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ABSTRACT
OBSERVATIONS AND ANALYSES OF CAVITATING FLOW IN VENTURI SYSTEMS

by
David Martin Ericson, Jr.

Chairman: Frederick G. Hammitt

The objective of this study was to determine the cavitation
number for incipient cavitation in a set of geometrically similar venturis
and then to correlate this cavitation number with the measurable properties
of the system through "conventional" fluid flow parameters. Using water
and mercury as the working fluids cavitation was observed in plastic and
stainless steel venturis with throat diameters 1/8 to 3/ inch, a throat
length to diameter ratio of 4.6, and 6° included angle inlet and diffuser
sections. Complete wall static pressure profiles were obtained and the
cavitation number calculated from the relation oc= (pmin - pv)/%gv2. It
was postulated that Reynolds number, Weber number, a thermodynamic
parameter, and a gas content parameter (i.e., inertial, surface tension,
and thermodynamics effects plus the availability of cavitation nuclei)
would be the controlling parameters.

The data was treated using a linear regression analysis which permits
a wide latitude in the form of the independent variable. Within the
present data it was impossible to generate a predicting equation based
simply on measurement of the physical parameters of the system. Never-
theless, the work shows that water and mercury cavitation are heavily
influenced by the permanent gas present and that both Reynolds number and
Weber number effects must be included. Thermodynamic effects were much
less important over the temperature ranges available to the study. Further,

it is deduced from the present work that local flow disturbances triggered



by surface imperfections have a strong impact upon the cavitation char-
acteristics of the venturis. Presumably this will also hold true for
other hydraulic systems. Although a complete predicting equation could
not be generated, it was shown that for water, the results from a reference

system could be scaled to another system. That iss
&  _ (nes) | D (‘:lﬁ)“' . L‘B s"‘
vt (A% Get)md Def W “Bret
where n = 2 and B is a thermodynamic parameter. P
Further, it was shown that gas content plays such a dominant role
that the cavitation index may be expressed as:
%= G ¢ Tage
Also, under the assumption that the partial pressure of gas within the
permanent bubbles (cavitation nuclei) is proportional to the total gas
content, one may say:
02 = "'l':"%"l- + (-D,\l. B)

Finally, based upon the present results it is concluded that con-
siderable study remains in the area of bubble growth and collapse in
turbulent flowing systems. In particular, detailed knowledge of the
nature and size distribution of potential cavity nucleli should provide

needed insight into the inception process.
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CHAPTER I

INTRODUCTION AND LITERATURE SURVEY

The broad question of cavitation has intrigued and plagued
investigators for many years. The earliest references go back into
the 18th centuryl, although the "modern" references date from the

2 on trials

1890's, beginning with a paper by Thronycroft and Barnaby
of a new naval propeller, followed by a paper on boiling phenomena

by Reynolds3. In many instances, the interest has been essentially

the scholarly or academic one of explaining the phenomena in analytical
terms; for example, the treatises of Besant? and Rayl.eigh5 on the
mechanisms of cavitation bubble collapse. For many years there were

no particular attémpts beyond these to understand or analyze the
phenomena, rather its existence was acknowledged and fluid systems

were desighed and engineered empirically to avoid the conditions that
could produce cavitation. If such design was impossible, then allow-
ances were made for cavitation in terms of performance margins and
materials properties. The more recent emphasis on cavitation has
received its impetus from several quarters. On the one hand, those
involved in the design and employmenf of naval vessels and weapons
established in the early 1940's that the cavitation produced by high
performance marine propellers not only degrades performance, but
because of its acoustic nature provides an excellent means for sonic
tracking of submarines and undersea weapons by surface vessels and

vice versa. Complimentary to this, and yet in contrast, we have the

increased demand, especially in the past 15 years for compact, highly



reliable, and efficient turbo-machinery for the nation's space and
nuclear programs.

In the more "conventional" fluid systems applications, it is
relatively easy to include design factors to account for possibilities
of damage, loss of efficiency, or both, in the equipment; and, if
repair is required, it may generally be accomplished with comparative
ease. But in nuclear power plants where repairs are increasingly
more costly, difficult, and hazardous, and most especially in weight
restricted space systems where repairs are essentially out of the
question, equipment must be designed to operate reliably for a long
pegiod of time at maximum efficiency without large damage safety
margins. Thus, the space age has given impetus to studies of cavita-
tion damage to materials of interest to the machinery designer and
to the study of cavitation in general. Concurrently, the demand for
increased thermal efficiencies in nuclear power systems for space
necessitated consideration of new heat transfer media and fostered
a complete new technology on liquid metal properties and behaviof.
Along this line, extensive studies are being conducted at the
University of Michigan and other locations to examine experimentally
the resistance of a wide variety of materials to cavitation damage6'7’8.
In general, the damage to the test specimens is assessed in terms of
the degree of cavitation to which they were exposed (determined visually),
the temperature and flow velocity of the system, and the duration of
the test in a given fluid. Although this is adequate for the comparison
of one material with another in a given facility, it is difficult to
make comparisons with the results of other experimenters. If the

nature of the cavitation could be established in terms of a single



correlatable parameter or set of parameters, obviously the usefulness
of the damage data would be increased. The major factor complicating
the establishment of such a correlation is that cavitation has not been
observedg’lo’11 to scale classically. If cavitation scaled classically
then a cavitation index described by

G = y’“ ?V

LoVt

would be sufficient to insure equivalent cavitation. Here O, is the

cavitation index or cavitation number, V the linear fluid velocity, p
the absolute static pressure when cavitation occurs and p, is the
vapor pressure. Thus, under the laws of classical similarity, in
geometrically and dynamically similar systems assuming cavitation
occurs when the liquid vapor pressure is reached, an equal index

means equivalent cavitation. It has been observed that this does

not hold universally. This concept is explored further in Chapter II.
In the cavitation literature these departures from the classical
similarity relations with changes in the geometry, dynamics or state
of a cavitation system are generally referred to as "scale effects".
For the current work, this includes cavitating venturis or cavitating
bodies in water tunnels. In addition to damage studies, scale effects
also become significant due to the desirability (both for economic and
experimental reasons) of using models when investigating the flow and
cavitation characteristics of real fluids. However, unless cavitation
can be characterized by a number or function which can be correlated
through modified classical similarity laws, or new correlations, model

tests cannot be confidently extrapolated to full-scale equipment and



may thereby lose a substantial portion of their validity.and usefulness.
Furthermore, unless some clearly explainable correlations can be developed
in terms of the basic fluid and system parameters, meaningful compari-
sons of tests in different facilities are nearly impossible. |
Although there have been and continue to be repeated references
in the literature to the problem of scale effects, there have been few,
if any, direct efforts to solve the total problem and establish the
necessary theoretical and experimental correlations. A "working group"
which is chaired by the thesis chairman, Dr. Hammitt, has now been
established in the International Association for Hydraulic Research
(IAHR) to attempt to correlate and coordinate world-wide investigations

9 11

of this overall problem. In the past, Holl and Wislicenus” and Oshima

have outlined some significant problems and possible explanations in
this regard, the former in a stated attempt to stimulate discussion

and investigation of the problem, but the question still remains open.

