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CHAPTER I

INTRODUCTION

1.1 Origin and Importance of this Investigation

Cavitaticn is an impoftant:consideratioh in the design and
| o o o
analysis of liquid hahdling machinery. Cavitation will occur in any

(T I . . :
liquid flow whenever the local pressure is reduced below $ome critical

value 1t is generally assumed thaf cavitation will‘dagpé when the
minimum pressure in a flow reaches the vapor. pressure based ontthé
free stream temperature of;théuliquid. IHowever, this assumpt§§n is
invalid if significant thefmodynamic effects are present.b |

A continuous supply of vapor is required to sustain a dévelcped

cavity This waporizéciénbprocess requires a transfer of heat to‘the
cavity; sb ﬁhat the température of the cavity will always be less,
than the free :t-szam temperature of the licjuido This localized
cooling phensmenon ;§Jrefer¥éé:£b as the thermodynamic effect.
» The deéermination,of the cavity pressure is of primary

“importance in develépedyéavity flows. The thermédynamiqmeffect can
signifigéptly'influence fhe cavity pfessure when the 1liquid
tempéfétﬁre'(T) is clogéwto the cripigal temperature where the
magnitude of the vapor pressure (Pv5‘€nd its derivative de/dT are

large.

.

iR R

T
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In recent years, thermodynamic effects have' become ‘increasingly

important due to the need to design turbomachines for operation in

| ' cryogens such as liquid hydrogen and liquid oxygen. For these 1liquids,

the cperating temperature is closer to the critical temperature, and

. S
thermodynamic effects can be significant.,

A significant thermodynamic effect can occur in any cavitating
liquid Due to the complex nature of a developed caviity, prediction
[ of caviry temperature depressions is a difficult task, and extensive

P study of this subject is needed.

1.2 Previous Investigations i

. S i 5 f
Stahl and Stepanoff [1] were two of the first ‘investigators
, i il

1 ; | who studied the thermodynamic effect on developed: cavities. In that

paper, the B-factor method based on a quasi-static theory was

‘ , - ,
developed icr predicting thermodynamic effects with particular
v c \ . ]

o o [
emphasi1s on pump applications. Fisher [2], Jacobs [

andiﬁollander [4]) also considered the B-~factor apprdach and 'its

¥

« — [
“applicaticn  Later, other investigators such.as»Salemannch],é

 Spraksr [6]}, and Hammitt [7] experimentally determined the effect

cf fluid property variations on the performance characteristics of:

pumps R PRI : T Sy e

; I

'  NASA has ﬁndértakénxa programhfﬁlextendgthe previous-work in -

an etfort to obtain improved design criteria to aid in the
% , AR P S ~ , . :
Numbers in brackets refer to the List of References at the end of
this cthesis. : e e S : : :
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investigations is glven tc establish the curren

|

prediction of cavitating pump performance. Ruggeri,;gt}° al. [8-10]

and Hord, et al. [11=16] have obtainediextensive?éxperiméntal data
of cavity pressure and temperature depressions for a variety of

model shapes and fluids, and have correlated the resulte using the

e —

B~factor theory = e, e

Recently, Billet [17] has perosedwan alternative»to the
e D

B-facror approach = This method, callé& theieﬁtrainment*;hgqry;—isg
a dynamic approach based on an energy balance for the cavity. The
entralnment theory appears to be a better physical model than the
B-facrer theory, although both theories are quasi-empirical in
aature

1 3 Purpose c¢f this Investigacion

The purpose of this iuvestigation is twofold. Fixﬁ&, the
entraioment theory concepts are extended by additional experimental

P et

and theocetizal ‘anaiyses to: show thatjit?ié a favorable alternative

e =

1 the B-taccor thecry. Second, a detailed summary of sther
| o o

fcr predictiag the -hermodynamiz effect on deVelopéq:caviEatlon_

Ths

~fer compariscn with results ctbtained in this study

t state ef knowledge

PO L T




CHAPTER IX

EXPERIMENTAL INVESTIGATIONS

2.1 Introduction

Due to the complex nature of a developed cavity fiow, experi-
mental detefmination of -the cavity characteristics is probably the
' most important phase of this investigaticn. Knowledge of the cavicy
pressure, temperature, geometry, and vapor mass flow rate is
v necessary to-treat problems concerning thermodynamié effects as
well as other developed cévity phenomenod.v Ih‘this chapter,
exparimental p;ocedurés used in this study are presented and rhe

cthacasteriscics ot the resulting data discussed.

252 Faciliries and Models

- Two faciiities were used to conduct tﬁe éxperlmenﬁal :
investigation, both of which are locarted atvthe Applied,Reseafch
Labﬁraaory of The’Pénnsylvania State Uniﬁersicya Thekpriméf§
faciltiry used 1s the NASA-spoﬁsored~ultrﬁ—higﬁ;sbeed cavitation
vtuﬁnel asvshcwn in Figure l. . The tunnel is-a recirculaﬁing system
having a circular 3.8‘cm internal diamecer'test sectién, and has

S s
the capability of opgratihg‘ovex a ﬁidé réngevof velocities,
vpressures, add'tehpérafu?és iﬁ variouskliquids”v.Thé working fluidé

. ased in this study are water and Freon 113. A detailed.desctiption

!




T a -
of the facility and data écquigit@on system|{is given in References

[17-22]-. A second facility, a 30.5 cm diameter test section water
tunnel with a more limited operating range was used for the
ventilated cavity tests. A detailed description of this facility

is given in References [22-23].

A total of fourteen sting-mounted ogive test models having - two
E P ey

basic ncse contcurs were employed in the experiments. The zero- '}
. [ S — i |

e I

B ,
caliber ocgives have a blunt nose, whereas the QQaEter-caliber ogives

have a rounded nose with a radius of curvature equal to one quarter

[—

of the model diameter. A description of the two basic nose contours

is given in Figure 2, and a summary of the test models used is given

t

in Table I. o

e TR T

i :
: 3

[ : The s1x mcdels that were used for the ventilated cavity tests o
T i

‘were three zerc-caliber ogives with model diameters of 0.318, Oﬂ6§51

[..A.i.,i

and 1-27 cm, and three qpaﬁter~calibeer§iVEs with model diameters

e

of 0.318, 0.635, and 1.27 c¢m. These models have a hcllow center

& P from which air is injected through.holes near the 'leading édge-to”

i H ! g

T A form the ventilated cavities, and a tube along the surface of the

medel with a pressure port'clbse to'the_leading edge to measure'the

i o - caviry pressure: ‘ e

Four models were used to measure the cavity pressure of natural

G i o
developed cavities:
P , .

" of 0.318 and 0.635 cm

 diameters cf 0,318vénd 0,935wém, ‘Thesg“modéfé have three tubes

along the surface of the model with each tube'havingva pressure

i




hﬁ&

are shown :n Figures 5 and 6 for water and Figures

R [
pcrt located at a different ?gihl positicn on the model, allowing the

axial variation in cavity prééépre to be determined. A photograph

0 H

of the four cavity pressuﬁeﬂﬁodelé is given in Figure 3;

Four models were used to measure the cavity ‘temperature for
natural developed cavities as shown in Figure 4. The two!zéro—caliber
ogives have model diameters of 0.318iand 0c635’cm and the two quarter-
caliber ogives also have model diameters of 0.318 and 0.635 cm.

These models havé three ports in which thermocouple beads are
cementéd,band the thermocouple leads exit the tunnel tﬂfG&gh the
hollcw center of the model and -the sting mount. The ﬁhermocduples
are mounted at three different éxiél positions on the model.éo'thén
P

the axial distribution of tempeféthre within the cavity could be _

derermined. Details of the thermocouple fabricationiand installation

procedure are given in Appendix A. In addition, the two larger
diameter mcdels have one tube along the surface of the model to

menitor the cavity pressure,

2.3 Cavity Gecmetry I \

The geometric characteristics of develdpéd cavities were

derermined frcm'phobdéraphs of developed cavityipréfiies tak n”in;—fn

both the 30.5 cm and 3,8”cm tunnels for both model contours.

Typical photographs of developed cavities for the two mcdel contours

7 and 8 for

Freon 113. From measurements of the cavity profile taken from the

'photographs,;the maximum qavity“diameter;(DM), cavity half length




(A), and cavity surface area (Aw) were determined for both natural
and ventilated cavities at variocus velocities, dimensionless cavity
lengrhs, and model diameters. Details of the procedure and resulting
data are given by Billet [17] and Billet, Holl, and Weir [24].

