Since the tensile strength of a pure liquid is predicted and observed, in careful experiments,
to be quite high, the only explanation for observed cavitation at moderate to negligible
tensile strengths is due to the presence of weak spots in the liquid, commonly termed as
nuclei. One excellent source and a viable model for nuclei is the undissolved gas bubble.
Organic and inorganic particulates are also potential sources of nuclei. From static stability
considerations of a gas bubble, it is a simple matter to show (see Knapp et al 1970) that the
critical pressure required for unstable growth (indicating rapid vaporization or cavitation
onset) is given by,

45
w | ®)

This expression is obtained by assuming the permanent gas in the bubble to expand or
contract isothermally. In the above expression P, is the vapour pressure of the liquid, S is
the coefficient of surface tension (0.072N/m for air-water interface) and R* is the
characteristic size of the nuclei. From (5), one can infer that the classical assumption of
critical pressure being equal to the vapour pressure is accurate only in the presence of large
sized nuclei, typically exceeding 100 um. One possible method of overcoming scale effects
associated with nuclei size would be to introduce P, instead of P, in (4). In such a case, it is
clear that the non-dimensional contribution from the term containing nuclei of radius R*
decreases with increase in the resultant or tip velocity and also that measurement or
knowledge of nuclei size distribution would be required under prototype and model testing
conditions. An excellent summary of the efforts in the measurement of nuclei size
distribution is given by Billet (1986).

As indicated by Billet (1986), measurement of cavitation nuclei has been attempted
using basically two different approaches. One is to measure the particulate/microbubble
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Figure 2. Cavitation nuclei measuring techniques (Billet 1986).
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Figure 3. Compilation of microparticulate and microbubble number density
distributions from various sources (Billet 1986).

distributions by utilizing acoustical, electrical or optical methods and the second is to
establish the cavitation susceptibility of the liquid sample through direct cavitation moni-
toring. A list of the various cavitation nuclei measuring techniques is indicated in figure 2.
Among these, the holographic technique gives a direct measure of particulate and
microbubble distribution and hence has become the standard with which measurements
with other methods are compared. Figure 3 gives a summary of some nuclei distribution
data obtained by using various techniques. These nuclei distributions are expressed in terms
of a number density function which is defined as

n(R) = n{]j—l;;—R—z}

__ number of nuclei per unit volume with radii between R, and R, (6)
Bl Ry — R

and is plotted against nuclei radius in micrometres. These data in most cases represent both
microbubble /particulate distributions and can be represented by the relationship

n(R)R® = constant. | (7)
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The practical utility of such measurements in either the prediction of the conditions for
cavitation inception or improvements in scaling procedures is not yet established. However,
just like measurement of free stream turbulence levels for wind tunnels, the measurement
of nuclei size distribution will become standard practice for characterizing a given facility
or environment.

In view of the difficulties associated with the direct utility of nuclei size distribution
measurements, an alternate method of developing the so-called cavitation susceptibility
meters (CSM) has been initiated. The most widely used method utilizes a venturi system
(Oldenziel 1979; Lecoffre & Bonin 1979), even though earlier, use of head forms was
suggested (Silberman et al 1973). In the case of the former, a small venturi tube made of
glass or steel is utilized and on adjusting the volume flow rate through the system, the
minimum pressure varies. At a given minimum pressure, the number of cavitation events
are recorded either optically or acoustically and thus can provide a direct measure of both
the liquid sample critical pressure and nuclei concentration over a very large size range.
More recently, a comparison of results from CSM with the nuclei distribution measured
with holography has been made by d’Agostino et al (1988). In addition to the above
methods of nuclei measurement, the old technique of total gas (Van Slyke apparatus) or

dissolved oxygen content monitoring continues and is routinely reported even though not to
the extent desired.

2.3 Viscous effects

One of the first studies in relating the viscous effects to cavitation inception process is that
due to Parkin & Kermeen (1953). This classic study shows that the mechanism of
cavitation inception process on a hemispherical nosed axisymmetric body is closely related
to its boundary layer characteristics. Arakeri & Acosta (1973) repeated their experiments
with the use of the Schlieren technique of flow visualization. They found that cavitation
inception first occurs in the reattachment zone of a laminar separation zone and well away
from the theoretically predicted location of minimum pressure. Subsequent studies have
confirmed the significant role of turbulent transition, whether in attached boundary layers
or in shear layers in cavitation inception. At the present time, what is known is that the
transition zone is the location of intense pressure fluctuations. For example, recent studies
on free shear layers by Ooi & Acosta (1984) and Arakeri & Berman (1989) seem to
indicate peak pressure fluctuation levels of the order of 160 and 400% of the dynamic head
in these regions. There is no doubt that the low pressure zones detected are at the core of
vortices which form in the initial zone of transition and subsequently get stretched in the
strong zone of shear. The latter is a complex three-dimensional phenomenon and extremely
difficult to analyse or probe. A testimony to this is the recent finding of Katz & O’Hern
(1983) that the first location of cavitation inception in a two-dimensional free shear layer is
in vortices aligned roughly 45° to the direction of mean flow and not in vortices aligued
normal to the direction of mean flow. The latter are the readily visible structures in classical
flow visualization techniques. In addition to the viscous effects being responsible for large
pressure excursions in a given flow field, the presence of a separated region, which again is
a consequence of viscous effect, could influence cavitation inception differently. These
zones, being characterized by large time scales compared to the main flow, could be
regions of nuclei size modification through mass transfer across the walls of original nuclei
being entrained in this zone. Many of these issues are still being investigated.
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Figure 4. Variation of inception and critical cavitation numbers with Reynolds
number (McNulty & Pearsall 1979).