, Jeka‘t12 and Kermeenl®

1210 :
Hammitt have suggested some degree of correla-
tion of the cavitation parameter with Reynolds number and have presented
some experimental data, while others have examined various specific

nt14,15 16, etc., and their

items, i.e., gas conte , surface roughness
effect on the cavitation number. In addition to providing some insight
into cavitating mechanisms in simple hydraulic systems, a study of scale
effects may also have potential application to the problem of sub-cooled
boiling, or heat transfer superheat problems. Such heat transfer
problems are being vigorously pursued in connection with safety

studies on Sodium Cooled Fast Reactors.



Part of the difficulty encountered in cavitation studies is
clearly self-evident if one examines the definition of cavitation.
Genérally, cavitation is defined as the adiabatic”férmation of a
cavity or void within a liquid volume. This cavitation may be one
of two types or a mixture of them. "Gaseous" cavitation is presumed
to océur when the liquid pressure is reduced to the point at which
dissolved gas begins to come out of solution and form discreet bubbles,
or when already formed micro-bubbles of entrained gas grow to visible
size by adiabatic expansion under reduced pressure. '"Vaporous" cavita-
tion, in contrast, occurs when the fluid pressure is reduced to the
point at which the vapor pressure exceeds the liquid pressure and the
fluid "boils". The actual pressure at which cavitation occurs is a
function of the liquid, its pressure history and its present condition,
such as turbulence level, available nucleation sites, etc. As a general
rule, gaseous cavitation will occur at liquid pressures greater than

the vapor pressure. Although one might expect that vaporous cavitation

would result whenever p; = Py, it has in fact been observed! 18 414

18 that a pure liquid, i.e., one free from possible sites

calculated
for nucleation of the cavities, can withstand liquid pressures much
less than the vapor pressure (perhaps even <o) without cavitating.
That is, the liquid exhibits a tensile strength. So even though the
foregoing definitions categorized cavitation as to types, in most
real liquids the situation is not nearly so concise. Both types of
cavitation may and often do occur simultaneously with variable

relative importance, and it is impossible to distinguish between them

by simple visual observations. This is in itself one of the sources



of difficulty.

Even though classical similarity may not occur, the nature of
flow relevant to cavitation may still be expressed in nondimensional
terms by the cavitation number or index G , given by

¢ = bob
- kS
teV
For the cavitating venturis used in this work and allied studies at
the University of Michigan, p is defined as the minimum observed
absolute static wall pressure (based on a complete static wall

pressure profile) and V as the linear fluid velocity (Vi ) in the

venturi throat (computed from the mass flow rates) or:

GTC r— v?;;i_::;ﬁ:
, < Q\r

As we have stated, if classical scaling were sufficient for
analysis of cavitation studies the parameter Gc would define the flow;
but it does not, thus additional correlations are required.

The objective oflthis present work was to examine the scale
effects problem experimentally to obtain empirical correlations between
the cavitation number defined above and the physical observables of the
system; then, insofar as possible, to provide a theoretical explanation
or justification for the effects in terms of the mechanisms involved.
Holl and Wislicenus9 have summarized some of the characteristics they

believe are of importance, as has Hammittlo. In general, these may

be grouped as follows:



a) Hydrodynamic scale effects on fluid pressure;

b) Thermodynamic scale effects;

c) Molecular or microscopic effects.

Group a) may include such things as viscosity, compressibility, gravity
and surface condition effects, i.e., Reynolds number, Mach number and
Froude number parameters; Group b) vapor pressure, density, heat
capacity, and heat transfer effects; Group c) surface tension, i.e.,
Weber number, and fluid condition parameters such as gas content,

number of nucleation sites, etc. These various possibilities are
discussed in detail in Part II of the present work and the experimental
results and correlations in Parts IV and V.

The venturis used in the experimental program had nominal dia-
meters of 1/8 in., 1/4 in., 1/2 in., and 3/4 in. for the cylindrical
throat section with the length to diameter rates (L/D) of the throat
approximately 4.6, The inlet and diffuser were conical with 6° included
angle in all cases so that geometric similarity could be assumed.

The axial static pressure profile at the wall was determined and the
pressure minimum thus obtained was used to calculate G: . These
profiles were determined for various combinations of flow rates,
temperature, gas content and degree of cavitation using water and
mercury as the working fluids. The experimental apparatus and

techniques are described in Part III.



CHAPTER II

ANALYSIS OF VARIABLES

It was pointed out in the introductory remarks that the
phenomena of cavitation does not follow the usual classical laws of
scaling and that this deviation has been observed by all those working
in the field of cavitating flows. In -this chapter, the physical
variables that may enter into or influence these deviations from the
classical case are examined; Likewise, the formulations of the
physical relationships between the system variables that may be used
to correlate the cavitation number with the observable or measurable

properties of the system are explored and analyzed.

A. The Possible Variables

It has frequently been pointed out that there are a variety
of reasons for choosing experimental or research systems that do not
exactly duplicate the real world situations; reasons of economy,
simplicity of fabrication, ease of operation, and so forth. In various

6,7,10 the closed loop

research programs at the University of Michigan
venturi system has been selected as being reasonably representative

of modern turbomachinery for certain hydrodynamic studies. That is,

it is a recirculating system, as are most power-generating facilities,

it has reasonably steep pressure gradients during portions of the flow
path, and it can be operated over a range of pressures and temperatures

with a number of test fluids. In these systems, as with actual turbo-

machinery, there are a variety of variables that the test designer can



control or prescribe. , Such controllable variables include; obviously;
the system geometry, size, and working fluid (within certain limits);
the test conditions of temperature, pressure, fluid velocity, gas
content (again within certain limits) and the degree or kind of
cavitation to be studied.

On the other hand, as soon as the limits or values of the
above variables to be consideréd in any given test are established,
there are immediately involved additional uncontrollable or dependent
variables that must also be considered in any subsequent analysis.
Selecting a particular fluid and temperature fixes physical properties
such as density, viscosity, surface tension, heat capacity, thermal
conductivity, and so on. Therefore; it is completely obvious that
there may well be a variety of competing or complementary effects
occurring simultaneously in the test system. If, for the purposes
of analysis and discussion, a single geometrical configuration is
established, then from the previous discussions the following list

of variables of possible interest may be inferred.
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TABLE 1

THE PHYSICAL VARIABLES

A characteristic length D ér L
Fluid temperature | t
Pressure p
Fluid velocity v
Viscosity )L
‘Surface tension ((dl
Thermal conductivity k

Heat capacity p
Vapor pressure

Sonic velocity (pure material) a,
Density (1liquid and vapor) Py and py

Gas concentration o«
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Certainly the techniques of dimensional analysis could be
applied to this situation and thereby reduce the foregoing list to
a set of nondimensional functions. However, simply by inspection
it is possible to ascertain a number of such functions that are
"standard" to a variety of fluid flow problems and considerations.

These are:

Reynolds Number Re

VL
=

}ié_

<+
Weber Number We = _f_’_\.‘__‘.‘_
Osv

1

Prandtl Number Pr

V
Froude Number Fr = VGSCT

Moreover, because of our particular concern here with cavitation

the cavitation parameter may be included.