The data show that for a given model geometry and cavitatién
number, ventiiaced and natural cavities have the same profilei within
experimental error, independent of the free stream velocity, and that
the ravity dimensions are directly proporticnal to the model diameter
Thic is in agreement with Waid [25], who measured developed cavity
profiles behind a circular disk. In additicn, for the same flow
cendirions, the surface area of a caviry on a zero-caliber ogive
is about twice that of a quarter-caliber cgive The resulting data
tcr the area coeificient (AW/DZ) as a function <f dimensionless
z3vi+y length (L°D) for the two mcdel contours are given in Figures

9 and 10

2.4 Cavivy Flcw Coefficients

The cavity flow coefficient (CQ) is a dimensionless representa-

i
b1
[}
o
(8]

f the v2lume flcw rate of gas required to sustain a ventilated

Cy = —— @

In general, the ficw coefficient is a function of model geometry,

free stream velocity, and cavitation number.

Aty
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minimal gas diffusion occurred across the cavity wall- From the data,

flow cuerticient increases with increasing velocity and model

cavitartion number for a given model ccntour 1s a funcction of

Measurements were made in the 30.5 cm water tunnel of the volume

fiow rate of gas and the cavitation number at various velocities and i

dimensionless cavity lengths for the six ventilated cavity models

The gas flow rate was measured using a Gilmont float-type flcwmeter. |

The free stream pressure was adjusted so that the cavity pressure was

equal to the partial pressure of gas in the free stream to ensure that

3
3
;
;
1
3
k

the flow coefficient (C.) as a function of cavitation number (o),

Q

and rhe cavitation number as a function of dimensionless zavity

length (L/D) were determined for various flow conditions. Details of

P T Y NP PP T R L T T

the experimental procedure are given by Billet and Weir [26-27].

The resulting data of the flow coeffizient as a function of
cavitaticon number is presented in Figures 11 to 13 for the three
zero-caliber cgive test models and in Figures 14 to 16 fer the three
quavter-zaliber ogilve test mcdeis. In addition, Figures 17 and 18
give the éav1tation number as 'a funcrion of dimensioniess cavity
lengch for the two model contours.

The resulrs demonstrate that for a given madel geomerry, the

diametrer and increases with decreasing cavitatisn aumber.. . The

dimensionlessycavity length only. Finally, for the same flow
conditions, the flow{coefficient for the zero-caliber ogive is

about. five rimes that for the quarter-caliber ogive-
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2,5 Cavity Pressure Measurements

Measurements of cavity pressures were made in the 3.8 cm tunnel

for natural developed cavities in Freon 113 and water. Pressures

were measured using Pace variable reluctance transducers with an

accurac; df + 0.07 N/cm® and an integrating digital voltmeter to
obtain ;ige aveféged data. Thé“éévity lengths were determined by
aligning the cavity closure point with lines scribed on the models.
Cavitation numbers based on local cavity pressure at three different
axial positions wiﬁéip‘the cavity were obtained in Freon 113 fqr the
four cavity pressure models over a velocity range of 19.5 to

36.6 m/sec.,{;gmperature range of 20 to 93°C, and dimensionless
cavity 1engtg rgngéléf 2.0 tb“7~0+ ‘In_additiqn;lmeasuremengs of
cavitation numbers were-made in water duriﬁg the cavity temperature
tests with the single cavity pressure port on thg two 0.635 cm
diameter cgvity temperature modelsmifr a velocity rangé of 19.5 to
36.6 m/sec;,‘temﬁérature rangé;of 66 to 120°C, and dimensionless
cavity length réngé of 2.0 to 5.0.

To deéermine the variation of cavitation number with
temperaE;;é,;thg cgvitation number measured at the pressure port
located closestito;the leading edge of the model was determined as a
function of free s£ream temperature, velocity, and dimensionless

cavity length. Results for the zero-caliber ogives are given in

Figures 19 and 20 and results for the quarter—caliber ogives are

A S
given in Figures 21 and 22. Each data point shown is an average

of at least five test runs.  Data obtained by Billet [17] and

RS AT
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é i cavitation number is independent of velocity and free stream

? 3 temperature within experimgntglwerror, and depéﬁds oqu on
diménsicnless cavity length for a given model contour and diameter.
The cavitationrnpmbers are referred to as uncorrected since the

effect of blbékage has not been taken into account. This effeet -

' will be discussed in ‘detail in Chapter 1V,
i L :
Cavitation numbers measured at the other axial pressure ports

were also independent. of free stream temperaturé-and velocity.

Figures 23 to 26 show the cavitation number as a functien of

¢

] dimeusionless axial position (x/L) and dimensionless cavity length

& { J’ : S, . .
in Freon 113 for the two model contours. Each data point is an

average over all temperatures and represents.at least 40 test runs. ‘
f It can be seen from the figures that the cavitation number, and the

corresponding cavity pressure, remains roughly constant over the

{ ticst 6q percént of the cavity, then the cavity pressure begins to
S IR S . . B :
inctease. The measurements were made with the Freon 113 nearly

saturated with air, therefore the data is affected by both

;
3
4

3 L : thermodynamic and diffused air effects. Since these effects T

. : cannot be separated, direct comparisons of measured cavity pressures

? § and vapor pressures based on measured cavity temperatires were not 3
; made 3
i :
3

3

3

-

3

3
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2.6 Cavity Temperature Measurements

Measurements of cavity temperatures were made in the 3.8 cm
tunnel for natural developed cavities in Freon 113 and water with

the four cavity rempérature models. Cavity temperatures were
measured at three different axial positions within the cavity‘wifh'
0.010 cm diameter copper—constég;éﬁ thermocbuples with aﬁ accura£y 
of = 0.28°C. The‘caQity thermocouples were each connected in series
with a Eéwﬁs£r!am thermocouple so thap the temperature depreséioﬁ (AT)
could be measured directly. The free stfeéﬁ temperature was
measured independently with a thermocouple referenced to a 0°C ice
bath. ; |

All tempergture readinés were taken with an integtatinngigital
voltmeter to time’ééérage any temperat&félfluctuationéz vThis difféfg
from the procedure of Billet [17], who uséd~§dgalvanometer to take
instantaneous readings, and then 6nly”gonsiéered the minimumw
measured cavity temperaturesl The éim@ éveraging techniqué therefore
produces temperature depressionS‘thch.are smaller éhén those
obtained by B}};gé but whégh are more consjstent with thelsceady-

state entrainment analysis.

In order te minimize the effects of variations in the amdunt
of ncacondensable gas dissolVéd in~“the liquids, all cavity
temperature tests_Were run at nominal air contents of 14 ppm by

cles in water and 1200 ppm by moles in Freon 113. However, it

haé been shownkby Fricks [18] that the gas content of the liquid

e e
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has iittle effect on measured cavit&,;empgrature~depressions for
the models and tesf conditions employed in this investigationn
 Figures 27 to 29 show typical results of the measured
temperatuge deprégéion as a function of dimensionless axial
position (x/L). Data obtained by Fricks [18] in Freon 113 for the
two 0.318 cm medels are presented for comparison. As can be seen
from the figures, the axial variation of the temperature depression

B : e o
along the cavity was found to be roughly linear, with the maximum
temperature depression-océufring near the leading edge of the

cavity. This is in agreement with other investigators [8-11, 13~18].,

Therefore, tc consistently determine the maximum temperature

depression (ATm =T - T¢

.-}, the axial temperature depression
ax % min LT T i

distribution was extrapclated to the cavity 1eadingzedgefas shown
in Figures 27 éo 29,kand"the resulting ATmakwwé? considered in all
cases to be the maximum téhberature depression-

The maximum temperature déﬁfggsion wasvdecermined"és a function
of free Stream’temperature for va:iouskfiow conditions. Data were
temperature rangekof 3§ to 95°C, and dimensioniess cavity length
range ofwé,O to=7 O; In addition, data were obtained in water for
the ;wo:0i635 zm diameter models over a velocity range of 19.5 ro
36‘6 mfseé,:rtempérature range of 60 to 125°C, and dimengigﬂlééé
caviéy iéﬁgnh range of 2.0 to 5.0. The results are given in

Figures 30 to 35, where each data point is the average of at least

10 test runs.

§ AT e Y A
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It can be seen from the figures that the maximum temperature

depressions are about an order of magnitude larger in Freon 113 than

in water over the temperature ranges tested. This can be_atctibuted

te the fact that since the critical temperature of Freom 113 is

i ak e hen an it

214.1°C compared to 374.1°C for water, the Freon 113 data were taken
at temperatures closer to its critical temperature. The largest
maximum temperaturé dépfession obséfﬁgd was 9.0°C for the 0.635 cm
quarter=-caliber ogive in F?eon 113. |

As demonstrated by Figuresi30 témés, the méximﬁm temperature
depression increases with_increasing ffee streamwgé@perature and P §
dimensionless cavity :length for both model éontou}S: Howevé;;ithe |
maximum temperature depression increases wiﬁh inqre?sipg velocity

and model diameter for the quarter-caliber ogives, butidecreases

with increasing velocity and model diameter for the zero-caliber
ogives. These results suggest fundamental differences in the
thermodynamic characteristics for{tﬁe two model contours, but this

will be clarified by examiniﬁg the data within the context of the

entrainment theory in Chapter IV,

2. 7. Other Experimental Invest:igations‘W_mw

, Measurements-of cavity pressures and temperatures have been
made by other investigators for a variety of model geometries and

liquids ~These investigations are summarized in Table II,'which }

gives the models and fluids tested as well‘asﬁtﬁe range of flow

parameters. 1The,measured AT at the leading edge thermocouple is
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considered in allicases. The data for the AT obtained in this

study are presented for comparison.