2.4 Relevance to turbomachinery

In going through the literature on cavitation inception problems in turbomachinery, it is
*« found that hardly any reference is made to the recent advancements in understanding the
mechanism of cavitation inception and some of its aspects that were indicated above. On
the other hand, many of the findings have been exploited usefully to understand the
mechanism of cavitation inception on marine propellers, flow around which is similar to
that of a turbomachine. A summary of these efforts is contained in the work of Kuiper
(1981). The reason perhaps is in the fact that in turbomachinery applications, it is very
rarely that one is interested in the beginning or incipient conditions of cavitation; the
parameter of more interest being o, rather than o;. There is no doubt that the conditions for
o; are critically dependent on detailed features of flow like nuclei content and modification
of pressure fields due to viscous effects. This aspect is clear from the work of McNulty &
“ Pearsall (1979) and is shown in figure 4. The Reynolds number effect is clearly more
dominant in determining the conditions for inception cavitation number based on acoustic
detection rather than on critical cavitation number based on 3% head drop criterion.
With the advent of powerful computers and advances in modeling of turbulent flows, it is
becoming easier to compute the real flow field in a turbomachine numerically. These
should be of some help in determining the primary pressure fields associated with such
flows and hence conditions for cavitation associated with classical minimum pressures.
However, with boundary layers and lifting surfaces, turbomachinery flow is prone to
generating locally strong vortical flows. Minimum pressures associated with these
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secondary pressure fields cannot be predicted with sufficient accuracy since in many cases
even the existence of such vortices may not be predicted. In this connection, it should be
noted that computation of pressure fields in the tip-vortex region of a lifting hydrofoil is
still a challenging task. It is most likely that cavitation inception in unexpected regions of
turbomachine flow is due to formation of local vortices. Some examples of such observa-
tions have been given by Couston et al (1987), who also indicate how judicious use of
computation helps in alleviating the difficulties. The point to be made here is that the
fundamental investigations on cavitation inception could be of considerable significance in
understanding cavitation inception not associated with the primary pressure fields and
some of these could even be eliminated with minor modifications.

Investigations on potential scale effects associated with nuclei content of the liquid and
viscous effects in turbomachinery flows have assumed added significance, since the
acoustic technique is increasingly being mentioned as a possible candidate for ““‘condition
monitoring” of turbomachines including the effects of cavitation. One of the physical
effects which is most sensitive to cavitation onset is the sudden increase in radiated noise
levels, in particular, at higher frequencies. Therefore, with acoustic monitoring, the
conditions first detected are those associated with cavitation inception or the parameter o.
This is bound to lead to difficulties in extrapolating model test results to prototype
situations unless design improvements are made to ensure that minimum pressures are
associated with primary pressure fields and not the secondary, this being particularly so for
off-design operating conditions. The crucial input to these efforts will come only from
fundamental investigations on cavitation inception in turbomachinery flows based on

similar work done in other classes of flows, like flow past axisymmetric bodies or
individual lifting hydrofoils (Van der Muelen 1980).

3. Thermodynamic effects in pump cavitation

3.1 Background

Since cavitation is a process of vaporization resulting in vapour bubbles or regions, a
certain amount of heat to cater to the required latent heat of vaporization has to be supplied
by a thin layer of liquid surrounding the bubble or region. This necessarily involves a
temperature drop or depression in the liquid surrounding the vapour region and a
corresponding vapour pressure difference can be evaluated using the Clausius—Clapeyron

equation. Now, considering a cavitating pump we can define two cavitation numbers ¢ and
o as follows,

H; + (V?/2g) — H\(T) NPSH
H ~TH ®)

g =

and

_ Hy+(V?/2g) — Hy(T) _ NPSH, o
H T H (9)

where T, is the bulk temperature at the inlet and 77 is the average local temperature at the

surface of the vapour region and the difference between the two is the temperature drop
mentioned earlier. We can express ¢ in the form

oL

o =0 — Ao,

(10)

4
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where Ao is given by

 H,(To) —Hy(T) _ AH,
Ao = T =~ (11)

In water, near room temperature the term Ao is negligible and hence o =~ o, and one need
not distinguish at what temperature the vapour pressure head is to be evaluated. However,
this need not be the case for water at higher temperatures and in particular for other
fluids like hydrocarbons or cryogenics. In this case we may not expect similarity on the
basis of o alone and this may be attributed to the thermodynamic scale effect, since, the
origin of Ao is primarily associated with thermal effects. Experiments like those of Holl
et al (1975) and Hutton & Furness (1974) show that cavitation similarity is observed on the
basis of equal values of o, and not o, under conditions where thermodynamic effects are
significant.

On the basis of the above considerations we can arrive at qualitative implications of
thermodynamic effects in pump cavitation. Consider a pump operating in cold water with a
flow rate of Oy, and developing a head of H; under non-cavitating conditions; it requires an
NPSH of (NPSH); to result in 3% head drop due to cavitation. The same pump operates in
hot water or another fluid at a flow rate of Q; and develops the same head H; (this tacitly
assumes that non-cavitating performance is not influenced by thermodynamic effects); the
question is what NPSH denoted by (NPSH), would be required to result in 3% head drop. It
has been stated that cavitation similarity is expected on the basis of equal local cavitation
numbers or (o1); = (o1),. This implies '

o1 + Aoy = 03 + Ao, (12)
and, since Aoy is zero, we get
H), — (N A(NPSH AH.
ol — 0y = (NPS )1 ( PSH)2 — ( S ) — AO'z — ( 71)2_ (13)
Hl Hl ) Hl

Therefore, the NPSH correction or, as Stepanoff (1965) prefers to call it, NPSH adjustment
is directly related to AH, associated with thermodynamic effects. Further, we expect the
NPSH performance in the second case to be better, in the sense the NPSH required is lower
than that of cold water. Thus, the focus of efforts in assessing thermodynamic effects in
pump cavitation is to arrive at a method of predicting AH,.