Cavitation Number G; = P - kb

As we noted above, the importance of these five ratios is essentially
obvious in a fluid system because of much prior research. At this
point a number of the physical properties of the system have still
not been considered. Once again however, prior cavitation research
affords us some guidance for selecting additional nondimensional

factors. Cavitation involves a two-phase system, therefore, a system



12

in which compressible flow can occur. This suggests the possibility
of sonic velocity effects, so that the Mach number may be introduced

into our consideration.

\%

Mach number M= ’/,/’
a,

(-]

There is a considerable volume of data in the literature on
gas content effects in fluid cavitation, such as that by Ripken15

19. Holl14 has suggested that the cavitation

and Ruggeri and Gelder
characteristics may be related to the gas content by the dimensionless
parameter d%a/gsz. Therefore, this will be included in the compila-
tion of possible variables for correlation.

14,20,21 have reported cavitation

A number of investigators
numbers that vary depending upon whether the total static pressure
is being increased or decreased, that is, cavitation disappearing
or appearing, or, more commonly, "desinent cavitation" or "incipient

14. This suggests the possibility

cavitation" as suggested by Holl
of the exposure time having some influence on the observed cavitation.

A dimensionless time parameter may be established:
o= t/4 = LAY

In this instance ‘tb is a fluid molecular relaxation time that can be
derived from the kinetic theory of liquidszz. A further discussion
appears in Section I of this chapter.

In thése proceeding arguments, the Prandtl number is the only

one that can supply any information on the thermal state or characteristic
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of the system. Stahl and S‘tepanof‘fz3 were the first to draw attention
to the thermal cavitation effects in centrifugal pumps. The cited
work defines a thermodynamic parameter, B, that was rearranged into

‘ 24
the following form in a paper by Hammitt .
0 o AT/AH

&
A

This may be normalized by multiplication with Vz/g to give:

oo RS STan v
0y \m,,:l J

The foregoing has simply suggested some possible variables and non-
dimensional parameters without any attempt to assess their influence

or significance. This will be done in the following sections.

B. Scale Effects and Similarity

Because it has been observed that cavitating flows deviate from
classical similarity it is appropriate to restate and further examine
the assumptions that underlie classical similarity. These may be stated
as follow324’25’26:

1. Geometric similarity is total, that is, even such things as
surface roughness and finish maintain proportionality;

2. Inertia forces are the only forces active in the system so
that all pressure differences are proportional to QVL or, dynamic

pressures at corresponding points must be constant.

For the case of cavitating flows, the following may be added:9
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3. The pressure‘at which cavitation occurs is the equilibrium
vapor pressure of the test fluid. This parameter is assumed to be
known and a constant for the particular flow field under consideration.

4. Cavitation takes place instantaneously whenever the vapor |
pressure is reached. That is, the liquid can support no tension
and there are no time effects:

If we examine these aséumptiOns, we can see almost "a priori"
that they are not valid without considerable qualification and there-
fore it is not at all surprising that "classical similarity" is not
sufficient to explain cavitation. For instance, surface roughness
in machined parts is in large measure a function of the materials
and cutting tools used rather than part size "per se", so unless
special precautions are taken surface roughness will not be scaled.
The second assumption is of course simply that of a frictionless,
incompressible fluid neglecting gravity or other body forces; that
is, the flow outside the cavities is assumed to héve these attributes.
The third and fourth assumptions deal with the actual mechanism of
cavity formation. This situation allows consideration of two categories
or types of scale effects. First, there may be scale effects on the
flow outside of, and irrespective of the presence of cavities, that
influence the minimum pressure fields. Second, there may be effects
on the cavitation process as such, so that the pressure at the cavi-
tation voids is caused to depart from the equilibrium vapor pressure
at liquid bulk temperature and-which may subsequently cause tension

and time effects.
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C. Reynolds Number Considerations

For steady, incompressible, single-phase flow in absence of
free surfaces, only viscous and inertial forces are of consequence,
therefore, with geometric similarity a constant Reynolds number between
model and prototype provides the necessary dynamic similarity. Obviously,
situatioﬁs in which the same working fluid is used in both instances,
that is, density and viscosity are constant,require that the product
of velocity and diameter (V%D) must be constant. Because local under-
pressures in the fluid, necessary to cause the growth of cavitation
bubbles from small nuclei according to the usual concept, are a function
of the degree of turbulence, it is expected that the cavitation number
should correlate at least to some extent with Reynolds number. Oshimall
has developed a correlation between incipient cavitation number and
Réynolds number for axially symmetric bodies considering only a
balance between surface tension and inertia. This analysis predicts
that the cavitation number increases with Reynold number. The available
experimental evidence supports at least a partial correlation of the
cavitation number and Reynolds number, but with contrasting results.

The data of Rouse and McNown?', Parkin and Hol1%®, Parkin®®, mo11%®,

21, as summarized by Holl and Wislicenus®

and Kermeen and Parkin
indicate an increasing cavitation number with Reynolds number. More
precisely, for ogives and 12% Joukowski hydrofoils, for a given size,
Oc. increases with Re if the change is brought about by velocity
changes, while for a given Re, O decreases slightly with size.

On the other hand, Calehuff and Wislicenus30 indicate that G¢

decreases with Re for a given size (i.e., 0. decreases with
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increasing velocity) and that Gc increases with size at a given
Reynolds number. Some of the most striking data in this regard are

21

those of Kermeen and Parkin®" for cavitation on sharp-edged disks.

In this instance, O¢ increases with Re approximately as the fourth

|
root, that is, G, & Constant x Re/q'. Earlier work done at the

10 exhibits the same characteristics as NACA

University of Michigan
16012 hydrofoils in the foreging references, O decreasing with
increasing Re. Similar characteristics have been observed in cavita-

10 reports that for rela-

tion studies on centrifugal pumps. Hammit
tively low Reynolds numbers the cavitation number (Thoma coefficient)

decreases with speed. Jekat1? working over a large range on Reynolds

numbers in axial inducers reports a cavitation number that passes
through a minimum as the Reynolds number increases and then increases
with further increases in Reynolds number. In light of the strong
~evidence thus available for a correlation of @ with Reynolds number,

such a correlation will be attempted here.

D. Froude Number Considerations

The Froude number, or the ratio of inertial forces to gravita-
tional forces, is of particular concern in open channel flow structures
such as spillways, settling pools, weirs, etc., where liquid elevation
changes can produce gravity and inertial forces that far exceed viscous
and turbulent shear forces. This can also occur in large pump or
marine propeller test facilities, that frequently have very large

vertically oriented passages where elevation differences are important.
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However, in the relatively compact, closed circuit turbomachinery
applications exemplified by the test facilities used in this study,
the net gravity forces are negligible so that Froude number correla-
tions are not really pertinent. Therefore, they will be dropped

from further consideration.