The geometries of Ehe zero- and quartét-caliber ogives have
already been discussed. The venturi models are axisymmetric and
have a quarter-round ridge at' the minimum area point to ensure

model is two-dimensional with a leadihg:edgeahaving a semi-circular

cross-section and a streamlined trailing edge section. For a

detailed description of the models, refer to the references cited

in Table II.

e hctaiindi St SRR S
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CHAPTER III

THEORETICAL CONSIDERATIONS

3. i Introduction
A dire:t theoretical description of the thermodynamic processes

invclved in the ﬁalntenanc; of a natufal devélaped cavity is an
extremely complex problem. It wouiawlnclude a detailed knowledge
i1t rhe wapcrization, condensation, convection, and diiffusicn
proyzezses Iccurring. Since the flow field 1¢ two-phase,
nonlsentropiz, and in most cases, turbulent, ;n énalyéicél
determination of the velocity and temperature prefiles within the
tavicty and surrcunding 1iquid; fhé}heat required to fcrm the cavity,
and the magnitude of any thermodynamic eifects 1s beycnd the
turrent ‘dtate oI knowledge.

kSevexax simplified theories{have been develcped to model the
ahELm;ayhamla aspects of a natural‘déQeloped cavity, and are presen:zed
ir. the tillewing secticns. First, scme preliminary ccnsiderations
%ili pe discussed-.

A develcped-cavity is described by the zavitation number (o)

derined as

{2}

IR
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In general, the cavity pressure (PC) is given by

i

PC = PV + PG - APV s (3)
where
P, = vapor!présSure based on the free stream temperature
of the liquid (Tw),
PG = partial pressure of noncondensable gas in the cavity,
and
APV = wvapor pressure depression due to the thermodynamic
effect.
Substritution of Equation (3) into Equation (2) expresses the
cavitation number as
. P_ - PV _ PG . APV l “

1/2p V2 /20, V2 1/:2va;
Several invesﬁigétérs [29-31]khake shown £hat thé1¢qﬁtributlon of
noncondensable gas in Equation (4)kcan be significant, and as the
bulk remperatﬁ;§ of theuliquidﬂi;;;eases toward the critical
temperature; the vapor pressure depression term will aléo ﬁécemé
important- lqiaddlE?gn, the vapor pressure depression can, in.|
general, be gffeéﬁéhmﬁy the gas content of‘££e Cavi?j‘

The vapor pressure depression can be expressed in terms of

the difference between the free stream and cavity temperatures.

'i
4
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successfully correlated temperature depression data using this

ey

17

The vapor pressure depression can be expanded in a Taylor series as

dp a?p

2
AP, = =Y AT 4+—t AL (5
\Y dT 412 2
T;' o ) ‘ T_“
00 o0

where AT = T, -T is the temperature depression. Now, retaining

C
only the first term of the series and using the Clausius~Clapeyron
dp
relationship for T yields
Py A AT
AP, = =————————— (6)
v Py) .
-3
L

One can estimate the vapor pressure depression by Equation (6) once
the temperature depression is known, provided the vapor pressure

depression is small,

3.2 Entrainment Theory

The entralnment theory is ifsemi—empitical”method‘ﬁor predicting
thermodynamic effects on developed naturai‘éavitiesé The theory,
based on a simple energyrdalance, correlﬁteswthe temperature
depression (AT) iﬁﬁﬁérms of thé;;élevant nondi&ensional parameters
and fluid property terms. The foundations to ;he theory:are

precented by Holl and Wislicenus [32] and in a diggpésion,by Acokta

- and Parkin [33} of that paper. Billet [17]:addkfrigks [18]

méthod
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Consider a vapﬁpwpegion in an othe£§ise liquid flow. if;this”
cavity is aséuméd to be sﬁéédy, then it requires a goqstant‘mass
flow rate of Va;or to Suséain it. The vaporization isvassumed to
occur near the leadlﬁgkedge bf the.céQity at fﬁe cavity wali:iwithf.
condensation occurring in the cavity closure region. Thus, the heat
required to produce this mass flow rate of vapor is given by

P
q =AM )

or, expressing it in terms of the volume flow rate (Q),

a=Ap,Q . (8)

Ncw, defining a flow coefficient (CQ) as
v p?
oc

The heat required for vaporization becomes

a = oy A CQ v p2 . z (10)

Following the convention of convective heat-transfer, an average

heat transfer coefficient (h) can befdefined as

P4
h. = Aw(Tm - TC)' s (11)
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where AW 1s the characteristic cavity surface area. Substitution

of Equation (10) into Equation (11) and rearranging yields

AT

oc

Tltgﬁ
1%

o V vopV (12)

or, rearranging in terms of nondimensional parameters

C p
AT=EQ§§*XEL s (13)
AU PL P
L
where
AW
C = —— = area coefficient,
A 2
D
VmD
Pe = —— = Péclét number,
6
L
and
Nu = %LQ = Nusselt number,
L

and the fluid property terms are evaluated at the bulk temperature
of the liquid Divisicn of AT in Equation (13) by the fluid
propecty terms (pV/pL)(A/CPL) produces the Jacocb number on the left

hand side of this equation.

t
i

The Pé:zlet number and fluid property terms on the right hand
side of Equation (13) are known froﬁwihe free%stream co%ditions

'

A’

(T éﬁd:Vé) and charactéristic model dimension (D). Howewer, C
C., and Nu are characteristic of the cavity flow and are to be

Q

determined empirically.
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IThe flow coefficient (CQ) 1s determined from ventilaced cavizy

tests. Ventilated cavities have been used tc model natural cavities

since the work of Reichardt [34] showed that the drag and geometry

rcr a given cavitation

number znd flow geometry-

’ . ]

\ of ventilated and natural cavities were the same
1 . L .

i Based cn this result, it is sssumed thart
i

i

|

I

|

the ricw rate of vapor required o sustain i patursl deveicped cavity

can be estimated by measuring the volume ftlow rate or gas needed to

sustain the corresponding ventilated cavity. This ilcw rate of gas

1s expressed as a nondimensional flew coerticient.

Billet and Weir [26-27) czorrelate 1lcow cceftiicient data with the

relation

a . b L.~ )

= C, R = -
CQ 1 Re Fr LDx {(14)

i where

) ‘ v..© D

z i Re ¢+ =——— .= Reynclds numbez,

; i \}L

: .

t ! x 1

1 | 5 G —= =  Froude number,

! VgD s [
'.‘. | and
% % = dimensionlecs zavity iengch.
" :

This 13 sim:ilar tc the ccorrels

‘made by Reichardt [34], using
the Froude number and ‘maximum cavicy diamerer

[ s ‘ ! , .
The area ccefficient was determined ifcocm phocographs 2f the

develcoped Cavity conteur . Data by Waid [25}, and Biliec, Holi, and

Weir [24] show that Lhe:cav1ty geometry dépends cnly on
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dimensionless cavity length. Therefore, the area coefficient data

can be correlated by

d
CA = 02 {5‘] . (15)

Finally, the NuSselt number is determined from Equaticn (13)
using the correlations for CA and C, and measured values of AT. The

Q

Nusselt numbér (Nu) is assumed to be of the form

-D-]l s (16)

where

Pr = L o Prandtl number.
%L

Equation (16) employs the standard heat transfer’parameters,.
Reynolds number and Prandtl number, plus the imporﬁant-cav1ty flow
parameters, Froude number and dimensionless cav:zyylengnhﬁ

Once the CA, CQ’ and Nu expressions héve been obtained,
temperature depressions may be calculated from Equaticn (1i3) Ox,

by combining Equations (13Z‘to (16), AT cén be correlated ‘directly asg

—

AT =C,.+-Pe » lJ—‘lj ReX ¥ prm L AL (173
47" pj & °F b . an
e BT S| e L

or empirical constants. However, it is derived from basic concepts




22

and gives a sound physical basis to the problem. It can be used
successfully to correlate temperature depression data as shown in

Chapter IV,

3.3 B~Factor Theoryv
I
The B~factor theory is a quasi-static model for the thermo-

dynamic aspects of a developed cavity. It is assumed that the flow
is steady, irrotational, and frictionless, that the vaporiza{ibn
process is one-dimensional and adiabatic, and that the fluid is
continuocusly in stable thermodynamic eduilib:ium, Acosta and

T"l

o e, . o T
Hellander [4] state that the B-factor theory is analogous to the
. S Shaslana gy -

problem of an 1insulated cylinder with a{tiéhfly fittéd:pistan, The
cylinder is initially filled with a saturafed liquid. Then, as the
piston is withdrawn, a certgin volumé o% vapor is formed. The B-
facror is deftined as thetrétié of"the,vélume of vapor to the volume
of iiquid invelived in the vapﬁr@haﬁ;on process.

