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‘After a brief definition of the phenomenon of

k)

;stuperheating,vtwo‘distinct_aSPeétsare.studied.infdetailgf
" In the first a statistical method is devised to predict

o most probable superheat at inception as a function of

témperature ramp which the fluid'experiences.',Data avail-

.able from.tests inVolving”uniform steps{of superheat are

manlpulated and combined to approx1mate the nature of a

temperature ramp. An experlmental program,'whlle only of

a s1mple form, ylelds strong qualltatlve support of the “

theory.

The probablllty dlstrlbutlons for 1nceptlon for:

‘;three partlcular'ramps-—z 3/4 5, and 9 1/2°F/m1n—-were

experimentally determined and the most probable superheat

at 1nceptlon taken from the dlstrlbutlon. To evaluate the

'theory three partlcular step tests——lZ 22 and 32°F super-

'heat-—were run about 20 tlmes each -These results were

“jthen used to synthe51ze probablllty dlstrlbutlons for the-'

ramps of 1nterest. and.most probable superheats were again

-recorded. The qualltatlve comparlson of the two sets of

_resultS*shows.good agréement* as ramp 1ncreases, the

probablllty dlstrlbutlon peak decreases and most.probable
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experlment,

% superheat'increasesp Quantltatlvely, there 1s about a 25% -

- max1mum error. due prlmarlly to the grossness of the -

>

......

,,,,,,

xtlon of 1ncept10n in a fIOW1ng superheated llquld '_he

QSSUMPtlQn‘lSLthat caV1tatlon actuallypoccurs in the low
ipressureocenters'of’vorticesféhedrby flow over obstrucs

tiOns;' A free vortex model is used to demonstrate that a

\\\\\
[

w‘acros_fsa'vortex.' This variation 1ncreases with Reynolds

number, ‘thus stlmulatlng caV1tatlon or 1nceptlon. 'This

&«

supports llquld potass1um data from Brookhaven National

'Laboratory Wthh 1ndlcates that superheat decreases as

Reynolds number increases.
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Wlth ever 1ncrea51ng demands for electrlc power

‘and only flnlte amounts of f0531l fuel and hydro sources;

D

nuclear power w1ll be a necessity in the long run.afgut“j(

ﬁnuclear fuel reserves are not llmltless, elther. In order wf

to obtaln maximum utlllzatlon of nuclear fuel materlals
vallable, it w1ll be necessary to develop breeder
‘re ctors--reactors whose fuels produce more flSSlle atmms

than are:consumed;;nptheyreactor.

The ppwer_dénsity inﬁa?fastﬁbgeeder reactor is

jveryjhighu For thlS reason the coolant used must have

V..‘QP

:excellent heat transfer propertles. quUld metals—-sodlum ~

and potass1um in partlcular-—are 1deally sulted for thr
'purpose and have become popular ch01ces for fast breeder
reactor coolants.. One 1mportant characterlstlc of llquld
metals 1s»the1r ablllty tosuperheat or malntaln a"
temperature above the.aCCepted_saturation temperaturefor
the divenconditions; On a heat flux plot thls tendency

1s noted as a deV1atlon from.the normal b01llng curve.,

“Flgure A.lnd;cates how the superheat pattern differs fromml

the normal pattern. | R , S
_ . q u K ' |
A ll N
4 } J
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Due to the 1mportance of llquld.metal technology,

Q

”q”studles have been conducted to 1nvest1gate the causes of

the‘low-pressure cores~ofdvortices shed as the flow

| superheatlng, as well as methods to. predlct hOW'much.super-

A

heat w1ll be sustalned %efore 1nceptlon and where in the

;system 1nceptlon 1s llkely to occur."This work is broken

-alnto two dlStlnCt parts deallng W1th separate aspects of

©

_the phenomenon. Part I uses the statlstlcal nature of the
-problem to establlsh a theory of: predlctlon based upon
jconcepts of probablllty and relatlve frequency. EXperi-

.mental results are 1ncluded in support of thlS theoretlcal

approach Part II delves 1nto 1nceptlon locatlon. - In

partlcular 1t 1nvolves a theoretlcal look at occurrence in

P

crosses thermocouples, pressure taps, or other"lrregu-

larltles in the stream

Although the two parts have been 1ntegrated for -

thls the51s, it should be realized that they are separable'

'and 1nvolve very d1fferent con51deratlons._ The pages,

flgures, and references have been numbered consecutlvely

-A_throughout but symbols have been separated by part due t0r

the quantlty of same . It 1s the sincere hope of the

author that this work will be followed by others of a more

's0ph1st1cated-andfar—geaching nature.
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A STATISTICAL MODEL TO PREDICT  ©
MOST PROBABLE SUPERHEAT AT INCEPTION =

INTRODUCTION TO PART I.

The questlon of predicting the superheat at which

[

1nception occurs has never been adequately answered 'Data
available shows anscatter which is hard to reconCile. One

theory attrlbutes the superheat at 1nception to be solely

a function of temperature ramp, or increase in temperature

pervunlt time; and in fact this theory doeshappear,tof

reduce the sCatter‘significantly.=-HoWever,wthe very ' .

‘nature and extent of the scatter foundin experimental - v

| results have caused the author to look in a sllghtly dlf-;

ferent directlon for the answer.

It 1s apparent that a great number of Variables
influence 1nception These 1nclude properties of the

spec1f1c fluid such as surface ten51on, V1sc051ty, and
7 \

aheat_transfer characteristics; the preSénCe of impurities

i
N

jor;disSOlved gas 1n the liqUid; the nature of the flow;

temperature‘gradientsinvolved: and the area and condition

- of ‘the surfaces which provide sites for inception to occur.




[rre

. ’np f\*F-ffPerhaps there are many more unrecognlzed v%rlables as well
*In any eventrlt was the feellng of the author that a_‘
theory 1nvolv1ng probablllty and statlstlcs could best

describe results belng collected | ThlS is nét to say that

”ﬂlnceptlon in a superheated lquld 1s based on probablllty
Jln nature, but that SO many factors 1nfluence 1ncept10n

th@t'alstatlstlcal nature appears. . | -

Wlth this thought the author proceeds to develop a
‘rudlmentary statlstlcal éheory‘whlch makes use of unlform
temperature test results to predict results for tests of
constant temperature ramp. \Whlle the results have been

severelyAlimited by the scope ofrthe.project7‘itisinter—
'estlng to note that the theoretlcal predlctlons cligrly
1nd1cate the qualitative nature of the experlmental
results. ‘Also, there 1is reason to belleve that 1f the
_experlmental portion of thlS work was reflned and expanded,
the quantitative comparlson would improve. Howeyer, it
cuwaslthe purpose at.thls t1me only to show that such a

theory was. a forward step in the predlctlon of attalnable

fsuperheats. . o S I .

.
.......
3 punw T

,,,,,,




.” | .’ & :
STATISTICAL PREDICTION OF SUPERHEATS IN FLUIDS . = . .
'EXPERIENCING A CONSTANT TEMPERATURE RAMP o

Probabilistic Terms”andeaws -*}
Before proceeding 1t is beneficial to llSt and

»define some of the mathematical terms and laws Wthh Wlll o,

trbe%ueed~to develop theftheory herein:

b

- 1) experiment - An experiment is any defined process,
i v . ’ o : i N » - .A‘

. . ”.' ‘\

i.e., tossing a coih, rolling a die.

2) trial - »i/A.trial is the singie carrying ouf“of:a
specified experiment. . | ;
'3) event - Anievent-isithe outcome”ofzasingle frial.
4),probability f,Erobability maybe defined in fermsiof L | ;
| T the likelihood of a specifiedjevent;E; E ]. ;1H‘ ﬂ
indicates the failure of E to occur. |
Thus’E‘and E are complementaryfand '; o 'hré
mutnallyaexclusiVe eVents, ‘Asris;oon;‘ | ]
_§=' | | Qentional, p(E) signifies the probability . . ]

of occurrence of E, and p(E) the proba—-

| ‘bility that E will not occur._ Therefore,
p(E) + p(E) =
S)frelative frequenoz - Relativelfreqnency theory is based
| onobserbational concepts. With m
’ : . . _ !
jocoUrrences_ofievent'E fn“N,trials of a _ g
specifiedexperiment,,therelative fré—‘
..quency of eVent'Ewis defined'as‘/~ A




ry

| ) ; ' N / /-,
.. RIE) m/N The relatlve frequency of E

:r;?’» g - l;;?ls glven by R(E)

(Nem)/N:"Relativef
frequenc1es'tend to:stabilinegas N
\ increases. Assmmlng the e21stence—of a\
’réfn' llmltlng value p(E? is deflned as theeh
llmlt Qf the relatlve frequency as the
number - of trials isjincreasedlnfinitely.