E. Weber Number Considerations

The Weber number, or ratio of inertial forces to surface tension
forces is suggested by an examination of the basic equations governing
the growth of a bubble. Plesset31 was probably the first to modify the
original Rayleigh analysis to show that the differential equation

governing bubble growth may be written:
¢
vder 3 (fh#) = _\ (\k’ —'¥"~ FA\) )
I Y2\ [ v

where the internal pressure of the bubble is determined in part by
surface tension considerations. If the postulate of cavitation nuclei
first attributed to Harvey32 is accepted, then the surface tension
effects must be presumed to be operating on a scale commensurate with

the size of the cavitation nuclei. That is, in the expression:

We = ()\JZ'L.//G;T

The characteristic length must be related in some way to a dimension
typical of the nuclei. Because cavitation has been observed to occur
quite readily even in systems where there are no visible nuclei,

it is reasonable to assume in convential engineering §ystems typical

nuclei diameters are less than 1 wil (0.001 in.). Unfortunately,
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no prior attempts at correlation of the Weber number and the cavitation
number have achieved much success. In all probability this can be
attributed to the fact that for water (which is the fluid whose
cavitation characteristics have received the most study) the surface
tension is relatively insensitive (value of surface tension decreases
by about 12 percent) to temperature over the range from 40° to 150°F
where the bulk of the data has been obtained. Therefore the correla-
21

tions have essentially been against VzL. Kermeen and Parkin™™ did

attempt to include surface tension effects and report a relationship:
¢ = A — 13//Qde1;

where VJEG'is a Weber number based upon an initial bubble radius Yo
and free stream velocity, B is a factor depending upon air content’
and A is a factor depending upon the several pressure coefficients.
This A factor may be dependent upon Reynolds number, although such
a relationship has not been clearly established. With these considera-
tions in mind, the correlations attempted here will use three Weber

numbers defined as follows:

s
where n = 1, 2, or 3 such that:

D; - Initial bubble nuclei diameter is assumed
to be a linear function of the total gas
content.

Do - A constant bubble diameter of 1 mil is

assumed.
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Dz .- The venturi throat diameter is aésumed,
i.e., nuclei diameter is assumed
proportional to throat diameter.

The rule of variation chosen for D; is based upon the‘simple
observation that for water, as the total gas content increases, a
bubble cloud does become visible, implying larger nuclei. The dimension
chosen for Dy is arbitrary, but isnbased upon the argument that there
may be some approximately fixed diameter of nucleus required within
the range of the tests in order for the bubble to grow. This critical
diameter is not yet known, although it appears to be a strong function
of the fluid history. The 1 mil value was selected because with the
lighting and camera techniques available smaller bubbles could not be
observed visually, while those greater than 1 mil usually could be seen.
The dimension chosen for D3 is predicated upon the argumeﬁt that as the
venturi size changes - particularly as it is made smaller it may
influence the nuclei size. Also, this provides a Weber number that is

system-oriented and readily obtainable.

F. Gas Conteht Considefations

As was indicated earlier, there is a fairly extensive volume of
literature dealing with the effects of gas content upon the cavitation
characteristics of fluids. Olson33 discusses work done at the St.
Anthony Falls Hydraulic Laboratory and conc ludes that the measurement
of total air content is not a satisfactory basis for evaluating the
cavitation susceptibility of tunnel water, and, that even when total
gas content and temperature of the water were c‘on‘trolled, the non-

reproducibility of tests indicates that some other factor has strong
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influence upon the cavitation, Harvey32 has suggested that gas bubbles
trappéd in crevices of a hydrophobic solid may be the source of nuclei.
This represents a gource term that cannot be quantitatively related to
the measured gas content and therefore is a theory difficult to verify
experimentally. In later work at St. Anthony Falls, Ripken34 arrives
at the following conclusions, among others: (1) Cavitation inception
numbers using water with a high concentration of air nuclei are
significantly different from those with low concentrations; (2)
Cavitation inception in the form of stéady—state cavities (i.e.,
cavities thaf persist at a given point on the body) of abrupt appearance
and disappearance as the pressure is lowered or raised tends to occur
in water having a relatiVely low nuclei concentration. Conversely,
cavitation inception in the form of transient bubbles tends to occur

in water having a relatively high nuclei concentration; (3) the
portion of the total gas content (for water) that is in the form of
nuclei (entrained) is probably much more influential in cavitation
inception processes than the portion in the dissolved form.
Unfortunately, entrained gas is only a small percentage of the

total gas content and it is only the total gas content that can

easily be measured. '
Ripken and Killen® have investigated the mechanisms of bubble
growth and the influence of gas bubbles on the cavitation characteristics
of water. They have argued that the entrained gas is the key factor

and have shown that by slowly approaching the cavitation pressure

the free gas concentration is stabilized. Under these conditions

the cavity is transient and cavitation numbers are relatively high,
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This suggests that it is "gaseous" cavitatibn which has been reported

by others investigating similar effects. They also present data, taken
under the above conditions, which indicate a strong dependance of
cavitation number on gas content. A portion of this work was also
devoted to examining vorticity effects on bubble growth, with these
conclusions: 1) Boundary layer vorticity is capable of substantially
increasing the size of stabilized gas bubbles present in water and

such larger bubbles may directly serve as nuclei for cavitation.

2) Gas bubble size distribution is a desirable research index for the
cavitation susceptibility of test water in preference to volume measure-
ment of free or total gas content. They also noted that water velocities
as low as 10 feet per second produced vorticity sufficient to grow large
gas bubbles, thus indicating that most prototype turbomachinery will
normally be supplied with a water that will readily cavitate. Narayanan35
has also presented centrifugal pump data indicating that increasing the
gas content significantly increases the cavitation tendency of the pump.
In related work dealing with the cavitation characteristics of ship
propellers, Silverleaf and Berry36 have concluded that for tip vortex
cavitation, the inception cavitation index increases with air content.

Ruggeri and Gelder19

have investigated cavitation in a verturi flow
system and report data that indicate that the cavitation number increases
with air content for incipieﬁt or just initiated cavitation; while for
more fully developed cavitation, gas content appears to have little
effect. Perhaps the most striking arguments pertaining to gas content
effects are those presented by Holl14 in a reanalysis of .data reported
30

earlier by Calehuff and Wislicenus In his paper, Holl makes a
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distinction between ''gaseous" and "vaporous" cavitation and develops

the following argument. The static equilibrium equation for a bubble

is given by:

Paa M ‘QV = Pc. + zf’.;-

where: P“' partial pressure of air

liquid pressure outside the bubble

Py
I

]

R

%t

liquid vapor pressure

surface tension

1}

bubble ‘radius

~
il

Now if the bubble is "saturated" with air, or more precisely,
if the air pressure in the bubble equals the total partial pressure
in the liquid, the air pressure becomes ORP where & is the dissolved

air content and@ is the Henry's Law constant. These conditions will

determine an upper limit to \P"' . So, for this condition one can write:
S T U
Y
or solving and multiplying by -1,
' 2-6;1“
_?‘J = - ?C A OS@ — =

Now adding free stream minimum pressure and normalizing by division
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with © V2/2 gives,

Pm"\)d Pm' h a\(a Xy
TV”

1]

where the left hand side is simply the cavitation number, and the first

term on the right is a pressure coefficient, so that:

e —

R LeV”

R

Now it has been stated earlier the r is on the order of 0.5 mil or
larger so that for the minimum velocities available in the current
work (approximately 60 ft/sec in water) and at temperatures on the
order of 60°F (r = 0.0005 in., Og¢ = 0.0005 pounds/ft, ¥ = 62.09
pounds/fts) the surface tension factor is on the order of 7x10'3
and may be neglected in comparison with the gas content term, that

will have values on the order of 0.06. Therefore we are left with

the relationship:
y 26

1eV*®

Because the exact pressure.coefficient is a function of the shape

v

involved it is sufficient for our purposes to say that:
~ “g/ k8
0. = S' ( kfe\/ )

and such a term will be used in subsequent analyses. This approach

was used with a portion of these data and reported earlier37, In

addition, Holl also concluded that: 1) Differences between desinent
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cavitation numbers for gaseous and vaporous cavitation are directly
proportional to the dissolved air content; 2) Gaseous cavitation
can occur at very high ambient pressures; and 3) To minimize the
effects of air content and thus avoid possible confusion of vaporous
and gaseous cavitation, tests should be run at low dissolved air
contents and high velocities. Clearly then, gas content effects are
important, therefore in the current work we have included a considera-

tion of gas content effects.