The classic derivation of tHéﬁB—faécor ;heory is usually
attributed to Stahl and Stepaﬁoff tl]ffﬁowévef;lJacobs’[B] and
Fisher {2] have also obtainedisimilar resﬁlts, Assuming constant
tlu1d;propercies; the change in specific enthalpy of the liquid

phase 1s given by

If thermodynamic' equilibrium is reached after vaporization, then the

,,;;m,wxq—gcv&-\s:;; YR
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energy balance per unit mass of liquid is
: AhL = MV A (19)
But, from the definition of the B-factor
D
¥ p e, Oh
v L L L
B == =—— T — — (20)
%L DV MV pV A
or substituting Equation (18) into Equation (20)
C
p. P
B=—t—Lar . (21)
Py
L o o
Equation (21) relates the B—factor to the cavitygtemperature‘
depressicn. - Applying the Clausius-Clapeyron relacion fcr AT and
p
assuming that 6! << 1 gives an alternate expression fcr the B-facto:
L
o, |°
B=|—| C, T AH s (22)
pv)\ PL eV

where AHV = APVij is the cavity pressure depr3551on'exp:essed as a

change 1in-head.

i : S

! B
Gelder, Ruggeri, and Moore [9E refined the calculaticn of the
. ] : B e e [ :
B-factor to account for changes in fluid properties with temperature

and changes in enthalpy of the vapor. Again, considering the

quasi-static model. of Acosta and Hollander [4}, the piston is

T




withdrawn in small incrementalfstepé such that the system remains
in thermodynamic equilibrium. The energy balance (19) per unit

mass of liquid at some step n is given by

A =11 - - 2 M Ah + £ M. Oh (23)
MVn n i MV _ ViJ an 121 \') v

where the effect of thé‘change in enthalpy of the vapor has been
added, and the summation accounts for the vapor created in previcus

steps- The vclumes of liquid and vapor are given by

n V
v i=1 an
and
n
1 -3 MV
¥ = =1 i (253
L
n
so that the B~factor becomes o
W LMW
v i=1 i 9
B =—= s . (26)
1 - Z
i MVJJ \pLJ

where n is’thE'number of incremental stepa and the My are
calculared from Equation (23)a‘ Note’that if n'= 1, Equation (26)
’reduceé to Equation (20).

Due to the Lengthy calculations reqﬁiréd for the Gelder,

Ruggeri, and Moore [9] method, Hord and Voth [12] devised a
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simpler method based on éntropy considerations to ;ccount for fluid

property variations:ithhe calculation of the B-factor. Since, from
the assumptions of the quasi-static mddéi, the vaporization process

is isentropic; then, as shown in Figure 36, the initial (1) and

final (f) entropies can be equated as

Mposp, SMosp Py sy 27

and conservation of mass gives that

ML = ML + MV . {28)
i f f

Combining Equaticns (27) and (28) with the definition of the

B~factor yields

4L (29
S SLV ’

The B-facrer may be calculated from Equations (21), (26), or

(29), once the temperature depression is known However, ocone of

these equarions-account for the dynamics of the cavity rlow.

-Gelder, Ruége}i, and Moore [9] show-that the B-factcr should be

prbportional to the maximum cavity diameter (DM) and 1nversely

proportional to the thickness of the liquid thermal boundary layer
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(S.) Since, in general

DM = fl(L/D) ’ (30)
and .
Vm'D‘

§. =f (31)
L 2 aL J

the B-factor is correlated by the relation

n

@) 1r on n . .0
"Rl |1/ | Z(Q_'i Vs | (32)

R | o l(L/D)R Dp 'VOCR“[

where the subscript R indicates a reference value Hord [14-16] has
inrrcduced additional scaling parameters such as surfaze rtension,
kinematic viscosity, and two phase sonic velocity-

Thus the procedure used in applying the B-facicr theory is tc

calculate the B-factor for a measured AT from an equation such as

Equation (29), and correlate the results in a form such a= ‘ ;
Equation (32) where one data point 1is used for the reference walues {’
Then, temperature depressions may be estimatgd by working bakwards
through the procedure. .

The B-factor theory and the entraiﬁﬁéﬁt theory ate both
semi-empirical in nature. The ent?ainmentitheo;y, based on a
dynamic mo&el,‘ié ﬁé;é closeli;ﬁeléféa’to the aétual flow ﬁield'
than the quasi-static B-factor model. However, by comparing
Equations (13) and (21) it can-be seen that the B-factor thesry

and the entrainment theory correspond if
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C
B=-22e (33)

Thus, employment of the entrainment theory enables the B-factor to be

expressed in terms of the four dimensionless parameters which describe

the geometric, entrainment, and heat transfer characteristics of the

cavity -

1

3.4 Two~Phase Laminar Bouﬁdary Layer

In many cavity flows the length of a developed cavity is much
greater than its thickness, and the flow resembles that of a boundary
layer or wake. The solutions fér squ»flows are well known  In
this section, methods developed for the solution of one phase
boundary layer problems will be applied to a two-phase flow.

Consider a heated, two dimensional, infinite flart plate as
shown 1n Figure 37 with an incoming flow velocity U and temperature
T, The plate heats the liquid so that a vapor layer 1is formed cn
the plate. The saturation temperature of the liquid is assumed to

be the same as, the plate temperature T, so-that the vapor is

C’
isothermal —~The flow is assumed laminar with constant fluid
propefties, and the boundary la?ér approximétions ace aszumed to be
valid 1in the vapor and liquid'reéidh*near the plate. This msdel
ccrrespoads cofaﬁfigﬁinite caﬁif&’ﬁitb zero cavltailon number. .
However, heat 1s convected awafrfrom the "cavity'" in this problem

(I, - T, < 0), whereas in the natural cavity case, heat is

c
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convected to the cavity (T00 - T, > 0), but the heat transfer

C
mechanisms should be similar.

Refer to the coordinate system in Figure 37 The conservation

equations in boundary layer approximation for the liquid are

Continuity: 22--%--3-l =0 |, (34)
dx 3y
~ 31 , ~ 3% 324
Momentum: ~p_ju — + v —| = —_— 135)
L ~ ~ L A~2
9% 9y j oy
| 2 fani?
Energy: oL CP u §2-+ v 3T kL 9 ? oy égi (36)
L| 3% Ay oy “ 19y,
and for the vapor are
Continuity: EE-+ o o, (37)
9x 9y
[ o ~ ) 2+
Momentum: pv'ﬁ §2-+ y EEJ by 2w s (38)
| ax a5l 252
and
Energy: T = TC = constant , (39.

where the tilda indicates dimensional variables. The boundary

condrrions fsr the problem are

u(x,0) = v(x,0) = 0 s (40)
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T(x,8) =

i
3

u(x,y) = U, as y > o

and

T(x,y) =T as y »

Three conditions are also required at the liquid-vapor

interface (¥ = §). Velocity continuity states that

Uprq = Uyap at y = ¢

and stress continuity requires that

3l P
“Lﬁ‘iJ =uvEE aty =3 .
35 95,
LIQ Y vap

A third interface condition can be derived from mass continuiry

a control volume as shown in Figqre238,

29

(41)

(42)

(43}

(44)

(451

Far

146)

“since the flow is steady. These mass flow rates can be expressed

in terms of velocities as

MAB pL u— dx
dx

()

R
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MBD =Py Vv dx , (48)
ioo= o |5+ 2 gy lax (49)
ac - P . y ’ (
L Yoo
and (
Moo= td o+ 2 gx|98 gz (50)
CD \Y 3% ~
L X jdx
Therefore, neglecting terms of order (dx)?, the mass ccnrinuiry
relationship is
i ) ( )
O BTN LA S (51)
< g vodx o gap |

The prcblem can be simplified by intrsducing the dimensicnless

varzables

U v
u =2 v o= o—— (521
U U,
x=% y=~% , (53)
and
T - T,
B = , (541
TC - T,
where U, 1s the characteristic:velocity scale and D 1s a charaizer-

isric length scale Also, to satisfy the centinuiry relations:
Equationé (34) and (37), strean functions ¢ and Y can be

inrrcduced such that

i a2

P A NS R ML YN

T m———
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5y v = - %% in the liquid , (55)

u = Y and v = - %%- in the vapor . (56)