- 6) mutually exclusive events - Those events=whdse‘

51multaneous occurrence 1s 1mp0551ble are
mutually exclu51ve.’

" 7) 1ndependent events - Events are lndependent if the probb

‘ablllty of the flrst given-the second is

cle-»j, g4m~wW . “ff » equal to the probablllty of the flrst

N

J 8) probablllty distribution or den51ty functlon - The-
| | probabllltyfdlstrlbution ﬁunetion f(x)
‘expresses the probability cf;the-variate
w - - 'associated_with anv one of its admissible‘
| . values. (See Figure la5)~‘
9) cumulative distribution or probability function’— The,
‘ Cumulative‘distrlgutiOn functionaF(x)
exXpresses the accumulated probablllty
that the var;ate dlsplays for values cf
.the_varlate leSS'than”or_equal.to ther

‘.& LS R T

1b.)

R

}
t
&

?fstated-value of the variate. ,(SeedFigure.e~~wawmr-
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ﬂlO) total probability for mutaully exclu51ve events - Thé,'

e‘ Dal

'itotal probability for two mutuallyreXClu-'

*Sive events.A and B is equal to the sum
‘:of the 1nd1Vidual probabilities of
'occurrence. If p(A) = a and, p(B) = b,

-~

a'+ b. .‘;;,vﬁ

‘then p(A or B)

ll) multiplicative law for 1ndependent eventS'—;As;thee

tltle 1ﬂdlcates, thejprebabilityfof-w

”occurrence of two 1ndependent events A
e and B. is equal to the probability of one'“ tf:"
A ”ei§venfiMUltipliedf5Y'thé‘probabilityiof
R o - theﬁother. If. p(A) a and p(B) b,

then p(A and B) ab..

&

These~aefinitions andlaws are faitl§straight%
forWard and largely self;explanatory. It shouidfbe-noted,
howeVer, that,throughOututhishSection the terms‘proba—f
bility and relative,frequency‘are constantly‘interchanged.
This assumes.that a limiting value‘of'relatiye:frequency

exists for each event of interest.

Constant Superheat Temgerature Results as a ToOl

If a fluid is’subjeCted to a constant superheat’at
S ftime‘zero,cit is logical that as“time goes by;thejcumula—
tive probability of experieneing inception Will«increase'-

from zero to one¥+one being the limit at time approaching -

PR
3.

. . . Lo
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1nf1n1ty; It 1s also reasonable that 1f the same fluld is

-,
-

subjected to a hlgher constant superheat the cumulatlve

’ ﬂand remaln above that of the lower superheat These con-

cepts-areppictured‘iﬁ.Figurﬁ'z-

Two sets of additional curves may be deriVéd? from

t

thé‘cuﬁulative curves: l)athé“probabiiity distribution
Gurvesoand'Z) thépguﬁves deSCribing“the’Cumulative proba—
hblllty of non 1nceptlon as functlons of tlme. These
curves are shown in Flgures 3-and 4.'TQ:Obtain‘the proba-
'bility’distributiqn for inceptlon} oY the prObabilityof
fhaving an occurrence at a partlcular tlne, it 1s necessary
 to dlfferentlate the cumulatlve curves. Note that the
nature of the dlstrlbutlon curve 1nd1cates that a flnlte
.slope is assumed’to exist for eachvcumulatlve curve at.

tlme approachlng zZero. | "ffsf

‘Theicumulativé probability:ofﬁn@neinception'is
arriveafat by.realizingfthat the cumulatiVe probability of
ﬂtWO»mutually.exclusive'events;isequal to one. Thus, the

curves are calculated by subtractlng the cumulatlve proba-

h.‘blllty of 1nceptlon from 1. 0

2.

Both famllles of curves are fundamental to later
calculatlons. Assumlng that such patterns ex1st we may

use them.along with the'multiplicative law to:predict‘thej

e
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" most probable superheat at 1ncept10n for@a fluld that is

P

L exper1enc1ng a constant temperature ramp.

-

.  Use of Constant Temperature Results to Predlct Constant
| | Temperature Ramp Results |

It is poss1ble to apprOX1mate a temperature ramp
'by a serles of uniform steps, each characterlzed by a
'”;temperature lncrease A and a tlme lnterval 6. Such a'rampl

" is shown in Figure 5. - o . | S

If we are 1nterested in determlnlng the proba-

‘blllty of 1nceptlon at p01nt P, we:may qulckly do so if
nunlform~temperaturejdata is available in theiform of
cumulatiue probabiiitycurves for'eaoh temperature step
involved. - This data may be reduced as described previ-

ously to yield all necessary‘information for the problen.

(See Figures 2, 3, and 4.) - - o

»ThejprObability-of-an occurrence at P is a func-
tion.of‘what happens at ep and the history'from‘time zero

until;gp, ‘Statistically, it is equal to

(probability of no inception during'anxinterval-of L
Ltime»a at a-superheat A) X (probablllty of no 1ncept10n‘,
durlng an 1nterval of time § at a superheat 2A)

(probablllty of no 1nceptlon durlng an interval of

&

,thme § at a superheat 3A) X (probablllty of 1ncept10n'

?

e S 'durlng an 1nf1n1te51mal time interval at a superheat

34).
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‘Superheat AT
>

S

Figure 5. ’Approximation of a temﬁérature4ramp‘

using incremental steps.
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<These values are aVallable from Flgures 3 and 4 therefore;
. g | \

the probablllty of 1ncept1@n—at p01nt E. (A)(BL(C)(D).
S VR " point P is not a flxed point, but can:be shlfted
'anywhere along the approx1mate stalrcase for a partlcular
‘ramp; orelt may- be shlfted along any'other staircase .

’*approximating a different temperature ramp. The limiting

ntity in th1s process is the number and spacing of the

[

e v s R “@*

cumulative probablllty of inception curves avallable for

,unlform superheat temperatures.

The values of probablllty calculated 1n‘th1s
. manner can then be graphed to show the relatlonshlp‘
between superheat and probability of inception as.afunc—
tion_of'temperature ramp. . This information, pictured inf'
iFigure 6, indlcates thé:most‘probable superheatat incep-
tion;for"eaCh'rampﬂrate,-shown lnFigure 7_ It should be
ﬁnoted that as temperature ramp rate 1ncreases, ‘there w1ll
be a flattenlng out of the curve,'and the range of super-
fheats.haV1ng probabll;tleSJclose to-the maximum 1ncreases.'

‘Thus, it would be expected that scatter in experlmental

_ results would tend to 1ncrease w1t'»~

emperature ramp.
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i EXPERIMENTAL FINDINGS IN SUPPORT
_— OF A STATISTICAL THEORY

\

1

General Information | o | e

To faCilitate experimentationltrwasfirst'
.necessary to flnd a fluld capable of sustalnlng superheat
Wthh dld not require elaborate orvexpen51veequ1pment
Freon 113’(trlchlorotrlfluoroethane)'seemed to be the only
'fluidWhichﬁfit these reqqirements; although it was not i
known jﬁst hOW'much superheatfcould be expected. While
,.the experiment’ was in the fabrlcatlon stage, however, a
‘paper to be presented at the 1972 Heat Transfer and Fluid
.:Mechanlcs Instltute was reviewedr The paper——submltted by
H'Murphy and Bergles [l]——dealt with subcooled flow bolllng ~
Of fluorocarbons and indicated that superheats on the
order of BO*F had been obtalned.f Thus, it was realized
| that a much greater range of Superheats was avallable than’

/

fhad been prevrously antlclpated

_Afterfan»abortive; complicated attempt the

apparatus involved in the tests was considerably simpli-
T o ‘ o |
fied. Basically, the elements included were: Y

l’) a glass test tube contalnlng a fluld spe01men whose

S
\

temperature.could be recorded
2) an engineering surface where ihCeption would oceur
. 3) a water bath whose temperature could be regulated

N

21




Figure 8wshows‘all'components involved.

"3

e s

hi4) a dlscharge system.to capture fluld b01led off

¥

J

' The temperature measurement of the Freon sample

&

.was taken by'an iron- constantan thermocouple attached to

the outer'wall of the glass tube. To reduce the tempera—

ture gradlent across the tube wall at the thermocouple A

,p051t10n, a glob of 51llcone seal was used to: 1nsulate the

i)

'couple. In this case the temperature“measured by the

thermocouple wasra close approximationpto the fluid
temperature inside the tube.. This procedure is demone

Strated in Figure 9. i o N

The englneerlng surface used to foster 1ncept10n
was a»small ball bearlng. The surface proved rellable,,
and all test 'inceptions occurred at the bearlng surface

unless otherW1se noted

The water bath was‘heated by. a hothplate and a

aheating tape'coiled around  the bath. TThese Were‘regulated
by variac controllers.'fro ensure that temperature"gradi—‘
'ents dld not ex1st in the bath a mixer waS'incorporated**

and malntalned at a constant speed throughout the testlng.