G. Mach Number Considerations

Whenever fluid dynamic problems are considered the fluid
velocity is important and frequently is the controlling variable.
For instance, the fluid velocity can determine head losses. Likewise,
the fluid velocity may also be important in relationships to particular

geometrical or fluid properties. The Mach Number is defined:

M = V/a,
where V is the fluid velocity and a, is a reference sonic velocity.
For venturi flows, such considerations are important because a normally
subsonic nozzle may become a supersonic diffuser. Shock waves occur
in supersonic flows but do not appear in subsonic flows. This could
lead to a choking or limitation of the mass flow rate as Mach numbers
approach unity. Because sonic velocity in water is on the order of
5000 feet per second and most flows do not approach anywhere near
that velocity, it seems of little concern. However, Karplus38 has

shown that the sonic velocity in water-air mixtures can drop by

several orders of magnitude as air content approaches 50% by volume
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when the gas is in the entrained state. This means that for gas
concentrations as low as 10%, significant changes have occurred and
the mixture sonic velocity may be on the order of the flow velocities.
Although total gas contents in the present work do approach 2 to 3%

by volume of air in water, a significant portion of this is dissolved.
Furthermore, the point of concern in this work is cavitation inception,
or that condition when bubbles just begin to appear, so that we can
assume that there is no significant alteration of the flow field.

Thus, although Mach number effects could have serious consequence

in very well developed cavitating flows, and it has been shown.39
that one can compute the pressures in a cavitating venturi diffuser

using a choked flow analogy, Mach number effects will be omitted

from the current analysis.

H. Prandtl Number Considerations

The Prandtl number is of concern in‘convective heat processes
and it is a material property relating viscous and thermal diffusivities.
It has been included here because we are testing two dissimilar fluids
(mercury and water) so the Prandtl number offers one potential means
of correlation, since convective heat processes can influence the rate

of growth and collapse of the bubb1e524’40.

On the other hand, because
the Prandtl number is a material property with moderate sensitiﬁity‘to
temperature changes (factor of 3 variation for water over 50 to 150°F
and about an order of magnitude over 70 fo 400°F for mercury), it is
not expected that it will provide a significant correlation within

4

either the water or mercury data alone. This is based-on the fact
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that in neither case is the data taken at temperatures sufficiently

high for thermal effects to be importantlls40,

I. Exposure Time Parameter

The classical assumption in regard to cavitation initiation
is that whenever the fluid is subjected to conditions where the local
pressure is equal to or less than vapor pressure, cavitation occurs
instantaneously. Nearly, all the investigators in the field have
demonstrated that this does not occur. 1In fact, in many facilities,
if one approaches cavitation from a condition of no cavitation, as
contrasted to approaching cavitation from a point of fully developed
cavitation, two distinctly different cavitation pressures are observed.
Following Holl's introduction of the second term, these are generally
called incipient and desient cavitation. Such behavior certainly
suggests the presence of exposure time effects and Holl and Treaster41,
among others, have labeled this hysteresis. Although this difference
has not been observed in the test facilities at the University of Michigan,
an exposure time parameter ié included in this present work to see if
it provides any insight into the mechanism of cavitation. An estimate
of the actual time of exposure to the low pressure region in the venturi
throat may be determined as simply the venturi throat length divided
by the throat velocity. This leaves us with a term which must be made
dimensionless to fit into our analysis scheme. The first approach
that may be considered, based upon the work of Van Wyngaarden42
is to divide by the time it takes a bubble to grow from some nuclei
with radius r, +to a final bubble with radius, r. Uhfortunately,'

this time of growth is not a unique or single valued function.
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It is a function of the initial size assumed and the final size specified.
Furthermore, in flowing systems such as that used here, this growth time
may be a function of the average turbulence level or the Reynolds number
of the flow or even the details of local turbulence. At this point we
are forced to seek another avenue of approach. If we turn to the kinetic
theory of liquids, we find that Frenkel22 presents arguments concerning
the molecular relaxation time of fluids, that is, the time for a
disturbance in the "lattice" to be absorbed. If we argue that such a
property may also be involved in the growth of nuclei then we can use
this in our nondimensionalizing process, recognizing of course that

this is a qualitative argument. Such molecular relaxation times are
reported to be on the order of 10713 seconds. Therefore, a dimensionless
parameter may be established.

/tc1~\ — t //t — L~/\jr
° T,

Correlations with such a parameter will be attempted with the current

data.

J. Thermodynamic Parameter Considerations

One of the first attempts to theoretically examine the "thermo-
dynamic effects" in cavitation i§ that of Stahl and Stepanoffzs. In
this work, they point out that as fluid moves into regions of low
pressure where local total pressure is bélow the liquid vapor pressure,
a temperature difference is created inducing heat flow from the bulk
liquid to supply the latent heat of vaporization required in the

cavitation process. Therefore, in the analysis, the degree of cavitation
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is controlled by the temperature difference (AT) associated with the
pressure differential between local pressure and the vapor pressure,
the latent heat of vaporization, specific heat and thermal conductivity
of the fluid, the size of the bubbles and the time the liquid spends
in the low pressure area. It is also pointed out in the paper that a
given amount of pressure depression results in a greater A T below
thermal equilibrium at lower bulk temperatures and pressures than at
higher temperatures for a given fluid. Or, in other words, more heat
is available in the close vicinity, and thus more fluid could be |
vaporized at the lower fluid bulk temperatures. Because of the low
vapor dénsity under such conditions, the vapor volume created would
be relatively large. This analysis has also been discussed by
Stepanoff*3 who has shown that if sufficient time is allowed, then
some AHp in BTU/pound of liquid passing through the low-pressure

zone will be available for vaporization of liquid. The value of

A Hp is simply the difference between liquid enthalpy at the original
equilibrium conditions and at the new conditions of reduced pressure.