3.2 Conventional criterion and methods

The most widely used method for assessing thermodynamic effects in pump cavitation is
via the so-called B factor method proposed by Stepanoff (1961). The starting point for this
method is the heat balance written in the neighbourhood of the cavity surface and has the
form,

pu¥V A = pV,CIAT, (14)
where ¥, and ¥V, are the volume of vapour and liquid respectively. The B factor is, by
definition, the ratio of the vapour volume to the liquid volume or

_V;Q__ClATﬂ

B==t=— . (15)
v, A Py ’
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From the above, we can relate the temperature depression, AT to B and using the Clausius—
Clapeyron equation the corresponding AH, is given by

Ay
AH, =17 —1 |==|B. 16
LJ {CzT 8 )
Stepanoff & Kowaguchi (1962) define a new parameter B, related to AH, and B by
B = B1AH,, ‘ (17)

and on the basis of experimental data provide an ‘“equation of state”
BY*AH, = 64/H,, (18)

to compute AH, directly in terms of By, which can be evaluated from the thermodynamic
properties of the liquid and vapour at the bulk temperature and H, which also can be
obtained. They provide a ready graph to evaluate NPSH adjustment for hydrocarbons based
on the B-factor method. One criticism of the B-factor method is that it does not involve any
dynamic terms which are likely to be significant in determining heat transfer rates at the
interface. The importance of the POGO instability in the operation of liquid propellant
rockets (Rubin 1966), and the role played by the fuel and oxidizer turbo pumps in that
instability, generated renewed interest in analysing thermodynamic effects in pump
cavitation handling cryogenic fluids. Two groups have been active in these efforts; one at
the Pennsylvania State University (Holl et al 1975), and the second at NASA Lewis
Research Center (Ruggeri & Moore 1969); the noted references are representative. An
analysis based on an energy balance at the liquid vapour interface including convective

effects, the group from the Pennsylvania State University propose the following expression
for the temperature depression, AT

= . 1
G N g G (19)

Here, Cy is a flow coefficient to cater to the vapour entrainment at the end of an attached
cavity, Cy4 is an area coefficient that includes geometrical features of the cavity. Extensive
experimental studies were conducted using venturies and ogive head forms with several
cryogenics as working fluids to provide correlations for evaluating Cp, Cy4, Pe and Nu. To
the best of our knowledge, the above correlations have not been tested for assessing
thermodynamic effects in pump cavitation.

Based on theoretical analysis and coupled with experimental venturi cavitation results,
the NASA Lewis Research Center group, propose the following expressions to predict B,

[V A

o110 108 .
B = By [ OJ {;J , for a particular pump. (21)

and

Here, subscript R refers to reference values and once B is evaluated, the corresponding AH,,
can be obtained from (16). Ruggeri & Moore (1969) have used the above correlation quite

£
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successfully to predict thermodynamic effects in pumps and inducers. However, the use of
the correlation requires that two sets of appropriate test data be available for each pump and
operating conditions of interest, and at least one set of data must provide a measurable
thermodynamic effect. The latter is a distinct disadvantage of the method, but what is of
relevance is that the test data need not necessarily be for the same liquid for which
thermodynamic effects are to be predicted. Thus, easy to handle liquids that exhibit
thermodynamic effects could be used to generate the test data.

There are other methods which have been suggested and developed for predicting
thermodynamic effects in pumps like those due to Spraker (1965), Chivers (1969-70),
Bonnin (1974) etc; however, these also involve parameters similar to those indicated above.

3.3 Possible new criterion and correlation

In the following, we first develop a new criterion which is based on the early work of
Plesset (1964) and extended later by Brennen (1973). For this purpose, consider cavitating
Ev}% flow past a blunt circular cylinder (also known as zero-caliber ogive) as depicted in figure 5.
The non-cavitating flow past the body and the incipient cavitation condition are
characterized by the minimum pressure coefficient, Cpmi, and the incipient cavitation
number, K;. Under steady state conditions, the heat balance at the cavity surface requires,

Mm, = h(Too — Tp)As (22)

Here, m,, is the measure of the rate of vapourization and Ay, the interface cavity surface
area. The heat transfer coefficient, 4, can be written as

h=k/é, (23)
with &, being the thermal boundary layer thickness and evaluated as,
" 6 = (cur)'”? (24)
. !47‘@

where T is a relevant time scale.
Based on the fact that the time scale could be associated with the extent of cavitation, we
propose the following expression for 7,

T= (L/Uoo)(lcpmin‘/KL)a (25)
Ag
! T
/ <)

— / Bod /

Py » Yoo s Teo /
oz

My

Cavity

Figure 5. Schematic of cavitating flow past a blunt circular cylinder (zero-calibre
ogive).
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where K is the local cavitation number and L is the characteristic body dimension. The
introduction of |Cpmin| and K, in addition to the normally expected time scale of L/ Uy is
consistent with the fact that 7 increases with increase in the magnitude of |Cppmis| at a fixed

value of K, and at a fixed value of |Cpmin| it also increases with decrease in the magnitude
of K;. The basic heat balance relationship can now be expressed as,

m k (UJNY*T & 12
e W Bl it — — . 26
/\(AS> L( GQ; ) |CPoin| (Teo = T1) ( )

From dimensional considerations it follows that,

m,/As & pyUc, (27)
and using further approximations of

K; ~ |Cpmin| and

Kp~K

we get for non-dimensional temperature depression,

T T () (o) (B ) %)
Teo - CpiT) \ 1 Qg K o

"where Cp is a proportionality constant.

The integration of the Clausius—Clapeyron equation with the assumption that p; > P4
and the use of normal equation of state for the vapour results in

AHq, _ Pn(Too) —P'U(TL) — &iﬂ{exp [XA_{E (Too - TL):! —1}. (29)
P8 M,y g R\ TyT.