L4

Auwater jacket condenser unlt was used to condense

‘b01led out Freon Vapor, and a vented collectlon bottle

captured the llquld for use in future work

L
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(b) temperature measurement detail

' Figure 9.  Temperature measurement information.
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In gen '1' all tests were conducted w1th the samef',”

equlpment Due to the nature of the problem 1t ‘was o

1mportant that this was the case. Early tests 1nd1cated |

‘that 1ncept10n would be 1nfluenced by ‘the 51ze and surface

condltlon of the bearlng, the surface of the sample tube,

~and the stlrrer speed and vibration as notlced through

LDeggssing/and‘DeactiVation

motion of the bearing and flUld in the test tube.

Each test 1ncorporated two spec1al procedures

/ | -
deallng with degass1ng of the fluld sample and deactlva—_

tlon of avallable 51tes for 1nceptlon

Superheat 1s hlghly 1nfluenced by the amount of

'uiSSGlVQQ gas in the lquld”" Early-methods-used.to remove””*

| gas involved boiling the sample for some mlnlmum tlme to L

release dlssolved gas and to create a Freon vapor atmos—

ﬂphere over the surface. These methods, however, required

a great deal of time and Freon, and they were abandoned in

favor of a s1mpler more repeatable process.:

Since, the amount of dissolved gas in Freon is a

. strong.function of how much‘air;the fluid "sees," it was

desirable to reduce the air-Freon contact to a minimum.

,To'fac;litate_this a large supply bottle was devised so -

that a Siphon\tube which ran from therbottom of the bottlel

to the:bottqm’of the test tubeﬁcould be used to re-supply

25
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ﬂthe sample tube at the start of each trlal ' Thus a
\mlnlmum and constant amount of Freon was. exposed to alr,’“
-and hopefully, the quantlty of. dlssolved.gas in each

_sample was also minimum and constant

3£ Deactlvatlon of avallable sltes for 1nceptlon is .
also belleyed to play a large role rn determlnlng what |
superheat is attainablefin the fluid;' For'the experiments
it was necessary only'to standardize‘deactivation prote-

L
.‘,.-a;_. B
. . % e e

dures to remove one more varlable from the process.

.-kﬂu_

:ﬁéactlvationyisfthought3&6 be primarilY‘a function
aofﬁemperaturc: the.lower-thepre—test‘tempcrature, the
ysmallerpthe Size of.siteS-Which are effectively deacti—
'vated- or~flooded The standard procedure adopted for thee
'tests 1nvolved a fifteen minute pre-soak of the sample and

tube in a 70°F bath | Detalled procedures for both ramp

and step tests may be found in the Appendlx.

Constant Temperature Ramp Tests |
‘ - As has heen previously stated, the~procedure;for
the inception teSts involving a constant temperature .
increase~per unit time in the region of'superheating is' 
described in the Appendix. It is necessary, however, to
be aWarelofythe conditionsfand nomenclature of the tests

hto properly interpret the results. Figure 10 indicates

| rlnfdrmation‘of value; specifically, how superheat at

26
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\

-inception and time at inception,are‘evaluated~for‘a‘ramp"

c

L .. s - . .
Y . - . . . RN - _
test. - ; S 3 | - o
x - : : b ’ . . ’ . . . . ) o \\" &

2 :-

Flgures ll 12 and 13 give the actual expéri-”
mental results of ‘all ramp tests undertaken. These
results were systematlcally evaluated to remove datazw

p01nts Wthh were con51dered to be unacceptable for -

'analysls,:_A "standard inception" referswtomth&ifact that

k.

inception occurred at the bearing surface; "other incep-

rtiQn"freferSéto:inceptions'from'various wallbsites'in-thé
'tube_or7atudif£erent positions:in the fluid. The cause of

- non-standard inceptions was strongly related to the nature

of the test system: theﬂsurface being heated directly~Wasz

‘not the. surface from which standard 1nceptlon occurred

Since temperature gradlent is an 1mpertant-factor”1nfl 1-
enc1ng 1nceptlon, the number of "other inceptions"

1ncreased markedly as temperature ramp 1ncreased

“Standard procedure" refers to methods detalled 1n‘

J

the Append1x~ "other procedure“ refers towseveral'early

‘tests in which a slightly different'deactivation procedure

was used. However, since’ the deactivation temperature was
the same for both procedures, the results were included as

acceptable.

“Last experiments" 1ndlcates the results of the

last day of testlng, which ylelded such 81gn1f1cantly

\ .. 28




‘Superheat at inceptionf(°F)

Flgure ll Ramp test results—-all tests.'
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Flgure 13. Ramp test results——acceptable tests |
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deuiant results thatrall results for'the day'were'excluded.

Flgure 13 shows the results Wthh were flnally cons1dered

e

acceptable for further analys1s.,

\

The acceptable results.were"then grapHedtfor~each'
ﬁtemperature ramp w1th the ordlnate belng the number of
k.

tests whose 1n01p1ent superheat was less than or equal to

‘the superheat spe01f1ed by the abs01ssa. Flgure l4ﬁq;s—i;_

plaYS‘these graphs asiwell-aS'the-normalization of3eacht
.iwhlchis actuelly the cumulative probabilitywofanincep;\ m jgm_ |
‘tion as a function of .superhe:at. These cumulative curves

were then difterentiated'tofyield probahility distribution .

curves for eachtemperaturekramp with the ordinate being |

the probability cﬁ inception ataparticular.superheat_

given bythe abscissa. Figure 15 gives thecurVesfor

three temperature ramps on one set of coordinates.

The desired end results for these tests--the most.
-probable superheatvat;inception foria given temperature_
.ramp—-may then be visually determined from.the curves in

Flgure 15 These polnts are_plotted in Flgure 16.'h AN ‘fA//

'COnstant“éuperheat Step Tests

The detailed procedure followed when conductlng a
| step test is glven in the Appendlx. .Agaln'nomenclature is

pyslnecessary for understandlng how the data has been

tevaluated." Figure 17 dlSplays the general form' of the

\ 7 L A
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results recorded from the wa 11 thermocouple in _térms». of

“timenof inception and the_supérheat step. Because of the

*3

grossness of the experrmental system 1t was not possrble

to apply a true temperature step“ to: the spec1men. In

-_actuallty a certaln*amount of tlme was requlred for the "

»

' Freon sample to reach the test superheat. 'BhlS time is

noted as the error gpan" 1n the flgure and was generally

about one and a half mlnutesag

. |
Flgure l8 shows the experlmental results in -

'graphlcal form of each of three superheats tested W1th thef

flordlnate belng the accumulatlon of number of tests which

Qhad experlenced 1nceptlon in tlme less than are equal to
‘that value of tlme glven by the ahsc1ssa. Tde blocks are

1ncluded to allow for the reglon of uncertalnty caused by

the error span. These curves have been nonmallzed into

\

pcumulatlve probablllty ‘of 1nceptlon curves 1n Flgure 19.
Note the presence of the dotted llne coorespondlng to eachp

.curve. These lines were included as a truer approx1matlon

of the curves in the region of time generally ass001ated

‘with the error span.

- Earlier itlwas mentioned that ramp test results

~could be predicted from step test results if\two families

& [ S , ’
Of'curveS‘were available: curves shOW1ng the\cumulatlve ,

probablllty of non—lnceptlon and the probablllty*dlstrlbu-'ﬂ

[

'tlon of inception as functions of tlme.‘ These curves have ,

37
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et eress

[y A

.been‘evaluated from Flgure 19 and are glven 1n Flgures 20

e

x**?l and 22 *The cumulatlve curves for non-lnceptlon are -

stralghtforward but the probablllty dlstrlbutlon curves ,

‘need some explanatlon;

N -

| The;probability.&istrihuticn;curve»fcr eaCh,super—

:heat step was. found by measuringfthe'Sldpe~cf,the corre-

sponding cumulative probability'curVe; In the rEgion of

time 0-1 minute the dotted line of constant.slcbe was dif-
ferentlated ‘and thus, a constant probablllty of 1ncept10n_
was graphed in Flgure 21 for that tlme 1nterval Flgure
22 1s’merely an enlargement of Figure Zl;for time‘greater
'than.cne‘minute and has been included to clearly‘indicate

the curve pattern.