An equilibrium heat balance may be written:
= C m

Assuming thermal equilibrium, then per pound of liquid passing through

the low pressure zone the heat balance equation may be written:

L« AH = § k*\ B (2)
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where fy, is the fraction of each pound of liquid boiled per pound of

liquid. Now if we let f = y&i and V) =47 xland substitute
v

these into (2) we obtain the relationship:

Wopn, = Y
o7

or: ,\rv AL\ V‘“—
w7 o =5 (4)

where: V represents volume, v 1is specific volume, and subscripts
9, and v are for liquid and vapor respectively. This analysis can
be modified by using some of the arguments of Salemann‘]‘4 and Hammitt24 to
a form that allows one to more easily determine AH_;‘ . As has been

noted,

AH, = G AT ()

Now since the temperature difference AT must arise from the super-
heating from pressure reduction, then we can use the slope of the
saturated vapor pressure line to determine AT/M-\ or the temperature
change per unit head change. With this argument, the thermodynamic
parameter may be written:

B:.‘E.%.@%»\) e

g
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or to use densities:

g= h Coy (AT/AE‘_) ()

eu ‘xb&k

It must be noted of course that in this form the thermodynamic parameter
is no longer nondimensional but has the units of inverse feet. For the
purposes of our correlation B can be multiplied by the kinetic head

.‘z._ PVz, which then gives us the dimensionlesé parameter,
( At /aH)
eav k.[.?

The thermodynamic parameter thus defined has a shortcoming

B - LoV (1)

however in that it does not account for heat transfer rates near the
bubble wall. This is important in studies involving the collapse of
cavitation bubbles and subsequent damage to the surrounding surfaces.

If a bubble containing vapor enters a high-pressure region and begins

to collapse and the heat conduction rates in the liquid are small
enough, the vapor is forced to act essentially as a noncondensible

gas, inhibiting collapse and presumably damage. Conversely, if the

heat conduction is large, the collapse will be accelerated. Florschuetz
and Chao™® have examined this problem and in their treatment a revised

thermodynamic parameter Befs is defined:

S

(ﬂ% T ke & ")

Begg =



31

Florschuetz and Chao show that for small Beff’ bubble growth and
collapse are heat transfer controlled, i.e,, thermodynamic effects are
important, and that for large B p, the bubble processes are inertia
controlled.  The difficulty in using such a definition in this present
study is the problem encountered in defining the equilibrium bubble
radius Ro in a flowing, multipressure, gas containing liquid. This
relationship has been modified by Garcia and Hammitt4o to correlate
observed damage effects in a still more complex fashion. Because of
this difficulty with establishing R, the present work uses the

original simplified relationship presented in Equation 7.

K, Ahalysis Summary

In this chapter we have established the important physical
variables of the venturi system and have discussed their possible
influences on the cavitation characteristics. To the extent possible
these variables have been developed in terms of "conventional" fluid
flow parameters. In this treatment no attempt was made to evaluate
the relative importance of these various parameters. Instead, the
data correlation techniques outlined in Chapter V and Appendices H
and I will be used to determine the impact of the individual parameters
in a given flow situation. However, as a result of this discussion
we have a set of dimensionless terms against which the correlations
with cavitation number may be attempted. The parameters selected
are:

Reynolds number

Weber number
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Prandtl number
Gas content parameter
Exposure time parameter

Thermodynamic parameter



CHAPTER III

EXPERIMENTAL FACILITIES AND TECHNIQUES -

A. General Facility Description

The experimental studies were conducted in the venturi tunnel
facilities of the Nuclear Engineering Department of the University of
Michigan. Only a brief description of the two tunnel facilities (water
and liquid metal) are presented heref The various construction details,

etc., are omitted because they have been reported elsewhere46.

The water tunnel facility is a multiple venturi system (maximum
of four parallel loops) originally designed for cavitation damage
studies. Figure 1 is a simplified schematic of this system. The flow
rate and concurrently the extent of cavitation are controlled by means
of a variable speed centrifugal pump and the total static pressure
maintained on the "low pressure tank", into which all loops discharge.
The latter control is accomplished by gas pressure loading of an
attached surge tank. Fluid velocities from approximately 50 to 225
feet per second may be obtained in the smaller venturi throats;
however, the 3/4 inch venturi has an upper velocity limit of about
180 feet per second because of the drooping head-flow characteristic
curve of the pump. The gas content of the water can be varied from
about 3.5 to 0.5 volume percent (Bésed on standard temperature and
pressure, STP, valves) by means of a cold-water vacuum deaerator in
a bypass stream from the loop. The temperature is controlled by

varying the flow rate of cooling water in coils in the low pressure
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tank. With the plastic venturis, operation is limited to a températufe
range from 50 to 150°F in order to prevent "crazing" or softening of
the venturis. A general view of the water facility as used for damage
studies is shown on Figure 2. A typical installation for one of the
scale-effects venturis is shown in Figure 3.

The liquid metal tunnel facility is a single loop system
currently using mercury as the working flﬁid. A schematic of this
facility is shown on Figure 4. (The gas injection and sampling system
are discussed in detail in a subsequent section.) The flow rate is
controlled by means of variable-speed centrifugal sump pump, while
the static pressure (and thus the degree of cavitation) is controlled
by the two throttling valves (upstream and downstream of the test
section). Flow velocities from 10 to 65 feet per second are attainable
in this system from 1/8, 1/2, and 1/4 inch venturis. The 3/4 inch
venturi was not run in this system. The gas content of the mercury
was varied by injection of Argon or Hydrogen at the pump discharge
(wvhen the naturally entrained air was incorrect for the desired test)
and levels from 0.1 to greater than 2.5 ppm by mass have been achieved
(roughly 2.5 volume percent at STP). Temperature is controlled by
varying the cooling waterflow when the plastic venturis are used |
(temperature less than 150°F) and by electrical clamshell heaters
when the stainless steel venturis are used (témperatures to about
600°F can be obtained). Figure 5 shows the mercury loop with the
upper clamshell heater removed and without pressure instrumentation,

Figure 6 shows the 1/2 inch scale-effects venturi installed in the

mercury loop.



Figure 2. Water Cavitation, Closed Loop, Venturi Facility

Figure 3. Scale Effects Venturi Installed
in the Water Cavitation Facility (1/2 inch Throat).
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Figure 5. Mercury Facility with Top Half of Heater Section Removed.

Figure 6. Scale Effects Venturi Installed
on Mercury Loop (1/2 inch Throat).
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-B. Venturis and Pressure Manifold Description, Pressure Measuring
Techniques

The venturis used for this work were based upon the designs of
the damage test venturis used in earlier work in this laboratory.

These venturis have conical inlets and diffusers with a 6° included
angle, and a cylindrical throat with an L/D ratio of approximately

4.6, The basic geometry is shown in Figure 7. Overall length is

14.5 inches. The four transparent plastic venturis used in the work
are shown in Figures 8 through 11 and Figures 12 through 15 are
simplified cross-sections for the same venturis showing the basic

flow path design. Although external configurations vary because of
fabrication considerations the flow paths are geometrically similar.
Also, in the case of the 1/2 inch and 3/4 inch venturis, the actual
design was influenced by the availability of partially finished venturis
that were adaptable to the present study. In all cases, the pressure
taps were placed so that the centerline of the tap is normal to the
venturi wall. For the 1/2 inch and 3/4 inch venturis the tap diameters
were 40 mils, and for the 1/8 inch and 1/4 inch venturis, 20 mils.