{
W3 _wd _1 3% 3w
[By 5% " x 8y T Ry 42| 0y o (57) i
23 _ 33 _ 1 3% | 3 _ )
y dx ox oy R 2| 9y o (58)
L 9y
and
{ rz Pru 2']
- 336 30280 _1 (3% {mj 50)
5 é Jdy 9x 9Jx dy Pe Byz CPLAT 3y2 J
? ? where
A %
| UooD UooD i
Ry =5 Ro=5— {60) 3
| ’ N ’ ) /
| v Vy L v
3 UxD VL :
f Pe = — , Pro=—= (61)
! ocL L
] ‘-§ R B and AT = TC - I . The boundary conditions become
:
y(x,0) = 0 , (62)

2 (x,0) = S0 =0, (63)
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_gi (x,y) = l as y - QO N (64)
y
6(x,n6) =1 , (65)
and
B(x,y) =0 asy»e= , (66)

where (62) introduces the arbitrary origin of the stream functicn ¢

and nS = &§/D The interface conditions become

2 2
g 2 ? = uL 0 ¢ at y = Ng s (68)
oy* dy?
and
an ‘ dn -
LA N 1) BN - RN N[ S '
Pylay T * axJ - L[By ax Toxl ATV T Mg 69

Equationeg (57) to (59) are a system of three simultanecus ncon-
iinear partial differential equations. The tolicwing zoiuticn
reqsires nine boundary. conditions, provided by Equations (62) tc
(69). Howe-e:, since nd(x) iS?HQE knoWﬁ;.one more csnditicn i3
needed  From the ene:zgy balanée at the interfare, the ¢oral heat
per unit area rransferred from thé plate must equal the heat
requlrea'fcr vaporization plus the heat conducted away from the

liquid, which can be expressed as

dror = Yyap T Yeoxp (70)

J

I LT
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Expressing the total heat transferred (éTOT) in terms of a local heat

»
transfer coefficient (h) and using known expressions for

&COND’ the energy balance is
NI oT
he*AT = MV A kL "
y §=5

From the right hand side of Equation (51),

My = ey [‘N‘@";’] ’

dx

dyap

and

(71)

which, expressed in terms of the stream function in dimensionless

form, is

dn 5
M= Y _6 N
MV Py U [By dx + BXJ
Substituting into Equation (71) and expressing the results in

dimensionless form, the interface energy balance is

o _ o _Pefv a (aw s oy} 2e
k U T AT o, C dy dx ox oy
L L PL

y=n5

(72)

(73)

where Nux is the local Nusselt number. . This completes the closure

to the problem

Determination of an exact solution to this problem is a
N i
i

formidable task. "However, an approximate solution can be obtained

in the limit as OV/QL approaches zero. For most fluids at a

T
e 33 e SRR
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temperature well below the critical temperature, the ratio of vapor

density to liquid density is small. For‘example, in water at 38°C,

4

3 thz saturation density ratio (p&/pL) is 0.461 % 10~%, This Llimit

1s equivalent te taking Fhe limit as the vapor Reynolds number (RV)

goes t2 zerc and rthe liquid Reynolds number (RL) goes to infiniEyQ
Far exampiz, :cnsider water at 38°C with U, = 30.5 m/sec., and

D = 0635 :m Then R = 2.78 x 10° and Ry = 89.1. Thus, it can be

. . ] L . s
seen thar this approximation is fairly good.
v &

The apprcximate solution for the stream function in the vapor

phase wili now be determined. Equation (57) can be rearranged in

tte rorm

Qs
N

| 2 o
By - o - (74)

?

Q
]

N . A3 ; =
e ~ ' S¥_yo (75) L

| Jr -updn iantegrating three times,

yH+Cy s e (78)

= z .
v Cly + C2

3

whece T CZ’ and C’3 are functions of x only. Then, applying the
s .

boundary cenditicns Equations (62) and (63), Equation (76) is

reduczéed to
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p=c )y, (77

where Cl(x) must be determined from a matching condition at the
interface

Similarly, the approximate solution for the stream function in
the liquid phase can be determined. By taking the curl of Equation
(58), 1t can be converted to the vorticity transport equation, which

in boundary layer approximation is

w2 o2 1), o)
| dy ox 9x 9y RL 3y2 By2
In the limit as RL approaches infinity,

203 _ 203 ) 3% _

5y 5% " 3% 3y oy’ 0o . (79)

A rirst infegral of Equation (79) shows that the vorticity is
constant along a streamline. -Since the flow upstream of the plate is

irrotaricnsl, then the vorticity is zero everywhere in the liquid and

2 . : :
%—;ﬂ =0 (80)
y ~ :

BEquarion (80) can be integrated twice to yield

6 =Ky +K, - ‘ (81)
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As a result of Equation (64)'K{ = 1. The function K, must be '

derermined from the matching conditions at the interface. Therefore
L \

o=y + Kz(x) . (82)

There are two unkncwns in Equations (77) and (82) and three matching -

conditions. The problem is over-constrained siﬁqe the order of
Equation (78) was reduced when .the iimit>as RL approaches infinity
was taken. Equation (685 leéaé to a trivial solution for Y

(Cl(x) = 0) and thereférg this matching condition w?}l be
discarded. Physically; this decision ﬁéélectsﬂéhe condition of
stress continuity, which determines the jump in slope of the
velocity profile at the inte}face (see Figure 37), in favor of the
more impertant requirement of velocity continuity across the

interface. The remaining interface conditions are

Y _ 99 ,
3y~ By (83)
and
" s e
W _6 ) _ 9 _S 3
pV[By dx + 8%]= leay dX‘ii33x 'f§§4)

b

at the interface (y = n(s)c The final form for the vapor stream

function is deterhined by substituting Equations (77) and (82) into

Equaticn (83) and evaluating them at y =,n5¢' Therefore

e G i e o
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2 )
Y= I . (85)
2n(S -

Similar.y, the final form ofzthe liquid st;éam function can be
determined by substituting ¥ and ¢ into Equation (84) and taking

the limic as pv/'pL approaches zero. The resulting expression for

Kz(x) is
;;Q g;& =0 s (86)
or,
Ky = -ng +K; (87)
The constant Kj can be érbitrarily taken as zero, so finally
b=y -ng (88)

and the =pprcximate expressions for the stream functions have been

determined.

There 1& one assumption in the above ‘derivation that has not

beer explicirly started. The interface was assumed tc be a streamline

for the flow in the liquid phase when the limit as pV/pL approaches

zerc si Equation (84) was taken. However, there is a velocity -

i

component normal to the interface, otherwise the vapor layer could

nct-grow along the plate. Therefore the interface is not really a

N
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Streamline,‘but if the density ratio is small the 'leakage' across
the interface will be small.

The energy equation in the liquid was given by Equation (43) as

36 56 96 86 _ 1 |9%@ PrUZL g2 0%
Ty 0x " oxdy P .. AT e | - @
kayi PL oy J e

Bur ¢ = y = nd, and taking the limit as Pe apprcaches infinity,

. dn
RIS) § 96 _

Bx,+ dx dy 0 . (90)
The sclution to Equation (90) as cbtained by separation of variables
is

K(ns-y)
0 =Ce . (91)

where C and K are constants: The boundary condition Equation (66) is
trivially sarisfied and Equation (65) gives C = 1. Thus

K(ng=y)
8 = e . L — (gz)ﬁ

“where < 1s as yet undetermined. An expression for the local Nusselt

number can now.be determined by substituting the approximate

soiuviions fcr P and 6 intc Equation (73). . .The result is

p 8n<\ G
- _zg_z_x__[;__..@:, |
Ru, = a7 b, Cp 12 3x j ML (93)

L
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;g Here K represeﬁts the contribution to rhe“overall local Nusselt
number due to the effect of the 1iquid conducting heat away from
the vapor layer. If it is assumed that the liquid conduction effect

| is small, then kK can be taken as zero. Solving for AT,

Pe Pv A [’1 3”6}

AT = LB A s (94)
Nu,x pL CP 2 ox
L
n dnﬁ‘\ .
The term ti-a;—J is the nondimensional volume flcw rate per unit area
T . C‘
acrcss the interface. This corresponds| directly to the term Eg in
i : - o A

the equation for the entrainment theory. Thus by comparing Eqdations
(13) and (94), one can see that this approximate sclution to the
conservation equations produces an expression similar to that

employed in the entrainment theory.

. 3.5 Nusselt Number Estimate from a Turbulent Boundary Layver Model f;
2 In the entrainmernt thecry development, an empirical relation
was assumed. for the Nusselt number using the relevant dimensionless

parameters. in this section a *heoretical estimation of the Nusselt

number 1s made by applying a caviry model propcsed by Brennen [30].
This cavity model has been succésétully used by Billet and Weir

{26-27] to account. for gas diffusion effects on ventilated cavities.