Predictions of Most PrObable;Squrheats&
-Before;proceeding»to preaictions of‘probable super—

heat, it is necessary to realize that a temperature ramp

may be appraximated»by steps of temperature using dif-

ferent methods. Figure 23 indicates four used by the

author to synthesize probability distributions for ramps

from the available step results,' These synthesizedproba—

blllty curves, as well as a mean for results us1ng methods

1 and 2, are given in Flgureslz4, 25, and 26. Each temper-

- ature ramp under consideration is ‘represented by a -

separate figure. To clear up misgivings about how these -

39
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| Figure 21. Probability distxfibutions for oeccurrence
- - derived from step test results.
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. "‘ Figure 24. Probablllty d;strlbutlons for 2- 3/4°F/m1n
| e ramp synthe51zed from step test results.
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Figure 25. Probablllty distributions for 5°F/m1n ramp
| synthesized from step test results.
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5 ﬁ;gure.26‘ Probability diétribﬁtions for 9-1/2°F/min
AT - ramp synthesized from step test results.,
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;1n detall below.

P

po— -—

.resultS'were arrlved at two example p01nts are descrlbed

S

Example
Temperature:Rampf: :_Q-I/ZQFﬁminrﬁ

SUperheat,atfincepti@ﬁf_-320F

AT . = 32°F g S . i e
ATg3 = 32°F ﬁ3 .ATSB/R 3.37 min

2290 ¢ 2.32 min

Bt
21

AT .. = 12°F - g. = 1:26 min

Sl
Me t_h'od 1 Approxmatlon
The‘SyntheSized”probability of_inceptioh-at%
ATéu=ﬁ32°F forfR. 9 -1/2°F/min using method 1 is glvenh
'by the product of the probablllty of no 1nceptlon dur-
ing the 1nterval 6, - 0 =-1.26 minutes at zero super-
heat, the probability of_no_lnceptlon during the |

interval 6, - 6, = 1.06 minutes at 12°F superheat, the

2 1 4
f'probablllty of no 1nceptlon durlng the 1nterval )
634—62 - 1.05 mlnutes at 22°F superheat ~and~the
probability of 1nceptlon as time approaches zero ‘at
lfBZOF superheat ‘The values for the first three are

4taken from Figure 20 and are»l 0, O. 84, and 0.72,

_reSpectively. The fﬁggth value is glven by Flgure 21

as 0.54. Thus the synthe51zed probablllty of inception

is (1.0) (0. 84) (0. 72) (0.54) = 0.326.

n e 4 8
o
a0 g .
)

.

g <4 oty g




......

“plotted in Figure’27. I g SR

-Method.Z'LApproximationE_,;

‘The synthe51zed probablllty of 1ncept10n at

AT, = 32°F for R = 9- 1/2°F/m1n u51ng method 2 is glven'

S

by the product of the probability of no.1nceptlon dur -

ing the intervalel -0 = 1. 26 mlnutes at 12°F super—»

iheat the probablllty of no 1ncept10n durlng the

1nterval 62‘tmel = 1.06 minutes at 229F superheat,tthe%

"?prObablllty of no 1nceptlon durlng the interval

63;5~62'= 1.05° mlnutes at 32°F superheat and the

.probablllty of 1ncept10n as time approaches zero at
;32°F superheat. The values for the first'three-proba-
.bilities.aregivenpbyAFigure 20 as 0.82, 0.72, and
0;46, respectively. The fourth value is takeﬁ‘frqu
,Flgure 21 as 0 54. Thus the sYnthesized"probabilityef

~1ncept10n is (0. 82)(0 72) (0. 46)(0 54) = 0.147.

It«iS'importaht to note at this time that these

"synthesized" probability distributions'are just that.
The area under the curve is not equal to one as is the
afea under a true prebabilitypdistribdtion curve. In this
form they are of little valué since theycanlnot betcomé
| pared to true probability4distributions.f To alleﬁiate the
problem the "mean" synthe51zed curve for each temperature
T'amp Was normallzed w1th respect to 1ts area to yield a “

true probability dlstrlbutlon curve. These curves are

E-4
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Figure 27. Normallzed probablllty dlstrlbutlons derlved
o from step test results. -
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- Comparison Of,EXperimental and Theoretical Findings

Two comparlsons can now be made between’the
experlmentally determlned censtant temperature ramp
results and the.predlctlons based upon experlmental
{results for constant temperature step tests; The flrst
 'relates to the agreement in the probablllty distribution |
.curves arrlved at by derivation and by dlrect testlng.
Flgure 28 shows a typical set of curves——those pertalnlng'
to a temperature ramp of 5°F/m1n. Qualltatlvely, the
curves have the same general nature; although the experl-
lmental curve seems more extreme in its tendenc1es, whlle
the derived curve is flatter and more gentle by nature..
This is readlly explained by the llmltatlons 1mposed on ‘
© the model by the lack of step test data for many tempera-
”'ture steps- ‘a maximum of three steps could be used in the
approximation, Also;}thedderived curVeshothisa«mean of
two approximating methods, and such a mean tends to dampl
out extremes‘demonstrated'by either~method in favor of a
less varying average.

Quantitatively, the derived curve shows a lower

.

. 1
maximum than the experimental curve. But this is also

explalned by the nature of the two curves.. Since the areah
under each must.be the same, a flatter curve would

necessarily have a lower maximum than a curve which

L
i

‘exhibits extremes.
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‘ Figure'28.';Com;mrison of probability distribution

resulting from experimental ramp tests’
and derlved from step tests. - |
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-~ decreasing amounts as temperature ramp increases..

inception will occur for a given temperature ramp.

A The second comparlson Wthh can be made between )

the derlved ‘results and the experlmental results 1nvolves

& .

the most probable superheat as a functlon%of temperature'

| ramp; Flgure 16 1ndrcated values determlned by testlng,

and Figure 29 superlmposes on those values the range of

:most probable superheat as 1nd1cated by approx1matlon

methods 1 and 2 in the figures dealing w1th synthesized

o'probablllty dlstrlbutlons.

Qualitatively; the derived range imitates the
experimental results fairly accurately. As anticipated

the most probable superheat atinception'increases_by

Quantitatively, there is still a sizable error which would

probably be substantially reduced if more and better step

tdataAhad been'available for analysis.

SUMMARY TO PART T

It has been shown that a statistical analysis of

'predlct the characterlstlcs of a uniform ramp 1ncrease of

g temperature—-notably the most probable superheat at which

Theomathematical.model-has intentionally been left

simple. The temperature ramp of“interest,is approximated
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by a Seriesof‘steps.'»If(thecumulativeprobabilitydis_

tribution'is;known_for'each'of the steps,-other informa—
tion mayfbe'derived‘ and a probability distribution for
1nception may be arrived at by proPerly combining this

1nformation.~ From - the probability'distribution it 1s - easy

to determine the most probable superheat at 1nception for-

'Lthe particular ramp. The ipportance of this method is its

ease»of'uSe-and adaptability. Once a large quantitYof~
step data isfavailable, any temperature ramp may be

guickly modeled and its characteristics predicted.

The experimental work in support;of the model has

_been of a gross nature and.could not conceivably'have

rendered close quantitative results (although the maximum

error amounted.only to about 25%). Instead the value of
the data is found in the qualitative comparisons, which

indicate that a_Statistical.model is a legitimate method

- of prediction. 1In particular, the nature of the proba-

~ bility distribution for inception'is predicced to show

higher peaksrat lower'superheats as temperature ramp

deareases. Also, the most probable'superheat‘at inception

is;seen'to_increase by decreasing amounts as ramp

increases. Both of these predictions have been born out

“by the experiments._

......

It is nOW'important.that the experimental effort
be'continued-using more sophisticated methods -and
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- - apparatus;= Relatlve frequency approaches probablllty only

_when the number of tests is suff1c1ently large enough that
. the frequency tends to stablllze. Therefore, it is .
,Jﬁ,fenecessary;to gather large quantitiesfof'data; which can be
reliably used to predictiquantitativeresults. .
‘_waever;nas was noted in the introduction of this
section; it was¢the author‘s;intention at this time merely
to dlscover whether the foundatlons of the theory dld in

fact reasonably bear out what was found by experlmentatlon.