The temperature difference appearing in the above expression is given by (28). This exact
form should be used for cryogenics like liquid hydrogen, whose properties vary very
strongly with temperature. However, in most other cases a valid approximation

M, (T, — T1) My [T — Ty
EXpPIA=———| - Il A |——— 30
p[ R Tl R | ToTy (30)
should be quite accurate. Thus, with this approximation the expression for AH,, is,
A2 2 I\ V212
on el () )" o
TCpgl o] \ a K
In non-dimensional form, the above can be expressed as
AH, ~11p11/2
T2 /2 ~ CoX(T)A™'[K)'2, (32)
where the thermodynamic parameter ¥(7') and the dynamic parameter A are defined as
22 g
(T = |—-+o| =], 33
) [T szx/@‘z] Lz] “ (33

U3 K 1/2 -
A:( e ) . (34)
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In (32), &(T) is a non-dimensional measure of the thermodynamic effect and similarly K; is
a measure of tendency for cavitation through pressure drop and therefore we could state
that if thermodynamic effects are to be important, then

AH '
S k'
U3, /28

which clearly is possible if
(T) > A. (35)

Brennen (1973) using a different approach has arrived at the identical criterion.
For pumps, we can compute A from

A= (%) . (36)

where U is the tip velocity, o is the Thoma cavitation number and D is the diameter of the
impeller. Judicious choice of U and D in (36) may help improve correlations unless it is
limited to the same design of pump. One may expect improved correlations if U refers to
the inlet relative velocity or preferably maximum relative velocity within the pump and D
is replaced by reference blade chord. These points need to be examined carefully.

For a typical fluid, like water, the qualitative behaviour of (T) versus T is as shown in
figure 6. For a given pump, A can be computed and marked as shown in figure 6; at
temperature 7 = T*, 5(T) is equal to A and our new criterion involves the following. For
T < T*, we do not expect any thermodynamic effects and for T > T*, we look for a
correlation of the form

AHv :f(TR)a (37)

$(T) (m/s3/2)

300 400 500 600
: T(K)

Figure 6. Qualitative behaviour of thermodynamic parameter, ¥, with temperature.
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where T is the reduced temperature given by

. _T-T "
R=T 1% (38)

RS

with T* already defined, T is the c;jitical temperature of the fluid under consideration and a
tabulated quantity.

3.4 Verification using new correlation

The use of the correlation first of all requires the computation of ¥(T) that can be done
with the help of (33) and appropriate property tables. The computed values of ¥(T) for
various fluids as a function of temperature, T, are given in table 1. Next, we look for a
correlation of the form AH, = f(Tg) from the existing pump cavitation data involving
different fluids. The test data used along with relevant parameter values are summarized in
tables 2 and 3. It should be noted that six different pumps and various fluids are involved.
The AH, values indicated in the table refer to the difference in the NPSH value for 3%
head drop involving thermodynamic effect and the NPSH value corresponding to cold
water data. The T* values were obtained for each of the pumps and the fluids by using the
criterion that at T = T*, X(T) = A. A plot of AH, versus Tr for all the six pumps with
water as working fluid is shown in figure 7. It should be noted that the data correlates very
well, in particular keeping in mind that the uncertainty in the measurement is £0.5ft
(+0.152m), the extent of which is shown in figure 7. What is impressive is that the

o

Table 2. Summary of pump data used for correlation.

Pump No. Liquid Temp. AH, ™ TTR =
X (m) (K) T-T
1. Water (T, = 647.25K) 294.11 0 - -
P D =1.5" (0.381m) 373.0 0.32 307.2 0.194
388.65 0.58 306.8 0.240
Q = 140 gpm 405.32 088 ©  306.0 0.291
N =3,470rpm 421.98 1.37 305.0 0.342
2. Water (T, = 647.25K) 299.66 0 - -~
D = 3" (0.0762m) 388.65 0.33 3142 0.223
Q = 425 gpm 408.10 0.73 313.6 0.283
N = 3,5201pm 419.21 0.97 3134 0317
Z 3. Water (T, = 647.25K) 294 0 - -
'g D = 2" (0.0508 m) 394 0.39 315.0 0.238
, 0 = 280 gpm 422 1.13 313.8 0.325
n-Butane, (T, = 425.2K) 275 0.76 206.5 0.313
286 1.07 206.2 0.364
N =3,585rpm 300 2.19 204.4 0.433
306 2.68 203.0 0.463
Freon-11, (T, = 471.2K) 303 0.64 231.5 0.298
322 1.19 230.3 0.380
Water (T, = 647.2K) 204 - - -
D'=2"(0.058m) . : 417 0.76 314.6 0.308
Q= 145gpm 436 1.83 312.2 0.369
N =3,5851pm 483 3.05 306.6 0.512

Source: Salemann (1959) and Stepanoff (1961)

H
|
|
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| |
Table 3. Summary of pump data used for correlation. 1;
i
b

Pump No. Liquid Temp. AH, T Tr :—]_"
T —_— *
(K) (m) (K) m
5. Water (T, = 647.2°K) 297 - - -
D =3"(0.0762m) 333 0 318.4 0.044
372 0 318.4 0.163
0 = 600 gpm 394 0.15 318.2 0.230
N = 3,550rpm 408 0.46 317.8 0.274 i
420 1.28 317.0 0.312
CH;0H (T, = 512.7°K) 311 0 277.4 0.143
339 0.24 277.2 0.262
356 0.61 2762 . 0.336
368 1.22 276.2 0.388
6. Water (7, = 647.2°K) 344.66 - - - ;
D = 6"(0.1524m) 382.2 0 312.4 0.202
Q = 900 gpm 395.22 0.46 311.2 0.250 i
N =1,785rpm 408.00 0.70 310.2 0.290 f
421.88 1.37 306.6 0.338 »
CH;0H (T, = 512.7°K) 327.44 0 272.0 0.230 )
344.66 0.39 271.2 0.304 F
361.33 1.01 269.2 0.378

* CH30H — methyl alcohol
Source: Spraker (1965)

correlation is good even at the highest water temperatures involved which is not the case
with the correlations of Spraker (1965) in the form ANPSH = f(1/B) and the B-factor

method of Stepanoff & Kawaguchi (1962). The straight line through the data of figure 7
can be represented by

AH, = 10(Tg — 0.21). (39)
!
1 T T ] T T T 7 -
3 Uncertainty band //Q( . :
in measurement e 3
, ‘
/ i
/
I /
s/
4
20~ /7 I
o
AHy ///
(m) a &y Fluid-water
by Faid-water
1L /p’ Pump No.
g " a 1 ]
w o L 2
o // 'Y 3
A ,
0O = ./’ g Ié
) VA 1 1 ] { lA 6[
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Figure 7. Correlation of observed vapour pressure head difference, AH,, with reduced
temperature, Tp, for water,
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* Figure8. Correlation of observed vapour pressure head difference, AH,, with reduced
temperature, T, for fluids other than water.