Following the procedure outlined by Brennen [30], the flow over
a cavity wall 1s represented by flow over a flét plate. As shown
in Figure 39, the x-axis is placed in the direction of the flow,

“the y-axis 1is perpendicular to the flow, and the turbulent boundary
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layer has an approximate origin near the eaVity'formation point.
Init1ially, the velgcity and temperaturevpﬁofiles in the liquid are
different, however, it is assumed that the profiles will be eimilar'
at the end of the cavity provided that the turbulent Prandti;number
is nearly unity. This change in the temperature profile is caused
by the flux of heat into the cavity.

The difference between the temperature profile at any position
%X and the 1nitially uniform temperature profileérepresents a loss

of heat from the boundary layer which can be written as

o0
Aq = oL CP j (T, - Tu dy . (95)
L
o}
Since the velocity and temperature profiles are assﬁmed similar,

they can be expressed as defect profiles in the form

—— s = £, (96)
w - Uy T =T,

where UC and TC are the velocity and temperature at the cavity

-
surface and U and T are the velocity and temperature outside of

the boundary layer. Substituting Equation (96) into Equation (95)

and evaluating at x = L gives the total heat flux into. the cavity as

=1D, p, C, U AT | £(5)11 - [2—C£) a5 (97)
4 M PL P, P L T
L " o
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ST
: — . .
where Dy 1s a characteristic cavity size parameter for an

axisymmerric cavity and AT = T - TCL

Since the cavity surface is assumed straight, the turbulent
boundary layer has the samé boundary qogditiqns as hélf the wake flow
behind a flat plate parallel to the free séream, p;ovided that the

ratio of momentum thickness (Gm) to cavity length (L) is small. Then

from Townsend [35], f£(¥) is a Gaussian function given as

' . i
- 0.5 RT ~5
£(y) = exp |- (5] E—Ty~— Dl , (98)
\&) D (x_xo‘) :

where the momentum thickness is assumed constant along the free
streamiine  In Equation (98), io is the virtual origin of the

turbulent boundary layer, R,.,' is a constant representative of the

T

large eddy structure, C_ is the drag coefficient, and D is a

D
characterisrnic dimension of the body.
The vaiwe ot the drag coefficient can be shown to be

przpcrticnal tc the momentum thickness at cavity formation (Gm)
ana inversely proporticnal to the body size so that

‘CD = constg#t . Bm/p o (99)
The length of ‘the turbulent boundary layer to the end of the cavity
(§—x;) can be approximated by the cavity length, which together with

Equaticn (99) gives:




t(y; = exp |- zcnstant
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3¢
L—| (100)
.b I

Now, substiccring Equacicn (100) inco Equatizn (97) and neglecting

re:Ls Lt oSrder

whe:e "bz momentum thizkness (O

J

[15,]1° yieids

.cnstant * DM p, C U

qQ = .. ustant e DMpL C

)y and t©
m

a:e T pe evaluated for

3
i

he _h

“he

-td “ne wesilivy Culside the boundary layet
free =1rcam czoocity % can be noted tharn

cider meemE: irr1vls case o

i

ezsentlalliy +hsz

dgy . (101,

arz:zeristiz diamerer ci
parricuiar model geomercy,
is assumed egual ts -he
negiecting the higher

F4ams appriXimation as

produrza

in the laminar boundary layer de e

spment

in Seztion 3 4.

The .og.iu .: zssumed o have a coustant .elsvicy inm rhe y-direzticn,
bL" - hac€ a7 #xplit=Z ial variaticn 1n temperati-e- However, the
‘eLpecar Lre p.obiles a's diffezent t.or the tw: ~ases

Foe che agizymmer .2 sgive bodies considered in this study,

*re fharaireriztis wavity dlametec (DM; Zan be taken to be
froprrtoonar fi the model -diametee (D) and the mcementum thickness

extimaced f<om she riz® plarvre laminar boundaty iayer expression
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_ 0664 %
8 0.5 (103)
H .‘x
s o3
AY
N L«

where the distance X can be approximated by the model diameter, This

glres an expressizn fer the heat flux as

. 1. . -2
q = coastant C. C AT (L/D)O'5D1"75V 0'75v 0225 (104)
L PL il L
Expressing this in terms cf the Nusselt number,
. { }
Ny = Zfing = sonstant ¢ ZQ~— !OL Cp (L/D)O'SD]‘JSVOOO'75\)1_0'25
WL WL L L
or, 1in terms -f dimensicnless quantities
ccnstant 0 S{Voc D|0hlsivL:
Ng = “"& (L/D)" 7= | = - (105)
A v 1o

As determa.ped by Biller, Hz11l, and Weir {24], the area coefficient

iCA) t.r the ze-c-zairiber ogive zan be expressed as

9

C, = constant wmyt ! (106)
apd f:¢ the gqtarver--aiiber ogive,
¢ = constant ' (L/D)l"18 (107

A
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Since these two expressions are almost identical, the theoretical

estimare of the Nuzcelt number for either model 1s

-0*68Re0'75

Nu = constant * (L/D) Pr . (108)

This expressicn wiil be compared to the empirical determination of

the Nusselr number in Chapter IV
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CHAPTER IV

EXPERIMENTAL DATA CORRELATIONS

4 1 TIntcoduction

Correlat:on of experimental data is an important aspect of both

the entrainment-and the B-factor theories: In addition, ccrre
of experimenral measurements of cavitation numbers, cavity geo

and .avity riow coeffizients help to simplify anzlysis of thes

lation

metry,

e data-

In this ~hapter, the curve-fir methcd used to correlate the data :n

th.z scudy 1& presected, and the resulting empirical correlati

ons

are prtesenreq and dis.ussed Data correlarions sbtained by other

investlgaccrs are also given fcr compacison.

4 2 Curve-Fit Mechod

In Chaprer [II, empiricai relaticns rcr the varicus
dimensionless cavity tlow parameters were assumed to be of the

general form

(61 B
F=C »G »H . s ‘
where F iz the quan-ity tc be ccrrelated, G, H, ... are the
relevant sualing parameters, and C, o, B, . are constants.

the natural legarithm cf borh sideg yields

s

(109)

Taking




InF = inC + a 1InG + B8 InH + . (110)

This equation 1s linear in terms of the iogarithm o: the parsmeters
The stindard icast-squares curve-fit method can be applied (see,
for example, Becket and Hurt [36]) to solve fo- the ankncwns C, o,
b=

The prcocedure invcelves minimizing the sum of the squares of the
difference between the experimental and caizulated values C1 the

lcgarithm ot F, which can be expresced as

N

(InF=>1nF)" = 8 (i1li)

where N is the number -t data pcints and the tilda indicates experi-

mentai Vaiues substituting Equat:cn (110) intc Equation (111)

yieids
N
ELinF =G =0 ihG = p-inn = g = (112)
2

where C' = ial Ncw, 7. mir.imize the gquantity 4, *he pa:tiai

der: .arive 1= taken w. °h ‘ezpec’ t. €osch unknown (l°, Q, B,

ahd S€t equal TO 2erc Ih.= yi€.48 2 =€t <! simu.laneitus €qualions

which can be exp eszed as




N
- 8[»
1

N
+ BlL

I i i

and
N

N N

C'(Z 1InH) + 04l (InG)(lnH)] + BIZ
i i i
Equaticns (l13) are a system

atnd are scl.ed tor the unkncwns by

.

sing C=e all O the unkaowns

(=

N :
(laH) ] + s L iloF)
1

InG)(inHi ] + (1nf)iinG)

-~

(IDH)‘I (IlnF): . 2H)

—

(113

0! ilnear algebrai:

=quat!coo
standard ma'rix tecnnigues

in the ccrcelacive ExXp-e=sion,

Equation (i09), bave been derzrmined Inis *e_bn.que wvas u=eg
determine ali “i the ccrrelar.ons used in this sludy
4.+ Cavi s i0or Numbe:s ard Bl-ckage Eftec:s

Coiteiations of cavitarion nunber 0 45 & turcticn =i
Jimensicn.es: Ca 1'y l<ng:h D) w::€ made : develoged Zav.rles
6 the zer"- 3nd quarcer~caliber g e téest m dejs B e, Hois
and Weir [24) cbrained data 1o the 30 5 -m wat=r tunne; r mcgel
diamerers ot 1 27, 0 635, and 0 3.8 «m Fitr this *cs7, the ¢33
CI mcdei diameter to TzsC S&cticn diameté: are quite sdall ac that
b.ltkdge €e1tecis ate n:=giigidie flcwever, dats ~btained in thi:

srudy were taken ian the 3.8 cm

culs

nel fcr mcae. datamstesrs ot 0 635




and 0.318 cm. This corresponds to model to test section diameter

ratios (D/DT) of 0.167 and 0.083 Thus, the blockage effects for
these data are important. In addition, data were obtained by

Hord [15] on the quarter-caliber ogive for a D/D_ equal to 0 308

: -
Details of the analysis of the data obtained by Hord are given 1in

Appendix B. The resulting data correlations in the form
n
o= C5 (L/D) (114)

are given in Table III for the two model contours and various values
of D/DT'

The cavitation number correlations in Table III are plotred in
Figure 40 for the zero-caliber ogive and in Figure 41 for the quarter-
caliber ogive. The symbols on these figures indicate an average
of at least 40 data points. Referring to the figures, it can be
seen rthat as the model to test section diameter ratic increase:z, -he
cavitation number increases for a given dimensionless cavity length
Thus, blockage effects can significantly affect the cavitaticn number
In fact, the data by Hord [15] is so strongly affected by biockage
that he assumed that the cavitation number was independent cf
dimensionless cavity length and grand averaged all ot his data.