In this respect the work has been wholly SUccessful.
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TERMINOLOGY - PART I

English Letter Notation

.. a, b

T

(3]

AT _

‘superheat (T—Ts

=

probabilitiesvdefined when~u$edu

occufrence ofvevent

failure of event to occur

humber'of Qccurrencede a speci%iedévent *

number of possible events for a épecifiedzlu

4

experiment

probability bf occurrence offEl

temperature ramp or increasé in.tem§érature per
unit time

relative frequency of E

temperature'

degassing temperature

temperature at incipient boiling

saturation temperature

- measured wall temperature

inside wall temperature
outside wall temperature

superheat at incipient boiliﬂg

iGreek Le££er-NotatiOn'

increment of change: in supérheat

- increment of time cooresponding to a7épecifiedf

.........

Superheat
| 57




'S

‘Greek Letter No tation (continued)
8 - time - S | . a
O4p - time at incipient boiling"

e
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INCEPTION OF "BOILING" IN A FLOWING
B SUPERHEATED LIQUID =

INTRODUCTION TO PART IT
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In studies of flowing superheated liguids a
notable characteristic is that the maximum superheat which
is achieved by the liquid tends to decrease as Reynolds

number increases,_ Several theories involving turbulent

‘fluctuatlons of pressure and ve1001ty have been advanced

to explaln this tendency. JAn alternatrve based upon
cav1tatlon in Vortex cores formed by flOW'over obstruc-
thHS such as thermocouple hous1ngs Or pressure taps is
presented in the follow;ng section. Included in.the dis-
cussion are brief descriptions offthe cavitation
phenomenon and the parameters which 1nfluence it; the wake

characteristics in a flow over a bluff body; and a two—

\
>

jdlmens1onal free vortex model

&b; '~ The trend in question iS'eXplained in terms of a

local pressure differential which remains constant regard--

" less of Reynolds number and Wthh is supported by llquld

potassium test data received from John C. Chen, formally

¥

5
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rookhaven

o

of. 1on*1 Laboratory AAlso, Bernoulli's

equatlon is reduced to demonstrate that a 51gn1f1cant ’
pressure drop may be found across a vortex and that it is

1ndeed p0551ble that 1nceptlon ‘occurs in these cores of

low pressurer

THE PHENOMENON OF CAVITATION

Definition

When a body of lquld 1s heated under constant
‘pressure or when its pressure 1s reduced at constant
temperature, a state is ultlmately reached at which vapor-
filled bubbles or cav1tles become V151ble and.grow. This
condition 1s known as boiling if causedwby temperature
rise, and caV1tatlon if caused by dynamlc pressure reduc—
tlon at essentlally constant temperature. The clasTlflca—
tion of caV1tatlon types includes caV1tatlon 1n a flOW1ng
stream, on mov1ng bodies, and W1thout major flow
(vibratory cavitation) . 'Deve10pment stages are broken
roughly into incipient—elimited zone of cavitation and
small bubbles——and developed where lncreased Vaporlzat10n~
occurs. Our primary concern 1nvolves 1ncip1ent caV1tatlon
in a flow1ng stream, although 1nc1p1ent and developed

stages are sometimes 1ndlst1ngulshable in superheated |

-

liquids as will be explained later.

.....
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character of cav1tat10n in flow1ng lquldS are many.

""""

Important ones include boundary geometry, flow varlables
‘and the critical pressurewat which a bubble can be formed
or aicaV1ty malntalned Other varlables 1nclude fluld

- propertles,’COntaminants, and°surface conditions. It has
become'general practlce to use a ba51c parameter to pre—

~ .dlct caV1tat10n and to 1nd1cate the effects of lesser

variables as dev1atlons from those predlctlons.

Cavitation Numherv

To develop the basic parameter, a relative flow
between an immersed object and the surroundlng llquld is
'1con31dered A varlatlon in pressure along the object
surface reSults, and the difference between the pressure
at a'point on the object and the pressure in the free
stream is proportional to the square of the relative
velocity. If Reynolds numbereffects are.neglected this

,prOportlonallty w1ll depend only on the shape of the
. object in the absence of caV1tat10n. By 1ncrea51ng the
relative velocity for a fixed value of free stream
pressure or by lowering pressure with ve1001ty held con- -
stant the absolute values of all the local pressures on
.the surface of the- object will decrease. If surface
tension is ignored, the pressure of the contents of.a
bubble'formed in this region willbethe same[as the local

ressure. .. ~
p g 1 . Q 6 l




- The Eavitéticm.number;'K,fiS{definedias

(lj-

absolute free stream static pressure

%
-y
0
H
-0
g
8
I

absolute static pressure iﬁ”caVity

_+d
Il

A

liquid density

V.. free stream'velocity

00 T

In general the cavitation parameter may be viewed as the
rétio of the pressure availabie to collapse the qavity to
the pressure évailable for inducing formation br growth of
the cévity. An additional simplification can-be made'if 
it is assumed that cavitation éccurs when normal stresses
at a point in the liquid areureduced to zero. 1In this
case the bubble pressure will be equal to the vapor
pressuré,vand ‘ |

P -p

il

(2)

[ 8

5 PV

N

A Yo i 1 g e i v+ ot 0

where ~PV.=stati¢~Vap0r=preSSUré;
‘ SCalingand Scale Effects .
Scaling-is the extrapolation of cavitation
béhavior‘from one set Of'conditioﬂs to another. Scale

20 STy

effects are deviations from the elementary definition of
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‘the caV1tatlon number for bhe same event (e g;; 1ncept10n)

-The general scale.effects problem may be . cla551f1ed 1nto E

three headings: | R -

1) The crgticel pressure'attheiocationofinception
may not be equa1~to°the vapor pressure. N

.2)' fhe minimum-pressure in the flew field-may not be
constantly related to the dynamlc pressure.

3) fTurbulence and vorticity may cause the location of
the mlnimum pressure to be away from,a~bpundary_and
therefore, the pressure may differ 9reatly from.the
body surface value. .

”DéViatiQﬁs of the first category are directly related te

the nature and source of nucleii and the‘relared bubble

dynamics. Surface tension and viscosity'are recognized

factors of influence in these concepts. The second .

'category encompasses the general Reynolds scaling problem

and‘Willmnot‘be'discussed.

Tbe third category concerns concepts of boundary

- wall pressure, time scale effects, boundary layer
turbuleuce,nand)pressure.miuima in the boundary laYer;t Aﬁ
‘high Reynolds numbers the shear layers in wakes are
turbulenp..’A feature inherent to all turbulent,flows is
the“unsteady variatien of pressure Wibb peaks well below -
'the:static level. The intensiby}of these fiuctuetions
appeers'to be directly"reieted to the mean shear in the

63
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_flOw;l Because of these turbulent fluctuatlons in pressure,.
caV1tatlon is often observed to occur at values of mean

| pressure at the boundary surface Wthh are well above the

-/

»Vapor pressure. The mechanlsm'descrlbed in"this work,

however, is notibased on such pressure fluctuations since
it is felt that a relatively long—lasting’low pressure

Vortex core is a much more acceptable locatlon for

&”?r\

; V-I-Héépijféﬁ% e L 2 S UL

. A

Influence of Fluid Properties

- Several fluid properties influence cavitation
inception and development. Surface tensiOn always works
to close a cavity that is open is a fluid. It is con-
ceivable that in a flowing system.w1th a short low pressure
zone, a liquid w1th hlgh surface ten51on forces would not
experience cavitation, whereas,a liquid‘With low forCes
would tend to cavitate. ‘Assuming no gas or contaminantr

presence, equilibrium theory indicates that

o 20 |
P'v' L + R o (3)

where P = static pressure in the bubble

L

o = surface tension

local static‘pressure in the liquid

R = bubble radius.

If'the vapor pressure is greater than the combined forcesp‘

64
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on the right of the equatlon, the bubble will grow. If it -

"1s less, the bubble will collapse.

The effeotaof'viSCosity is to produoe a_damping |

®

loss of mechanical energy during the growth and collapse

processesl ConSequently, it wouldfbe eXpected'that

-1ncreases in viscosity will decrease the max1mum.cav1ty

size and the rates of growth and collapse. 1In short
viscosity appears as an equiValent.change in the internal

cavity pressure. Poritsky [4] described the effects of

viscosity and surface tension for an incompressible liquid

by

(41l:

where u = shear coefficient of viscosity.

Viscousﬁeffects‘are-highest'in thelgrowth'and.COllaPSe

- processes where the velocity dR/AT may be large.

Thermodynamic properties such as latent heat‘of
vaporization and specific heat of the liquid also affect
cavltationby influencing the interchanoe of matter
between liquid and vapor phases. Propertles of various

llquld metals and other flulds are given in Table 1.

Prohlemsxof_Squrheated Cavitation

At this point it is necessary to reveal some of




Table 1. Thermodynamic Properties of Various Liquids [10].