The tap locations projected to the venturi centerline for the
four plastic venturis are also shown in Figure 12 through 15 and for
the 1/2 inch and 1/8 inch stainless steel in Figures 16 and 17. 1In
these figures the distance from throat entrance to the tap centerline
is indicated. For the 1/2 inch plastic venturi, which was the first
used, the selection of the tap locations was somewhat arbitrary although
guided by the requirement for good pressure data for the entire range

of cavitation conditions to be studied. The cavitation conditions
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Figure 8. 3/4 Inch Plastic Scale-Effects Venturi, (534).

Figure 9. 1/2 Inch Plastic Scale-Effects Venturi, (412).
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Figure 10. 1/4 Inch Plastic Scale-Effects Venturi, (614).

Figure 11. 1/8 Inch Plastic Scale-Effects Venturi, (818).
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Figure 13. Pressure Tap Locations
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examined are discussed elsewhere (Appendix A) including definitions,
significance and basis for particular choices. When the other venturis
were designed an attempt was made to maintain geometric similarity

of the tap locations, but in the case of the two smaller venturis
(particularly the 1/8 inch) this was impossible primarily because

there was insufficient room on the exterior surfaces for the necessary
fittings. This lack of exact similarity is not considered to be
detrimental, however, because the shape of the pressure profile and

the minimum point are still adequately defined.

The pressure tap manifolding used in this work was quite simple.
The flexible lines from the tap fittings on the venturi were joined
through suitable unions to 1/4 inch stainless steel tubing and quick
acting toggle valves. The output side of the valves was then connected
to a manifold. The manifold in turn was connected through toggle valves
to two precision Bourdon gages (Heise Gages) one covering the range
-15 to + 45 psi and the other 0 to 600 psi.  Thus by suitable selection
of valves all pressures in the system could be read. Figures 18 and 19
show the manifold installed at the mercury tunnel facility. The low
pressure gage and valves are visible on the cabinet, as is the line
which connects the manifold to the high pressure gage which is installed
and used in the regular loop control system also.

The procedure used to determine the pressure profiles was as
follows. The pump speed, cooling rates, and gas contents were adjusted
to provide the desired conditions i.e., flow, temperature and gas content,
in the loop. Then the static pressure on the low pressure tank (in

water loop) was set (or the throttling valve in the case of the mercury
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loop) to establish the degree qf cavitation for a particular run.

At this point the various parameters (flow, temperature, system
pressure, etc.) were recorded and the pressure profile taken by
reading the various taps sequentially. During the pressure-profile
readings, suitable samples were taken to determine gas contents.

At the completion of the profile, the 1qop conditions would be "upset"
and then the process repeated several times. This procedure enables
one to then establish some confidence limits for the cavitation

numbers calculated from the data for some initial set of conditions.

C. Gas Injection Apparatuéiand Gas Content Determination

For those tests conducted in the water facility, gas injection
or addition was relatively simple. For all but the very highest
concentrations, simply charging the system with fresh tap water was
sufficient to increase the gas content which could then be reduced
using the deaerator to the desired condition. The gas content of
fresh tap water was approximately 2.5% by volume measured at STP,
Also, since the water facility has parallel loops, only one of which
was being used for scale-effects tests, simply opening a tap in the
low pressure area of the throat of a venturi not in use would admit
air to the system. The average transit time is short enough and
turbulence 1evels are high enough in the system so that satisfactory
homogenization occurs in just a few minutes. Figure 20 shows the
appearance of the air bubbles in water near saturation as viewed
under a high speed strobe light.

In the case of the mercury loop, the problem is somewhat

more complex for several reasons. First, the scale-effects venturi
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Figure 20. Typical Example of Air Bubbles
in 1/2 inch Plastic Venturi with Water.
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is the only one installed, so there is no convenient low-pressure
point that can be bled to admit air. Second, air in contact with
mercury tends to produce a surface scum, which can interfere with
pressure measurements. Finally, the pump in this loop is a simple
over-hung centrifugal pump running in a mercury sump with a free
surface. Therefore, because gases are essentially insoluble in
mercury, there is a disentrainment action taking place in the sump
because of separation in the strong centrifﬁgal field that exits
thére so that to maintain a fixed gas content requires continuous
addition of gas to the loop.

The development of a system for gas injection and sampling
in the mercury loop has been reported in detai147, however, some
pertinent points are discussed here. The schematic diagram of Figure
4 also shows these sample by-pass lines. Two 1/4 inch stainless
steel sampling lines were used, one at the pump discharge (i.e.,
upstream of the test section) and the other downstream of the test
section throttling value. Each line runs to a location on the facility
control board where sampling capsules can be inserted between a pair
of isolation values. The lines are joined downstream of the sampling
point. A differential manometer is used to determine the AP across
a straight section of the tubing to provide bypass flow rates.
The manometer AP had been previously calibrated against a known
volumetric flow rate. The sampling capsules and lines are visible
in Figure 18.

Plates containing radial holes for the gas injection tube and

the sampling tube were inserted between flanges at the locations cited
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above. Figure 21 shows the upstream plate with both the injection
and sampling tubes in place. For these tests only a sampling tube

was inserted in the downstream plate. The sampling tubes were pointed
upstream parallel to and on the pipe centerline. The tube end was
suitably tapered (reduced in area) so that the flow velocity at tube
inlet would be approximately that in the mainstream, even though the
velocity generally existing in the bypass line was much less, and thus
the flow pattern about the sampler would not deflect gas bubbles away
from the tube (i.e., isokinetic sampling was used).

The injector used was made from 1/8 inch diameter stainless
stee; tubing. A section of tube was squeezed shut at one end, then
ground off with a hand stone until a fine slit was visible. The
center of the tube was then driven shut so that two separate openings
were available which, as test in water indicated, provided good
atomization. The injector needle is visible in Figure 21. The sampling
tube and the injection tube each entered at an angle of 73° from the
pipe axis, pointed upstream and downstream respectively, which incréases
the separation and minimizes flow interference between them. Thus gas
was injected into the flow downstream of the upstream sampler. The
injection apparatus is shown schematically in Figure 22. The bubbler
was used to eliminate the possibility of a blocked injection orifice
remaining unnoticed. Although the bubbler contained water, the level
was unchanged after several hundred hours of gas flow, so it is quite
certain that no measurable water vapor was carried into the loop.

A typical view of entrained gas in mercury is shown in Figure 23.

One of the most frequently used methods for measurement of
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' Figure 21. Plate for Insertion Between Flanges,
Showing the Tapered Mercury Bypass Sampling Tube with the
Gas Injection Tube in the Background.
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Figure 23. Typical Example of Gas Bubbles in
1/2 inch Venturi with Mercury.