The above correlation is tested against observed AH, data for some other pure liquids in
figure 8. In general, the n-butane data agree very well with the correlation; however, the
methyl alcohol data are significantly lower and the refrigerant data follow the n-butane

trend at a low Tk value but methyl alcohol trend at a high Tk value. It may be possible that
the dissolved gas content may be a significant parameter for these other fluids. In any case,
based on the water data we propose the following correlations for predicting NPSH
adjustment, ANPSH in the terminology of Stepanoff.

ANPSH (in metres of liquid) =0, if 0< Tr <021,
ANPSH (in metres of liquid) = 10(Tg — 021), if 021<Tr<0.55. (40)

3.5 Remarks

(1) The extent of thermodynamic effects varies from fluid to fluid. For example, the
thermodynamic parameter % at all working temperatures is high for liquid hydrogen
suggesting that it is likely to “boil” rather than cavitate.

(2) The proposed new correlation for NPSH adjustment based on reduced temperature
criterion predicts thermodynamic effects very well for water and reasonably well for
other pure liquids. 1

'(3) The new correlation is as simple to use as Stepanoff’s and Spraker’s methods but has
the advantage that it includes dynamic effects in an indirect manner.

(4) For some liquids, it may not be possible to obtain T* as proposed and in this case it is
suggested that the triple point temperature, T, could be used in place of T* for
computing Tk.

(5) The present criterion is arrived at by assuming that the boundary layer is laminar at
cavity interface. However, inclusion of turbulent diffusion effects, on the basis of the
work of Brennen (1969), did not show encouraging results.
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4. Cavitation noise

4.1 Background

Cavitation can occur in various forms in a turbomachine, like bubble cavitation in blade
surface low pressure regions, attached sheet cavitation at the leading edges of vanes or
blades, tip clearance cavitation and so on; however, all of these involve some extent of
bubble activity with bubble growth and collapse phases. In addition, developed cavities
could be unsteady and thus cavitation can be a source of volume fluctuations in the fluid.
This can result in radiated sound fields, which is generally random in nature and is termed
cavitation noise. Per se, the presence of cavitation noise has not been of direct interest to
designers of turbomachinery. However, as noted earlier, monitoring cavitation noise is now
being thought of as a diagnostic tool to detect the onset of cavitation and also to assess
potential cavitation damage in turbomachines. As pointed out by Robertson (1969), among
the various effects due to cavitation, the one that becomes noticeable at the earliest stages is
the dramatic increase in the level of radiated noise, in particular, at higher frequencies.
This, at first, seems very attractive for cavitation detection since noise levels at high
frequencies from other sources are relatively low in turbomachinery. However, there are
difficulties (McNulty & Pearsall 1979), like the location of cavitation is not known, which
is only possible with visual detection. With improved instrumentation and signal
processing (Courbiere et al 1982; Leggart & Sponagle 1982; Martin & Rao 1982) it
may be possible to overcome some of the hurdles and it is felt that both basic and applied
work should be pursued in correlating cavitation noise with extent of cavitation and
damage. In this connection, it should be mentioned that the problem of cavitation noise has
been of direct interest in naval applications like prediction and scaling of cavitation noise
from marine propellers. This has led to several theoretical and experimental studies, which
have been comprehensively dealt with by Blake (1986). We draw heavily from this source
to consider certain aspects of cavitation noise in the following sections. First, however, in
table 4 a summary of the various terms associated with characterizing cavitation noise is
presented. For simplicity this is done for an ideal non-directional source of sound located at
the centre of a spherical surface of radius r and a surface area, S4, of 47r2.

Table 4.  Summary of various terms used in characterizing sound.

Parameter and symbol Definition Reference Unit

Sound pressure P=(PX(f, AN/ - N/m? or Pa
(root-mean-square; rms) P

Sound intensity, / 1=P?/pc - W /m?

Sound power, W W=1IS,4 - w

Sound pressure level, Lp Lp=2010g(P/Prt)  Prr=10"N/m*=1pPa dB ref 1uPa
Sound intensity level, L, L;=2010g(I/It) L =10"2Watt/m? = 1pW/m? dB ref 1p W/m?
Sound power level, Ly Ly=2010g(W/Wr) Wier=10"12Watt=1pW dB ref 1 pW
Notes:

1. The definition of intensity  and W as indicated above are possible only under certain ideal conditions.

2. PX(f,Af) refers to measured mean square sound pressure at frequency f and bandwidth Af. One-
third-octave bandwidth is commonly used '

In some applications, it is useful to convert sound pressure level to that which would exist if the

measurements were carried out in 1 Hz band-width. This quantity is termed spectral density, SD, and is

evaluated as SD = Lp — 10log Af. It is expressed in dB ref 1 pPa/Hz.

3.

|
}
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Figure 9. Schematic of the pressure field sensed by a cavitation nuclei in a pump.

4.2 Single bubble cavitation noise and scaling law

A schematic of the spatial pressure field sensed by a ““cavitation nuclei” brought into the
low pressure region of a pump is shown in figure 9. This is similar to a pressure field for the
case of a flow past a solid body as depicted in figure 10 and in both cases we expect a
bubble growth and collapse pattern as illustrated in figure 10. If the growth and collapse
could be considered spherically symmetric, then the radiated pressure field would be that
from a monopole sound source and under certain assumptions, the expression for the
radiated sound field from such a source in terms of acoustic pressure P,(r,) is given by
(see for example Blake 1986),
A Ot —r/c)

Pulr,) = LT, (@)

External
pressure

Vapour
pressure

Curved boundary
of solid body

S

Figure 10. Sketch illustrating growth and collapse of a cavitation bubble subject to
external pressure field indicated.