_JE? . ) . . . L —— e - o . . - P . . ; . . . . Y

MATERIAL . WATER MERCURY |  SODIUM

ot

POTASSIUM  LITHIUM  ETHANAL GLYCERIN.

et bt b+t St it b

PROPERTY 70°F  300°F  70°%F  500°F  500°F  1500°F  S0O°F  1500°F°  500°K IS00°F . 68°F - 68°F

{ N - . - . e

. Deh_sity, o ; | o - | - | o
slugs/ft3 1939 - 1,779 26.27 2517 - 1,724 1,474 1.518 1.249 097 0:891 153

.. Specific weight,

o, PUbjEEy 6243 573 8459  BI10.3 ' 5550 4745 48.8% 4020 " 3K21 2835 1 493

. ‘Surface tension, o o T T
. a(ibjfe) x 10® 05015 0322 3187 2875 1202 083 0545 0425 . 2625 2022 0153

99 -

-Bulk modul_u_s, | | S | : - | o i e | - : : | | - LS
~ (psi) x 10‘ o * 0.31 0248 411 . - 394 - fl'I_':.i_..f).765~ . e aie oo 0:160 | () 140 -~ .... J 0630 S

R SRy
[ -

.1 Bw/(bm-*F)- - 100 1.03 0.033  © 0:032 ' 03155 0.3030 0.1864  0.1891 1.03 0991 ~(77°F) 057

——y - — —— P i et s S - Ve e W e - - . .- P S R o i

EN

~ Thermal diffusivity, . ' P - o - e
(ft*/sec) > 10% 0.147 0.186 4.694 7.03 . 714 63.6  73.1 628 . 1944 2142

Bt i A LUt masie e oy F - - - . N [ReCu o

T “Btu/lbm 1054 910 127.7 | 1265 1970 cees 93200 8124 2600.0- 2600.0

" Vapor pressure, L L S e | o
psia. & = 036 . 6762° 25x10% 1.93 ~10 % 7.737 <0001 2466 - 0001 040, = 08 . 2. RIS

e a :

- Prandtl number = o | | T o - -
. :-v(-dfi.mcnsi'on_-les”s')_ - 6.8 1.8 - 0.026 0.0091 ' 0.0065 0.0038 0.0047 __.-'()'.‘00_3‘2 0:05 0.022 125

— - = e . - o e L e elale e i e L P Seat o Lam . L emimoe e e o -

= _K'inematic_"vis'cosi‘_ty..,_'. - | o - S e . . s
L v(flifsec) x 10" © 108 217 - 1174 075 46 234 346 215 108 617 164 12,700

\
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the problems involved in attempting to describe the
o cevitation.phenomenon as it pertains to superheated
liquids. The simplest way to do this is to compare =

temperature and pressure relations of a supefheated liquid

to those of a norﬁa}aliquid, such as Water.-"Temperature—
.pressure<curves,are pictured in Figure 30. eThe mosth
notable difference is the relative positionvef Varioue'
pressures--local, free stream, ahd~vapor. Im;anormaiy
fluid the vapor pressure eorresponding to the free stream
'Atemperature is less than the'free streem'pressure; In.ae
superheated liquid the opposite is true. Thisimportent

difference causes two problems to arise.

&

- The first concerns the cavitation number. The

definition of K given by equation (2) is

(5)°

In the case of a superheated liquid, K is'a negatiVee
- number. Therefore, the limited results available for use

in predicting cavitation are seen to be useless for pre-

e

“dicting occurrence in superheated fluids. Also, it is
questionable that this definitioh of K has‘any true mean-
ing when used in reference to superheated‘liquidsf Thus,
it is neeessary to refrain"fromusing available cavitation
\data in this anaiysis. Ihstead, it 1is useful only to }
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Figure 30.

Temperature
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Pressure

(a) superheated liquid
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Pressure

) A\

(b) normal liquid

Relative poSitionS'of-pertinentJpressures in
superheated and normal liquids.

68 o




- recognize the mechanism of the cavitation phenomenon and

Ehe parameters which influence 1t.

A Secbnd problem arises ffom the-faét'that in a
superheated liqﬁid there exists such alarge dri§ing
potential'that once a bubble 1s conceived, it grows
rapidlyté\é iarge size; Therefofe; it ié difficultito
diyidé incipient and developed'cavitation intofseparate,

defined stages since the two are Very much intermingled.

LOCATION OF INCEPTION

Flow Past a Bluff'BoQZ

To determine where inception is likely‘to occur,
we return to the flowing fluid system.~~Soﬁe knoWledge“of
"#hé flow patterns,obse;ved in incompressible flows past a
;bluff-body.in the form of a circular cylinder whose‘axis
is perpehdicular to_the direction of the flow is of use to

us. As the characteristic Reynolds number,

‘‘‘‘‘‘‘

pV_D

“p T T @

WhéréﬂD==jdiameter=of cylinder,

iincreases, the nature of the wake and the boundary layer
change progréésively thréﬁgh a well definedhseqﬂence of
metamorphoses.
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At very low;Reynolds"numberthe-viscous forces are
'f‘much larger than the inertia forces, and the flow
~resembles the potentlal flow of a perfect fluid. 1In the
range;O.l <.ReDw< 5 the streamllnes.open out'behind the
aobstaoleand'form a‘Separated flOW'reéion. As Reynolds

number increases to 30 two statlonary vortlces form

8
symmetrlcally behlnd the cyllnder. A separatlon surface,

'_whlch represents a vortex layer, forms a boundary between

- the stream flOW-and the vortex pair. During further
~ increases above 30 or so, the wake developsﬁavperiodic

pattern known'as“the Karman vor ex street. This flow

- pattern is represented as Vor ices of alternating sign -

shed periodically on eithey side of the cylinder.

Between ReynOldS numbers’ of 40 and 150 ‘regular vortex
- streets are formed any the wake flow is laminar. For

- Rey > 300 the wake becomes fully turbulent and perio-

L

dicities are harder to observe. Finally, in the range‘

- 10° < Rey < 106 the boundary }ayer itself becomes turbu-
§ | | |
lent, flow separation is delayed, and the wake behind the

body narrows,markedly. Flgures 31 and 32 show the tran51— a

tlon of the wake and boundary layer for varlous values of

Reynolds number.

Vortices in Wakes . =
In wakes zones of hlgh shear stress deve10p

" between the fast-mOV1ng free stream.fluld and the slow—




(d) Rey = 31.6

‘\
i
4
£
|
4
E
f
i
§
{
i
i

(f) Rey = 65.2 | (g) Red = 73

(h) Rey = 1015 (i) Rey = 161 |

Figure 31. Flow about a circular cylinder [8].
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Figure 32.

Development of vortlces in flow past
a circular cylinder. First

photograph shows the start of fluid
motion [8].
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pressure for the given flow conditions. The life of a

W

?

- moving wake fluid. As a‘résult, the“bOUndary of a wake is

a zoné:of highlintensityAeddying.”'When cavitation occurs

in a wake it usually appears first in the centers oﬁ'finife

.vortices found in the shear zone of the Wake'bQUndary.

These are the centers of minimum pressure as opposed to

O

- the minimum,pressurevpoints”alonq surfaces of more stream-

lined bodies.

fcavitatipngmay‘apgear=as traveling or fixed in';

nature. Figures 33 and 34 show cavitation in the wake

caused by bQundaryflayer.separation from a sphere. Here
inceptionfoCCUfs.npt on or adjacentAto the body, but on
the surface of the separation zone. The cavitation isuof

the vortex type; but since the*fldwfissvety uﬁ§teady, the

vortices are not regular, but are random;and transient.

Such.vortéx cavitation at separatibn zones of bluff bodies
may also be the-preliminary stage to the formation of a
fixed caVity.

. Cavitation will develop whenever there is a suf-
ficiently high shear rate in a region to form vortices: in

which absolute presSﬁre in the core drops to a critical

vortex cavity may be veryflong as compared with that of

‘traveling cavities, since once the vortex is forméd, the

angUlar“momehtuﬁ of the liqﬁid_in it prolongs the iife’of
73
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Cavitation

the wake of a sphere as

1ln

Figure 33.

ty increases [7].

veloci
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the cavity even if the liquld'massmtravelslinto~a higher

- pressure zone. Here however, We-encounter.a.major problem

~as stated by Knapp' '"there has been very little study of -

the vortex type caV1t1es and the mechanlcs 1nvolved...

!