Hcwever, the curve-fit of his data in this study does show a weak

dependence on L/D as shown by the upper curve in Figure 41.




One method to correct measured cavitation numbers affected by
blockage is to determine the blockage correction factor (NB) defined

a8

¥ a cavitation number
B unblocked cavitation number

(115)

Figure 42 gives the blockage correction factor as a function of
dimensionless cavity length and model to test section diameter ratio
for the two model contours. It can be seen from the figure that NB
increases with increasing L/D and D/DT The blockage correction
factor also appears to be nearly independent of nose contour for the

models considered. Expressions for N  may be determined from the

B

corresponding cavitation number correlations in Table III.

4 4 Entrainment Theory Correlations

As discussed in Chapter 111, employment of the entrainment
theory requires empirical correlations of the cavity area coefficient,
cavity flow coefficient, and Nusselt number The correlative
expressions are given by Equations (15), (14), and (16) respectively
The correlation of the cavity area coefficient was made from
the data given by Billet, Holl, and Weir [24] for zero- and quarter-
caliber ogives with model diameters of 1.27 and 0.635 cm for a range
>f velocities and dimensionless cavity lengths in water. These

correlations are shown as the solid lines in Figures 9 and 10.
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The correlations of flow coefficients were made from the data
given by Billet and Weir [26-27] for zero- and quarter-caliber ogives
with model diameters of 1.27, 0.635, and 0.318 cm for a range ot
velocities and cavity lengths in water. These correlations are
shown as the solid lines in Figures 11-16.

Correlations of Nusselt numbers were made from maximum
temperature depression data obtained in this study for zero- and
quarter-caliber ogives with model diameters of 0.635 cm in water and
model diameters of 0.635 and 0.318 cm in Freon 113, and data obtained
by Fricks [18] for zero- and quarter-caliber ogives with mcdel
dizmeters of 0.318 cm in Freon 113. The ranges cf velocity,
temperature, and dimensionless cavity length employed in this sctudy
are given in Table II. 1In addition, a correlation for the Nusselt
number was determined from the temperature depression data taken by
Hord [15] on quarter-caliber ogives in nitrcgen and hydrogen (see
Appendix B)

The constants and exponents for all of the data ccrrelations are
given in Table IV. These include the correlations fcr the zero- and
quarter-caliber ogive data obtained in this study, the correlations
for the quarter-caliber ogive data obtained by Hord [15], and the
theoretical Nusselt number relationship obtained in Chapter III.

The pertinent equations are referenced in the table.
Once the correlations of the area coefticient, flow coefficient,

and Nusselt number have been determined, an expression for the

maximum temperature depression can be determined from Equation (13).
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The resulting correlations in the form of Equatiocn (17, are also
given in Table IV and plotted as solid lines on Figures 30 tc 32 for
the zero-caliber ogives and Figures 33 to 35 for the quarter-caliber
cgives

Comparison of the correlative expressicns can be made by
referving to Table IV. The cavity area cocefficient (CA) tor the
two model contours have almost the same dependence on dimensicnless
cavity length (L/D), and CA for the zero-caliber ogive 1s about twice
that for the quarter-caliber ogive The cavity flow coefficienrt (CQ)
correlations also have about the same dependence cn L:D However,
the Reyncids number (Re) and the Froude number (Fr) expcnents on the
CQ correlation for the quarter-caliber ogive are greater than fcr the
zerc-caliber cgive, reflecting the greater dependence of CQ on
velccity and model diameter for the mcre streamlined body

Comparison of the three empirical Nusselt number (Nu)
expressions indicates relatively good agreement except for the
Prandtl number (Pr) expcnent. The L/D exponenrts range froem - 0 74
ro - 1 35, the Re exponents from 1.00 to 1.39, and the Fr exponents
trom 0 %4 to 0.56. All of these exponents have the same sign and
are ¢f the same order for like terms. However, -he exponents on Pr
vary greatly from 0 05 tc O 84. Thus, the rcle -r the Prandtl number
in the entrainment theory correlaticns 1s unclear

The theoretical estimate of the Nusselt number derived in
Chapter II1 i1s given in Table IV for comparison with the empiri:al

~orrelations It can be seen from the Table that the theorerical
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exponents on L/D and Pr are slightly greater and the exponents on Re
are slightly less than the range of exponents determined from the
data However, the overall agreement between theory and experiment
1§ quite good,

Examining the maximum temperature depression (Armax)
correlations, 1t can be seen that the expcnents all have similar
signs tcr like terms, and they all agree qualitatively except for the
Prandci number exponents. Thus, although the Qrmax data tor the
zero-caliber ogives shows a trend with velocity and model diameter
which 1s opposite that of the quarter-caliber ogive data, the
Armax expressions are consistent when expressed ;n terms cf
dimension.ess parameters in that the exponents on i1ke terms have the
same s1gn. In addition, referring t~ Figures 30 tc 35, the empirical
:Tmax correlations are a gocd curve-fit tc the experimental data,
with the standard deviation being 0.25 C for the 2erc-caliber cgive

and 0 07 C for the quarter-caliber cgive

4 5 B-Factor Theory Correlations

Correlations of temperature depressi-n data 1:: de.elcped
caviti1es have been made by several investigatcrs using the B-factor
theory A summary of the various correlations are given in Table V
As shown in the table, three different methods of caicuiating the
B-tactor have been used, and the correlations are expressed in the

torm of Equation (32).
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The exponents on the liquid thermal diffusivity (aL) vary
widely from 3,52 to - 1.00 showing no consistent trends This 1s
similar to the problem with the Prandtl number exponents 1in the
entrainment theory. The model diameter exponents are also
inconsistent, but the only two experiments that varied model diameter
had very different model geometries. The free stream velocity (V ),
cavity length (L), and kinematic viscosity (VL) exponents are each
fairly consistent., Direct comparison of the B-factcr and entrainment
theory correlations were not made due to the fact that different
physical reasoning was used to develop the two theories, and

different curve-fit methods were used to determine the exponents




CHAPTER V

SUMMARY

5.1 Theoretical Considerations

The entrainment theory and the B-factor thecry are semi-
empirical methods to describe thermodynamic phenomena in developed
cavitation They have been successfully applied to correlate
measured cavity temperature depression data The entrainment theory,
however, is a more physical approach derived from a simple energy
balance that accounts for the cavity geometry, vapor mass flow rate,
and heat transfer mechanisms. The entrainment theory can alsoc be
derived from an approximate solution to the equations of motion
for a two phase, two-dimensional laminar boundary layer A
theoretical analysis of the cavity heat transfer mechanism based on
a method proposed by Brennen [30] yields an expression for the

Nusselt number which agrees in part with empiricai results

5.2 Cavitation Numbers and Blockage

The cavitation number based on cavity pressure is an important
parameter for describing developed cavities The experimental data
show that the cavitation number is solely a functiocn of dimensionless
cavity length and is independent of velocity, temperature, model

diameter, and working fluid for a given mcdel cont:zur and model to

54
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test section diameter ratio. The cavitation number, when based on
a local pressure within the cavity, is nearly constant fcr the first
60% of the cavity, then decreases rapidly near the cavity closure
point due to the increase 1in cavity pressure

Blockage can have a significant effect on measured cavitaticn
numbers. A good measure of tunnel blockage for axisymmetric flows
is the ratio of model diameter to test section diameter. As the

tunnel blockage increases, the cavitaticn number alsc increases for

a given value of dimensionless cavity length. For severely blocked
conditions, the cavitation number can appear to be independent of
dimensionless cavity length. The blockage ccrrection factor,
defined as the ratio of the cavitation number with blozkage to the
unblocked cavitation number, is an effective means to :crrect for
blockage effects in that it is nearly independent of no2>se contour
Empirical correlaticns of the cavitation number and the blockage
correction factor as a function of dimensionless .aviry length

have been obtained.