Figure 24. Stainless-Steel Sampling Capsule
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gas content in water in cavitation laboratories is a Van Slyke apparatus.
The water sample extracted from the test facility is usually transferred
by pouring into a graduated cylinder on the Van Slyke instrument.
Because most of the gas is dissolved rather than entrained in this

case, and at less than the saturation concentration, there is negligible
error introduced by the small amount of pouring in the presence of air.
Thus for the water loop work standard Van Slyke techniques were used48.
With mercury however, gas solubility is essentially zero, so the gas

to be measured is entrained in small bubbles. Obviously then, if a
pouring technique weré used considerable error might be introduced
because some of the buoyant bubbles would be lost. To preclude this
error, closed stainless steel capsules shown in Figure 24 were used

to transfer the mercury samples from the mercury loop to a modified

Van Slyke. The modified Van Slyke arrangement to accommodate the
capsules is shown schematically on Figure 25. The use of a Van Slyke
for the measurement of gas in mercury is unique to this study so far

as we know, but apparently was successful. In fact the procedures used
are to be patented by the AEC, which supported this portion of the work.
Because this technique differs from the usual Van Slyke procedures it

is presented in some detail in Appendix B.
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CHAPTER IV

EXPERIMENTAL OBSERVATIONS

The data gathered in the course of this work can be represented
either in graphical or tabular form., It is presented here graphically
for two reasons; first, the ease with which large amounts of data can
be handled in graphical form; second, it facilitates the comparison
with the results of other workers who have in some instances only
examined the effects of a single variable. The results and implica-
tions outlined here are the basis for the broader correlatiéns
discussed in Part V. A machine tabulation of the reduced data is
included as Appendix G.

To analyze experimental data where one is primarily interested
in the effect upon the dependent variable induced by variations in
several independent variables, the ideal first step is to examine the
dependency for each of the variables singly, i.e., vary one with the
others held constant. Unfqrtunately, this is generally not possible
in real cases because so many physical variables are interrelated;
for example, in this study the variations induced by temperature
changes will also include, but not be limited to, effects from density,
viscosity, and vapor pressure variations, which are themselves tempera-
ture dependent. Furthermore, in the fluid systems used in this study
it is impossible to adjust the experimental conditions to preselected
values for the independent variables, especially in the case of tempera-

ture and gas content. Thus, it is occasionally necessary to consider

60
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a range of values for one variable. Generally this rénge is believed
to be narrow enough that the trends observable in cavitation'number as
function of one variable with the others "fixed" are valid. Likewise,
it is believed that the correlation techniques employed later are
sufficiently broad in scope in order to account for these minor
variations. It is with these limitations in mind that the following
discussions are presented. Unless otherwise stated, the cavitation
condition under consideration is visible initiation or condition B

as it is described in the definition of cavitation conditions in
Appendix A, With this particular system it is possible to determine
pressure before and after the venturi so that theoretically at least,
one could relate the extent of cavitation to the total pressure drop
across the venturi. However, because it was not clear at the start
of the study that all three gases used (air, argon, and hydrogen)
would behave the same way, the data is based upon a visual, or in

the case of the stainless steel venturis, an acoustic, observation

of the degree or extent of the cavitation. It turned out that a
given volume percent of hydrogen has a much greater effect upon
cavitation number than the same volume percent of air and this is
discussed later.

Prior to presentation of the cavitation data it is perhaps
wise to examine the range of variables available to the study. In
Table 2 the maximum and minimum values of the variables and their ratio
are presented. For water, with the possible exception of surface
tension, the ratios are acceptable. In mercury, neither the viscosity

and surface tension varied as much as might be desired.
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A. Gas Contents Effects in Water

1. One-half-inch Throat-Diameter Plastic Venturi

Because the 1/2 inch diameter throat venturis have been used
for some time for various cavitation studies in this laboratory this
throat diameter was adopted as the "base line" for the present
investigations and therefore is presented first.

In Figure 26, the cavitation number o, is plotted as a function
of gas content with the velocity in the venturi throat the parameter.
For these péints the water temperature ranges from 50 to 55°F at 64
ft/sec and approximately 70 to 80°F at 220 ft/sec. These represent
the lowest temperatures that can be attained in the system, because
even with full cooling water flow, the pump work input establishes
these steady state conditions. The highest gas contents reported
here are approximately equal to saturation conditions at STP. The
several trends are readily apparent.

The cavitation number o, increases with air content, and
indeed, one intuitively expects this sort of behavior assuming that
the more air present the greater will be the percentage not dissolved
but simply entrained, and thus the greater the number of nucleation
sites that will be made available. In fact, one difficulty with
treating gas content effects in water is that although this sort
of qualitative statement is valid, there is no exact and convenient
way in which the division of the gas between entrained and dissolved
states can be determined. The Van Slyke method for gas determination
used here (See Chapter III) gives only total gas content. Techniques

involving sonic probes have been used in which the signal attenuation
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is used to establish entrained gas content making some assumption as
to homogeniety and form of gas distribution. However, the apparatus

is highly complex and the interpretation of the results somewhat
uncertain at present so that development of such an instrument was

not attempted in this study. Only a limited number of cases are
treated here in which the gas content exceeds the saturation value

at STP, and most of the gas can be assumed to be in solution, therefore
only the total gas content as determined by the Van Slyke techniques

is reported.

Similar cavitation number trends with increasing gas content
have been reported by Ruggeri and Gelder19 for "audible" initiation
although that work did not cover as wide a range in air content or
velocity as reported‘here. They report no gas content effect for
their "visible" initiation, but "visible" in their tests is roughly
equivalent to "Condition C" in this work, that is, a well established
cavitation state and one for which the present study also revealed no
major effect from gas-content changes. The results here also agree

with the conclusions of Narayanon35 who observed that in a pumping

system oy increases as air is added. Straub and his co-workers33:34

have reported similar trends, and the air-content work by Holl14 ca

n
also be interpreted in this manner. ILehman and Young20 report no
effect on cavitation with variations in the gas content over the
range of saturation to 25% of saturation at STP. However, there was
no separation of the flow from the walls in their venturi such as

16

occurs in the presenf instance. Holl™", while investigating the

effects of surface roughness, also found no influence of gas content
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over the range of 5 to 15 ppm (moles of air per million moles of water,
or about 0.6 to 1.8 volume percent at STP) unless the roughness was
such that flow separation was induced. The mechanisms involved in
this effect of separation are not cpmpletly understood. The severe
pressure discontinuities associated with the separation may trigger
grovth of gas bubbles that are too small to grow otherwise, or the
void adjacefAt to the wall may serve as a trap for gas that is subse-
quently entrained by vortex action in the region of separation.

It is also reagily apparent from these data that the influence
of the gas content decreases as the flow velocity increases and this
has also been observed by other investigatorsl4’19. The reason for
the diminishing influence of gas content is not clear as yet. The
argument has been made14s37 that there is a constant gas pre ssure
in the bubble regardless of fluid velocity. Because this pressure
is added to P, its effect upon O is less for larger values of
V£/2g. Another possibility is that at the higher velocities the
residence time in the area of low pressure is insufficient for nuclei
to grow to an observable size. An alternate explanation is that in
recirculating flow facilities such as the University of Mighigan water
loops, as one increases the velocity, the system total pressure must
also be increased in order to establish and maintain a given cavita-
tion condition. Thus, gas may be forced into solution in the remainder
of the system. For example, for "Condition B" cavitation in our
system, the pressure on the sump tank, i.e., pump inlet, increases

from 8 to 10 psig at 64 ft/sec to 280 to 290 psig at 200 ft/sec.
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The problem with this argument is, of course, the cross-over in the

100 ft/sec and 215 ft/sec curves at lower gas content (Figure 26).
Additional comment on this point is presented below.

Data taken at temperatufes from 95 to 110°F over considerably
fewer values of gas content reflect no significant variation in
with gas content. These data are shown in Figure 27, although
obviously any conclusions drawn from such a limited <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>