In fact there has been v1rtually ‘none, prlmarlly due to

the compllcated‘naturelof the phenomenon. Hours of’

‘ research reveal that very little. work has been done and- no
convincing theory has been advanced on the nature of_the

wake vortex at high Reynolds numbers; and it is.practi-ﬂ

cally impossible to extend what little has been done to

-theicavitation situation.ﬁ'Kermeen and Parkin [9] have~

attempted to formulate a relatlon for predlctlng inception

Tat the low pressure centers of vortex cores. They assumed"
that the inner core was 1n solid-body rotation and that

~ the motion outside the core was irrotational. Thus, their

scale effect due to turbulence can be written

P PP T P2 ~

where Pr static pressure at the vortex core .
a = diameter of the vortex core

angular velocity of vortex core

€
I

p

coefficient of local static pressure.

Use of'this’formulation still requires specific informae

tion aboutvtheavortex which is unavailable. Therefore, it
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is necessary to retreat to ba31c concepts and assumptlons

cause of 1nceptlon in a superheated“flowlng liguid.

~ EXPERIMENTAL INDICATIONS

/LiQuid Potassium Results -

Experimental data received from John Chen [6]
vield results_for the pressure different%al duertcsuper-
heating conditions experienced inliquidpotaesium-at‘
inception for wvarious flowspeeds; Since the system con-
ditionS'remained constant throughout~the experiments,
Reynolds number is dlrectly pr0portlonal to Ve1001ty.
.These data are plotted 1n Flgures 35 and 36. The resulte
show a tendency for decreased pressure differential
'(fv—Pm)as Reynolds number‘increasesj With a leveling off
effect displayed for low values of Reynoids number. For
zero flow the static pressure throughout the flow field is
given by the free'stream bpressure. If inception could
occur 1n such a 51tuatlon, the local statlc pressure, PL"
would also be equal to P_. As Reynolds number increases
the local static pressure in the region of inception
(assumed by the author to be near the vortex core) varies
'Amarkedly fram the free stream value. The free stream

veloc1ty 1nfluences the 1nten51ty of the Vortex, Wthh in

turn influences the velocity and pressure-distribution‘inw-‘
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ﬁiFigutg;}S; Information pertaining to Brookhaven National'
~ " Laboratory liquid potassium experiment [6].

9

— AR o : , . : o
v ' .

- Fluid: - | N liquid'potassium
Free'Stream,PreSSure:u - 15.3 pSia,

Fluid Properties @ 1500°F: density, o = 40.5 lbm/ft3

e

e

e sheafﬁCOeﬁficfentrofzviséBSEt§;‘
U o= 0;3O'lbm/hr-ftA
Dimensions: o channel Chéracteristic,
A = 0.05183 ft
‘thermocouple‘charaCtefisticf:

D =1/16 in.

Reynolds Number Relationships:

; "pr&)A

SV, = Re, (4.0(10)75)  [ft/sec]

s - . Re. = —® = v (2.53(10)%)
e | | L ,Re‘~% — ;AV”(ZQSBKlO))

Data from Figure 7:

Re, Voo Ry PP

7 (10) 3 '0.28 ft/sec- .7(10) 3 2.3 psi
1(10)* . 0.40 ‘ 1(10)3 3.4

2(10)*  0.80 o ©2(10) 3 | 5.
410%  1.60 o 4(10) 3 7.

N 7(10)* 2.80 | S7(10)3 9.1

: 78




Pressure Differential (psi)

[
o

(10)2 ' (10) 3

Figure 36. Brookhaven National Laborato
potassium data [6].
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the vortex. Therefore, it is not unreasonable to predict
that the difference in pressure between the free stream
and the vortex corepliquid atpinception will increase as
‘Reynolds number increases.. Realizing this, the author
lhave supposed that the local pressure difference given by
(P QP« -) remains constant regardless of ReD ThlS data
Wlll'bg used in analysis'of the vortex core and the

| pressure potential'associated With it.,!Butjfirst it is
necessary to show that this_supposition'does not oppose

experimental results which indicate a decrease in super—

heat as Reynolds number increases.

- Explanation of Constant Pressure Differential

The assumption that the local pressure differ-
ential remains constant is not so,arbitrary as it may
appear. As free streamvelocity increases, so does the
intensity of the vortices shed by a bluff body. Thus, the
local pressure in the core tends to decrease with increas-
ing Reynolds number. Iffthe local pressure difference
(PV-Pr ) isﬁCOnstant,'the vapor pressure must also |
decrease as Reynolds number increases. Making use of
Figure 37, we can see that a decrease in vaper pressure
for a constant free stream.pressure,yields a decrease in
'the superheat which is achieved'in the system;' Therefore;
the'concept of a censtant l;cal pressure differential at

the inception site‘predicts that_superheat will tend'to
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Temperature

Pressure

Figure 37. 'Explanation of decreased superheat for
| decreased local pressure in the vortex core
with pressure differential “(PV--Pr ) constant.




&

decrease as Reynolds number ;ncreases; ‘Thus it actually

supports previously reported experimental results.

' MODELING INCEPTION

‘Free‘VorteX'AEEroximatioﬁ«
Consider the flow induced in‘a'station@ry fluid by - -~

~a two-dimensional vortex.'-vr =0 and‘Ve’is“only a func-

tion of radial'position; The:coﬁtinuity equation'for the
case of plane flow studied in a circular cylindrical

coordinate system is

| aV . . | -
1l 9 SRV - I, 4o
ror V) *Eapo =0 (8)

The stream function, ¢, for such a flow is defined by

N\ .

Since rV%f= 0, the streamlines are circles. Vorticity, u,

iggequal to the curl of the velocity, or

e v ok ﬁ, ” |

u_.
Z

8 f('rVe ) ‘—- aVr
28
(10)

As the flow is two-dimensional and Vr = 0, the irrotaf’

ru_ +

‘fh 0Z 3]

oV 2xVe)|_ eV, v
5T

is constant.

tionality condition is satisfied when rv,

~ Such an irrotational fluid motion is known as a free

P
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. vortex. For simplicity we‘will-apprOXimete the wake
vortex as a‘free vortex. The notetion that will be used -
. to deve10p relatlonshlps between pressure, veloc1ty, andﬂ

qvortex size is glven in Figure 38

Application ofxBernonlli's.Eguation |
. 'rwerfnwe*assume that the fluid isﬂinecmpreSSible‘and/\
flrrotatlonal ‘Bernoulli's equatlon may be applled to
relate ve1001ty and pressure in the vortex. Neglecting
varlatlons in helght and reallzlng that velocity has only

one component, Vé, we can reduce the equation to

v2
95

2

v

D N
1L

,. P : ‘ s |

J

Remembering that the irrotationality condition prescribes

that,rVe'= C, a constant, we may write equation (11) as
P .
C2 , "r _C%2 , %2
E2Q+ o T 2 +_af | | (12)
By =B =3 0C [;?’ ;g}- (13)
If position 2 is the exterior of the free vortex, P2 =P

‘and r2 =r . P_ and r are variable with P_ being the
\'4 r ~ Y ;72

pressure at radius r. For most of the vortex region of

interest ;‘<<rv; therefore, equation (13) becomes
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Figure 38. Notation used in describing vortex
relationships. |
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r. r

(P; - P ) = %-pcz[—gj.' - - (14)
i -2 | t |

Exterior Vortex Pressure
» ‘Itisof value to us to relate the preSQUre ét the :
- vortex "exterior to'that‘of‘the\ffee stream.* For the rénge“
of Reynolds nﬁmbers reporéed the pressure coefficient
based on surface preééﬁfé'isexperimentall§“¥6ﬁhd to be
approximately equal to minus oné. Using the definition~of '”
the.pressure coefficient aﬁd information from Figure 35,
 the static pressure in the wake behind the cylinder can be
yéalculated. These results are iﬁdibatedin~Figure 39. 1In
the experimental situation of interest velocities were so
lOW'thatvthere is no7significant diffefence between free
stremn pressure and pfessure a£ the back surface of the
c¥linder. For this reason'it is assumed thét the;pressﬁre
at the exterior of the voftex is equal to that of the free

stream. In this light equation (14) may be written as

i

(P, - P_) = -21- pCz_[i ] | . (15)

Critical Radius

For the purpose of discussion it is also of .
interest to calculate the critical radius necessary for -
inception to occur. We assume that thisfvalue may be

found from equilibrium theory:
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Figure 39. Calculation of base pressure using deflnltlon
| of pressure coefficient. |

Coefficient of Pressure, C =

: - ],, [ S . e [_:.&Q;- T
( : . | Em— e e T A = e Nk
* . - . . .

o
I

15.3 Psia

P=orp —%-ﬁVQ = 15.3 - p.00437 (v )2 [psial -

Re V-

0o

o .7(10) 3 0.28 ft/sec 15.3 psi

L

1(10)3 0.40 15.3
2(10)3  0.80 ~15.3
4(10) 3 1.60 - 15.3

~7(10) 3 2.80 15.3
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ForAllquldpota551um at 1500°F the value of surface

ten51on is 0. 425(10)"2 lbf/ft Zero flow data from Figure
36 1ndlcates that (P -P ) is eqaalto li psi. Therefore,
the core radius must be greatér than0.64(10)‘“ inch fdr -

- nucleation to cccur. For simplicity we will approximate

Iy as (10)~% inch.