472 Vijay H Arakeri
5[ T T T ]
2+ -
r2s
4 1+ -
pRm P@
0.5} -
0.2 ! ! 1 L
041 0.3 1 3 10
)
R 5

Figure 11. Spectral distribution of single bubble cavitation noise (Fitzpatrick &
Strasberg 1956).

where @ is the volumetric acceleration of the cavitation zone. Since sound velocity, ¢, in
liquids is high, the above to a very good approximation can be written as

T4 or | (42)

The corresponding spectral energy density for single bubble cavitation noise is given by
% g4
- 2]
* = lanr v

where w = 2nf is the circular frequency. In certain situations, the volume of cavitation
bubble as a function of time, Q(f), can be computed from the solution of the bubble
dynamics equation and one of the first such solutions is due to Plesset (1949). Using
a typical volume dependence on time of the type computed by Plesset (1949), Fitzpatrick
Strasberg (1956) obtained the spectrum for single bubble cavitation noise which is

reproduced in figure 11. Some of the important features of single bubble cavitation noise
are:

P = 2200

/_ " 0r) expl—juwildt] | | (43)

(1) The spectral density at low frequencies (f < fmax) increases as 1.

(2) The spectral density has a peak at about f = fyay ~ 0.5 /Te, where T is a time scale
proportional to the bubble collapse time.

(3) The spectral density decays as f~%4 for f > fiax.

The high frequency dependence noted above is only valid up to a certain frequency since
it is based on the assumption of incompressibility of the liquid medium. However, during
the final stages of collapse, compressible effects can become important which results in the
modification of the spectrum and the decay of the spectral density is more like f~2 at the
highest frequencies. Further, from the work of Fitzpatrick & Strasberg (1956) we note that
the parameters of relevance in normalizing the spectrum and the frequency are the
maximum bubble radius, R,, and the collapse time, 7, respectively.

In reality, cavitation noise consists of several events and it is common practice in
measurements to obtain the resulting mean-square sound pressure, 73?( [, Af) at a mean
frequency, f, and bandwidth, Af, with a suitable transducer and instrumentation system.

Following Blake et al (1977), a measured sound pressure in a narrow frequency band, Af

s
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can be interpreted as an energy spectrum,

P2(f, Af)

() = n=mR, (44)
where 7, is the bubble life time given by 7, with  having a value of about 3. Thus, the
measured cavitation noise spectrum can be presented in a normalized form, similar to that
for the single bubble cavitation noise spectrum as:

PI(f, Af) [ yrer’ }
Af  |RipPsl

m

S(fre) = (45)
This in fact has been done by Blake et al (1977) and more recently by Arakeri &
Shanmuganathan (1985), who have shown that the above form is valid only when the
interference between neighbouring bubbles is not significant.

On the basis of the normalized form of the cavitation noise spectrum, we can arrive
at certain useful conclusions about its parametric dependence and scaling. In general,

where cavitation is dominated by bubble growth and collapse events, we can write
from (45),

_ 4
F(1, Af) = W(fro) Af [&ﬂ’—’—@—} ()

VTer?

Here, for convenience S(f7.) is replaced by a more general function U(fr.). From
solutions to the bubble dynamics equation (see, for example, Iyer 1985), it can be shown
that
Rn/L=f(K,|Cpm|), and
TUs/L = g(K,|Cpml), (47)
where L is a characteristic length and f and g are arbitrary functions dependent on the

parameters K, the cavitation number and |Cpm|, the absolute value of the minimum
pressure coefficient. Substituting the above in (46), we obtain for P2(f,Af),

AfPep [Ldrfd'(K: ICmeUoo}
r? vLg(K,|Cpnl) |’

P2(f,Af) = ¥(f) (48)

and which can be rewritten in the form

P2(f, Af) = (Af /) Poopil’ U U172, K, | COm)- (49)

Now, from the definition of K and ignoring P, as compared to P, (for example, P, in the
case of water at 20°C is of the order of 0.03 bar) we note

P,= K[%plUgo] (50)

2 [Py |
-y -

and
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T

Substituting for Py, or U in (49) and absorbing the added dependence on K in U, we get E;
the following two alternate expressions for P2(f, Af), E
|

P2(f,Af) = (AF/P) UL LYY (7, K, | Cpal), (52) %
and A
PI(f, Af) = (OF/P)PLoPLP Y (£7e, K, | Cpul)- (53)

In terms of sound pressure levels, Lp in dB, denoting the quantities in prototype situation
(or at some other conditions) with primes and those from model tests (or at reference
conditions) without primes the following scaling laws are possible,

A/ r/ U/ pl LI

L =L, + 10log = —20log — log —= log 2L + 301log — 54

p=0Lp+ ogAf 200gr+300gU00+200gp;+ 0g — (54)
and

! /

A / P / r
L=Lp+ 101og—A—f-—2010gfr-+ 1510g 522 + Slog %4— Nlog =, (55)

it

provided the similarity conditions
K'=K
Cp,, = Cpm,
11"l =1,
L Uy L (P o\
=f = — | =L 56

are maintained. The above clearly indicate the parametric dependence of sound pressure
levels on different variables. For example, in the use of turbomachines L can be taken as the b

impeller diameter, Us; the tip velocity, Pu,, the static pressure at inlet and K evaluated
from (4).

4.3 Universal characteristics of cavitation noise

In the previous section we have arrived at certain useful relationships for scaling of
cavitation noise on the basis of consideration of normalized form of single bubble
cavitation noise spectrum. These relationships do not allow the prediction of cavitation
noise levels, which we consider in this section. This is primarily based on the development
due to Blake (1987) and existing data on propeller cavitation noise, which show certain
universal characteristics. The general predictions are then possible on specification of only
two parameters, which are cavitation type dependent.