5.3 Cavity Area and Flow Coefficients

The cavity area coefficient and cavity flow coefficient are two
important dimensionless parameters employed in the entrainment

theory The area coefficient, a dimensionless representation of

the cavity surface area, is determined from photographs ot develcped

daaiiil b sadisy

cavity profiles. The flow coefficient, a dimensicnless
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representation of the volume fiow rate ot vapor through the cavity,
is determined by measuring the volume flow rate cf gas needed to
sustaln a ventilated cavity.

The experimentally determined area coefticient is sclely a
function of dimensionless cavity length For different model centcurs,
the magnirude of the area coefficient changes, but its dependence on
dimensionless cavity length remains nearly the same The
experimentally determined flow coefficient 1ncreases with increasing
velocity, model diameter, and dimensioniess cavity length For
different model contours, the dependence cf the flow :oefficient on
dimensicnless cavity length remains nearly the same, but 1its
dependence on velocity and model diameter 1s greater for the more
streamlined quarter-caliber ogive than tor the ze:ro-caliber ogive
Empirical correlations of the area and flcw cocetfizients with the

pertinent tlow parameters have been determined

5 4 Measured Temperature Depressions

Measurements of the difference between the tiee stream
temperature and the cavity temperature were madée tcr a variety of

flow -onditions. These data, along with dats cbrained by other

investigators, provide a wealth of information -:n-erning thermc-

dynamic effects on developed cavitation
The axial variation oi temperature depressions within the
cavity was found to be linear, with the maximum remperiture

depression occurring near the leading edge of the cavity. The
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maximum temperature depression increases with 1ncreasing
dimensionless caviry length and free stream temperature However,
the maximum temperature depression increases with increasing tree
stream velocity and mcdel diameter for the quartrer--aliber cgives,
but has the oppusite trend for the zero-caliber ogives Alil érmax
data show consistent zrends when analyzed i1n teims of Reynoids
number, Pranarl number, Péclér number, Froude number, and
dimencionless cavity length :n the ccntexr ot the entrainmenrt rheory
because the signs cf like terms are the same The maximum
temperarure depression data have been used to adetermine Nusselt
number relaticns fcr developed cavities, whi.n, when employed with

the entrainment theory, can be used tu estimate ca 1ty tempe:ature

depressions.

5.5 Re..mmerdaticns fcr Further Study

Th:ce basi: problems .cn.erning thermodvnam:ic etlects on
developed cavitaticn need turther study Firet, the ettect ot mode!
coallguratl n on cemperature depressicns has not been adequately
determiuned Additional experimentii darta i< needed tc extend the
applicactico ot the entrainment theory to aaairi.ual twc and three
dimensi_na, budles

Second, an extension of present thecries shcula be attemptea
that wouad account fcr the erfects of model ge. metry on the cavity
heat transtfer mechanisms in addition, m.re exTen:zive and general

theors:1.51 4caiyces of thermodynamic efte_ts should be conducted
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Third, the role of the fluid property terms, especially the
Prandtl number and/or thermal diffusivity, in the thermodynamics
of developed cavities remains unclear. Further experimentation
is needed cver a wider range of temperatures in many different fluids
to further define the effects of fluid property variations Also,
attempts should be made tc determine 1t vapor fluid properties other
than vapor density have an effect on the cavity remperature

depression
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APPEND!X A

THERMOCOUPLE FABRICATION AND
INSTALLATION PROCEDURE

Cavity temperatures were measured with _cpper-constantan
rthermoccuples installed in the cavity temperature models Three
thermoccuples were constructed from 0.010 .m diameter wire sto:k
with a 0 00025 cm polyurethane coaring Ic t2rm the thermocouple
bead, the insulation was caretully stripped away frcm one end of the
wires and the copper and constantan wires twis‘ea tcogether The
wires were then welded with a helium atmosphere arc-welder which
tcrmed the bead. The bead was reintorced with a small amount cf
epoxy cement and the leads coated with enamel paint to prevent
shortrs,

I'ne rhermocouple: were then strung =hr-ugh the thermcczouple
ports and out the rear of the test miodel Ea h ser of .eads was
laia rhrough 26-gauge teflon rubing thar extended 1nto the model

fce added protection The thermorouples were pcsitioned in the ports

such that the beads protruded just abcve the model surtface The

remaining space 1n the port was filled with ¢pcxy cement to secure %
the bead tn pcsition The tetlon tubes holding the thermocouple
leads were anchored to the rear ct the mode. using General Electric

RTV compound. The model was then inserted :nto the sting-mount

6%
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with the tubing running through one cf the stings. Finally, the
tubing with the thermocouple leads inside was anchored inside the
sting with epoxy

The model was then installed in the tunnel, with the leads
exiting through the runnel wall The three thermo_-ouples were each
connected in series wicth the free stream therm.:cuple, and the

: procedure completed




APPENDIX B

ANALYSIS OF THE DATA OBTAINED
BY J HORD

Extensive data of measured pressure and temperature depressions
for developed cavities on quarter-caliber ogives were made by
Hord [15] These data were obtained in liquid hvdreogen and liquid
nitrogen for model diameters of 0 533, 0 907, and I 067 cm for a
varlety of flow conditions The data are presented 1n tabular form
at the end of his report, making it easy to analyze The thermo-
phys:cal properties of liquid hydrcgen and nitrogen are available
frem the National Bureau of Standards iu References [41] and (42]

I'c determine the cavitation number as a tunc:ion of
dimensicnliess cavity length, the cavity pressure measured at the
.eading edge pressure port, free stream pressure, and tree stream
Ee..21ty were used The empirical :orrelation was then determined
by turve-titting the resuiting data Three ditterznt model
diasmeters were tested, but cnly one value of mcdel t. test secticn
d.ameter ratlo was tested since three =-aied rest se.rions were
used

The entrainment thecry was also appiied to the temperature
depression data. Due to the large volume ¢t daia, linear

extrapoiations to the leading edge cf *he cavity were not made.

05

LR e .




The tempe-ar.-e depression measuted st ths leaaing 2dge therm: ouple

Was considered tC be the maximum temperature depressicn The
Nusselt number cor:eiat1on was then dete: mined USIDG TrEsE mMaximam
temperatu:e deptessicn data and the t.ow .cetficient and area

ccetficient relaticns cbe lned in rhis stuay
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IABLE ili

CAVITATIiON NUMBER CORRELAT!ONS
(Equaticn 114)

! Zeri-Caliber 0gi.ve | Quarrer-Caliber Ogive
| |
| L/D )
Filuid | Lonstant Exponent Constant Eaxp.nent
% {—‘-‘ —
Unblocked Warter 0:751 =025 0 484 - 0 69
[— = 0 083 Frecn 113] 0 505 - G 45 ¢ 408 - 0 %1
]
r. |
I—;— 0 6i Wate: 0 625 - 0 38 0 4i9 - 0 29
= Fre-n il
|
D , *% | . ,
=308 - igicien | == weee e C 60 =016
> | Ni rcgen ! i

Data tron Bi.ietr, Hoil, and Weiy (196

Para t--m Hord (May 1973,




CONSTANT> AND EXPONENTS FOR ENTRAINMENT THEORY CORRE(LATIONS

L/D Re Fr Pr
Model s ' tenstant Exponent Exponent Expcnent Exponent

Zero~-Caliber

Ogive

Quarter-Caliber

Ogive

Quarter-Caliber (16
*
Ogive t17)

Zero- & Quarter~- A (1083)
*
Caliber Oglve*

x
Correlation using AT dara trom Herd (Mav 1973) and Co and C, data trom this study

L
Derived trom curbuleni boundsry layer Lavity model







Figure 1: Photograph of 3.8 cm Ultra~-High-Speed Cavitation Tunnel
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Figure 2: Description of the Nose Contour of Ogive Test Models




Figure 3: Photograph of Test Models for Cavity Pressure
Measurements




Figure 3: Photograph of Test Models for Cavity Pressure
Measurements




Figure 4:

Photograph of Test Models for Cavity Temperature
Measurements
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Figure 5: Photograph of a Developed Cavity on a Zero-Caliber |
Ogive in Water (D = 0.635 cm, V_ = 19.5 m/sec, and |
L/I) - 5) z
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Figure 6: Photograph of a Developed Cavity on a Quarter-Caliber
Ogive in Water (D = 0.635 cm, V =

= 19.5 m/sec, and
L/D = 5) ’
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Figure 7: TFhotograph of a Developed Cavity on a Zero-Caliber

Ogive in Freon 113 (D = 0.635 cm, V_ = 19.5 m/sec,
and L/D = 5) '
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Figure 8:

Photograph of
Ogive in Freon 113 (D = 0.635 cm, V_
and L/D = 5)
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