The starting point for us here is the expression for PZ(f, Af) in the form

o = 6 g )or[B2) 57

i YT r?

which is a generalized form of (48) with R,, replaced by cavity dimension L. and ¥(f7.)
replaced by G(f7., K/K}, K;). The latter allows for more definite expressions for L, and 7
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than the general forms of (47), Blake & Sevik (1982) suggest, for limited extent of
cavitation near inception,

L.= LK — K)'/* and
7. = Le(py/Poc)? = L(K; = K)ot/ Poo) . (58)
In most cases of cavitation noise measurements
Af=f or Af =fr/T.
Using this and (58), for B uncorrelated propeller or impeller blades we get from (57),
PX(f, Af) m (BP%, [r)L*(Ki — K)G(f., K/Ki, Ki). (59)

It should be noted that the above is a slightly modified version of (49) since K; =~ |Cpm|.
The introduction of K; and (K; — K) explicitly in the above expression is of significance,
since this avoids wrong predictions due to scale effects associated with K;. It is not difficult
to imagine a scenario where at a given K, there may be cavitation in the prototype device,
>  whereas, none in the model or vice-versa owing to (K;) .4 N0t being equal to (Ki)yrorotype:
Thus, scaling of cavitation noise on the basis of K alone, near inception conditions, can
lead to difficulties; however, under developed cavitating conditions it may suffice. Blake

(1987), suggests that the above expression for PZ(f,Af) be written in the following
separable form,

P2(f, Af)
BP% (L/r)*(1 — K/Ki)

= G(fL(p1/Poo) *(Ki — K)' ") F(K)H(K/K).  (60)

Based on controlled propeller cavitation noise measurements, he has also determined
F(K) =K;* and HK/K,) = (K/ K,)* for surface cavitation. Thus, finally the normalized
expression for P2(f, Af) is

P2(f,Af)K}
P2 (L/r)*(1 = K/K})(K /K)'B

Cavitation noise measurements from several propellers by Blake (1987) and more recently
by Sharma ez al (1990) has shown reasonably good collapse, when plotted in the above
form, in particular at higher frequencies, to suggest a universal form described by

7NN (]
“f,f;‘“—Gl(E)' - @

For propellers L is taken to be the propeller diameter D and K is based on a resultant
velocity at the location where cavitation first appears. Here, P2 is the maximum spectral
level at frequency fy, that is P2, = P?(f, Af). The shape of the median spectrum given by

(62) is shown in figure 12 from the studies of Blake (1987) and Sharma et al (1990). The
§ empirical information needed for predicting the noise spectrum then basically consists of

the non-dimensionalized median spectrum shape and values of its maximum level and
corresponding

= G(fL(p1/Pos) *(Ki = K)'"?). (61)

B = P (©3)
PLB(D/r (K/K) (1 ~ K/K)
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Figure 12. One-third-octave mean spectrum for various types of surface cavitation on
marine propellers (Blake 1987 and Sharma et al 1990).

and

Fo = fuD(01/Po) /* (K; — K) /2. (64)

The values of P,, and F,, for different types of cavitation are given in table 5.

4.4 Potential use in assessing pump cavitation noise

The above derived scaling laws and methods of predicting cavitation noise are applicable
to free field conditions and the high frequency part of the cavitation noise spectrum. At
lower frequencies near blade harmonics, different parameters for scaling are significant.
In the case of turbomachines, prediction of cavitation noise must take into account the
fact that the levels of interest are those applicable or measured in an enclosure. Therefore,
the predicted free field levels, Pz (f, Af), should be corrected with an appropriate transfer

function to obtain the levels, P2(f, Af), within an enclosure. It is expected that the transfer
function defined by,

P2/PE = nfD./c], (65)

Table 5. Values of spectrum parameters P,, and F,,.

Cavitation type . 10log P, Fp Source

Leading edge suction side (LESS) —95 170 Blake (1987)

Leading edge pressure side (LEPS) —86 150 Blake (1987)

Bubble —67 15 Blake (1987)

Leading edge suction side and tip vortex -78 18 Sharma et al (1990)
(LESS or TV)

Cloud (propeller operating in wake) - =52 60 Sharma et al (1990)

.,
(]
-3
J

s
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would be a function of non-dimensional frequency as indicated (Blake & Sevik 1982).
For example, in the case of a pump the transfer function could be established with the
help of a calibrated source or projector and sensor or receiver combination. First, the
projector-receiver combination should be used in a large tank or preferably anechoic
facility with the receiver placed at the same distance from the projector as in the actual
situation. Then, the same combination with the projector driven at identical voltage(s)
as free field conditions should be used in the enclosure with the pump and its piping.
The ratio of the two levels then gives the necessary transfer function. For scaling of
model results to prototype it may be essential to establish the transfer function for both
the model and the prototype. In the case of a pump, the average values based on the
projector placed at several potential locations of cavitation should be used. Abbot ef al
(1987) have recently obtained a transfer function for cavitation noise power levels using the
technique mentioned for the MIT water tunnel pump. In addition, they indicate reasonably
good agreement between the predicted power levels from an empirical relationship due
to Brown (1976) and those inferred from accelerometer and hydrophone measurements
along with appropriate transfer functions. The agreement based on accelerometer measure-
ments is better than those based on hydrophone measurements and it is suspected that the
presence of air bubbles could be responsible for this finding. Even though it was suggested
that the transfer function would be expected to be only dependent on a non-dimensional
frequency, it can, in addition, be influenced strongly by the presence of air bubbles, the
extent of which is likely to change with physical parameters like cavitation number.
Therefore, transfer function determination should be done over an expected range of
physical situations. Also, levels corresponding to the expected levels from cavitation noise
should be used. ,

Recent studies of Abbot et al (1987) on water tunnel pump cavitation noise investiga-
tions clearly indicate that, with careful choice of transducers and instrumentation system,
cavitation onset can be identified, in some cases they have even succeeded in identifying
the onset of different types of cavitation in the same pump. The concept of transfer function
introduced here is significant and does not seem to have been used by investigators like
McNulty & Pearsall (1979), Kumaraswamy & Krishna (1987), and others. It should be
emphasised that even though the determination of transfer function is a cumbersome
procedure, its use enables comparison of cavitation noise measurements from different
pumps or turbines. '

For illustrative purposes we now use the expression derived earlier along with
the results in figure 12 to infer cavitation noise levels in one-third-octave bandwidths
for MIT water tunnel pump on which measurements have been reported by Abbot

et al (1987). For this purposes, we take L to be the diameter of the impeller and define
K as

K = 2(P, — P,)/ pi(N*D*n* + V), (66)

where P, is the static pressure at the impeller centerline and V4 is the advance velocity into
the impeller. In addition, the following parameters are specified: D = 0.76m, r = D/2 =
0.38m, N = 314 rpm (5.231ps), Poo = 1.67 X 10° N/mz, V, =3.49m/s, B =4,K; =2.63,
and K = 0.58 (these correspond to o; and o values of 28 and 6.25 respectively in the
terminology of Abbot et al (1987)).

Normally, water tunnel pumps operate in the wake of upstream turning vanes, which
produce spatially non-uniform velocity fields. In view of this, from table 5 the values
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Figure 13. Predicted one-third-octave sound pressure levels for MIT water tunnel :
pump.

corresponding to propeller operating in the wake are selected; thus
10log P,, = —52 and

F,, = 60.

From the definition of the above quantities and using the parameter values noted, we get

10log P, = —52 = 101log[P% x 2.27 x 107%] and
Fp =60 =f, x 0.0838.

e

This allows one to compute the value of 101log P2 and f,. Using the results of figure 12, it
is possible to obtain the predicted sound pressure levels versus frequency as shown in
figure 13. The measured value from Abbot et al (1987) at 20kHz and K = 0.58 (o = 6.25
in terms of Abbot’s definition) is also shown in the same figure. The predicted value being |
in free field conditions is expected to be lower than measured in an enclosure and, in |
addition, the exact location of the hydrophone in the experiments is not reported. |
Considering these, the agreement appears to be quite encouraging.

4.5 Remarks

We started with consideration of an idealized situation of single bubble cavitation noise
spectrum and ended with very useful information on scaling and prediction of cavitation
noise levels from rotating machinery. However, these are in free field conditions and the
measurement of transfer function is required to convert them into those in an enclosure.
From what has been presented, the parametric dependence of cavitation noise levels in a
turbomachine can be predicted provided certain similarity conditions are maintained. The
method of presenting cavitation noise data in a suitable normalized and universal form has

proved to be highly successful and useful for marine propellers and there is no reason why
this should not be the case for turbomachines.
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List of symbols

Ag interface cavity surface area;
B, B thermal cavitation criterion;
c speed of sound;
Ca area coefficient;
C; specific heat of liquid;
Co constant;
CPmins CPm minimum pressure coefficient;
Co flow coefficient;
D diameter of propeller or impeller;
% D, characteristic enclosure dimension;
b frequency or function;
fn frequency at maximum mean spectrum level,
Ffinax frequency corresponding to maximum level;
F function dependent on cavitation numbers, non-dimensional frequency at

maximum mean spectrum level;
acceleration due to gravity or function;

8c dimensional constant;

G, Gy spectrum functions;

h convective heat transfer coefficient;

hy height difference between centreline of turbine and level of free surface in
the forebay;

H head across the machine or function;

H, atmospheric pressure head;

H; absolute static pressure head at inlet of pump;

H; pressure head above vapour pressure head;

H vapour pressure head;

sound intensity;

mechanical equivalent of heat;

thermal conductivity

cavitation number in ception caritation number;
length scale or characteristic body dimension;
cavity dimension

sound intensity level;

sound pressure level;

sound power level;

mass rate of vapourization;

molecular weight of vapour;

n rotational speed (rps);
n(R) nuclei number density;
N rotational speed (rpm);
NPSH net positive suction head;
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Nu Nusselt number; ~
P root mean square(rms) sound pressure;
P, critical pressure

Py static pressure at inlet of pump;

P, or P,(T) vapour pressure at bulk temperature;

Py free stream or collapse pressure;

P2(f,Af) measured mean square sound pressure at frequency f and frequency
. bandwidth, Af;

P2 maximum mean spectrum level;

Pe Peclet number;

P, non-dimensional maximum mean spectrum level;
Q

Q

,

R

™ oS

pump flow rate or instantaneous bubble volume;
volumetric acceleration;

radial distance;

measured mean nuclei radius;

Ry, Ry larger and smaller value of measured nuclei radius;

R, maximum bubble radius;

R universal gas constant; ‘
R characteristic nuclei radius; f
S coefficient of surface tension; ‘
Sa surface area; 1
S(f) energy spectrum of measured sound,; |
t time;

T temperature;

T, critical temperature;

Ty local temperature near cavity surface;

Tx reduced temperature;

T; triple point temperature;

T* temperature at which thermodynamic and dynamic parameters are equal;

Too bulk temperature or reference temperature;

U tip velocity, wDn;

Uy free stream velocity;

1% average velocity at the inlet of pump;

Va advance velocity;

\4 volume;

w sound power;

o thermal diffusivity;

&y thermal boundary layer thickness;

Af frequency bandwidth;

AH, change in vapour pressure;

AT temperature depression;

Ax length of cavity;

Ao change in cavitation number;

A latent heat of vapourization;

A dynamic parameter;

w circular frequency;

T transfer function;

v, I, spectrum functions;
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P density;
o Thoma cavitation number, Hy,/H;
O, Kp breakdown cavitation number;
o, K critical cavitation number;
oi, K; inception cavitation number;
3 thermodynamic parameter;
T time scale;
Te bubble collapse time;
T bubble lifetime;
Subscripts
l liquid;
U vapour;
L local;
R, ref reference;
~ FF free field;
> e enclosure.
Superscripts
overbar average value;
! prototype or other conditions.
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