Reducihg}Bernoulli's Eguation

The pressure differential term on the left in equa-
tion (15) may be graphed as_a function of radius to yield a
series of curves, each representative of a particular

value of C = rv To find values of C representative of

0"
the experimental situation of interest we must make an

additional aSsumption.

Itseems reasonable to aséume that the quantity
vaﬁr/u would be of the same order ofmagnitude as the

éReynolds number based on the cylinder diameter, Rey.
Equating the two quantities and substituting the definition

of C yields

c = VD, - an

"It should be réalized_that eqﬁatiqn(Iz)is‘thyvan'
approximation, but it indicates that.rVé is of ‘the order

magnitude-of V_D.
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For given values of’Vm, C may-be calculated from
equation (17). Tableg2sincludesycalculated results for C

and C2 for Reynolds numbers and free stream velocities

censidered‘earlief;"lf C is known, the-pressure'differ—

...........

(15) for various values of radii. For these calculatlons

,weywilrwassume that ‘a solid core exists invthe central

region of the vortex with a radius equal to ten times the
crltlcal radius necessary for nucleatlon. Thus we are

concerned with rad;lzqreater than (10) 3 inch.

- Resultys are presented in Table 3 and Figure 40.

It is qulckly percelvable that large pressure differ-

entials may ex1st across vortices. ‘A zone of low pressure;

relative to the existence of extraneous pressure fluctua-

tlons caused by turbulence.. Thus, it 1is reasonable to say

that the phenomenon of caV1tatlon is llkely to be pre-

cipitated by the shedding of high intensity vortices from

#

‘any protuberance in the system such as a pressure tap or a

thermocouple lead.

SUMMARY OF PART II -
| | 7

In summary let us rev1ew ‘what has been done.

First, 1t has been reallzed that in a flow1ng system the




Table 2. Determination of Constant C = rVG

Ay

Rep | vV . | C | | C

.7(10) 3 0.28 ft/sec 0.00146 ft2/sec - 2.13(10) ~6£t*/sec?

1(10)3 0.40 - 0.00208 . . 4.33

2(10)3 . 0.80 . *0;00416 S  17.6. )
- 4(10) 3 1.60 | - 0.00832 69 .2

68

7(10)3 2.80 0.01456 “ 212




_Table 3. Determination of PressureiDiffefenCe,as‘é_
Function of Radius for Particular Values of C

(a) C = 1.46(10)~3 £t2/sec

| : 2 -6
P, - P, = 0.63 & = 1:32010)

o r [psi]

r . | P - P
- - T T

5

N /;; =3 '
1(10) " 3in. 1.34 psi-
5(10) ~3 0.0536
1(10)™>  °  0.0134

5 (10)—2 0.000536

I c2 _ 2.73(10)-5

[p8i1'

r P -DP

N

~1(10) " 3in. 2.73 psi
5(1007%  0.109
1(10)~% 10.0273

5(10) 2 0.00109
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. Table 3--continued
() C = 4.16(10) "3 £t2/sec

N o b _ a2 C2 _ 10.9(10)-5
P .Pr —'0063'E7f_ rz

.00
e

[psilx

r P -p
—  m r

o 1(10) =3 7ing - 10.9 psi
'5(10) ~3 0.436

1(10)-2  0.109

5(10)72  0.00436

(@) C = 8.32(10)"3 ft2/sec

5 _p - g2 C2 _ 43.5(10)-6
Ew  Pr - 0,63’;7 - . r2

lpsil

r P - P

1(10)=% in.  43.5 psi
5(10) -3 1.74
1(10)-2 . 0.435

5(10) —2 0.0174
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Table 3--continued

(e) C = 14.56(10) 73 ft2/sec

P - P = 0 .63
* r

1 (10) =3 in.

C2

rz =

' 5(10) —3

1(10) 2

5 (10) =2

.......

134(10) —°
7

92

[psi]

1.34

0.0537.




102 S Note: curves correspond to
: ; o - values of C tabulatedQ%(
. \_,_/ ' e - R i | ) . | l"'/\\l . | ln T ab l e 3 ‘ N 0 p \/“)\_,,

(psi).

r

0
-
o
—
|

Pressure differential, P.ééa

10-2 , 10-1
Radial position, r (in.) ' o

;Figure 40. Pressure differential as a functlon of radlal
R | position in a free vortex. -

93




;¢éu§e6f”#6iding is strongly COnneéfed_to the phenomenon
.of cavifation; The'pressureméchanism.qf cévitation as
well as the scale éffects,cf critiCai pressuré'andh |
vorticity have been deqcribédin detail. Also, problemé
which}prevent the application of_general parameters ahd
‘results tothepxedicﬁiné'of dévitationin}superheated'

liquids have been mentioned.

%

* To better understand where inception is likely to

occur 1in a fl¢wing system, we have studied the wake
characteristics of'flowover a bluf?body. In particulaf,
the nature of the shedvbrtex seems to be ideal for
inducing inception, siﬁcethe vortex cofe is a long-
lasting region of high velocity and low'préssure relative
to the free stream conditions. However, there is a
noticeable lack of research and theory concerning the

nature of the vortex at high Reynolds numbers.

For this reason an inCompressible free vortex is
used as a model for an inception site.-}Since the flow in
the vortex model is incompressible'and irrotational,
Bernoulii{s equation may be used to relate pressure and

velocity in the region of interest. Data from Brookhaven

°‘.i National Laboratory tests involving'liquid potassium

indicate a constant local pressure differential at the

point of inception and demonstrate that superheat

94




| decreaSes as Reynolds number increases, és would be pre-
 dicted by the vortex model. Inhéddition, Bernoulli's
equation is further reduced to demonstrate that a large
.:preSSure~variation is found“acrossvthe vortex. Mkea;izing
that such,a‘vafiation'is Very conduciveto incéption, the
author ,statesthat.inceptiQnﬁdoes occur in the éores of
D o .

- vortices formed by flow around and over irregularities in

the systemn.

The author héd hoped to\be ablé t0 prOducé~WQikaf
a more substantive nature in this study, and it must be
noted that none of the_material is highly‘conciusive.
Instead, it is theory which'mustlwait to be tested until
Fmore researéh onithe nature of high speed vortices has

‘been completed.
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Re

Re

constant -

% o
TERMINOLOGY = PART IT

English Letter Notation

test section diameter

vortex core diameter

coefficient of local static pressure

'ibluff body diameter
- vortex exterior diameter : - o %%

- cavitation number

static pressure
bubble»presSure

local liquid pressuré

pressure at radius r

pressure at vortex core
pressure at vortex exterior
vapor pressure

free stream pressure

.bubble radius

radial position ” e o -
vortex core radius; 4
critical radius for nucleation

vortex exterior radius

ReynoldS‘numberhbased oh teSt.section:diameter
ReynoIdS'number basédon'bluff’bodydiameter

temperature
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=3

T B -;'ffree-stream temperature

t  time
r radial velocity
- angular'velocity
s vertical velocity
. free stream ggglocity
5 ‘velocity at radius r
5 velocity at vortex core
r - |
c | - |
'Vé velocity at vortex exterior
- .
Z vertical position

Greek Letter Notation

B velocity function

6 angular position

W shear coefficient of viscosity-
o] liquid density

¢  surface tenéion .
¥  stream function

w  vorticity

Vector Notation

<l

velocity
ﬁ; unit vectdr in radial difection
o uni@ vector in angular direction
ﬁé unif vector in vertical direction
w vorticity
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APPENDIX

General Procedures for Conductlng Inceptlon Tests for

Constant Superheats

1. Attach supply 51phon and add 55 ml of clean Freon 113 :

to the test tube.

2. Immerse the Spe01men inﬂSQO-ml_df'waterfatm7ooF-SQMIA

that 50 ml of Freon are below the bath surface level.
Let 51t fer 15 mlnutes after agltatlng for 15 seconds.
:3, Flll the heated bath with 950 ml of water and turn on
: heatersato.pere;“settlngs for desired test.
4, Turn the stirrer_&ariac‘control to 170, then back to
160 te maintain proper bath circulation.
5. Stabilize the:cOndenser flow and temperatﬁre, and
check the system tubing andxcoilectioﬁ bottle;
6. After bath is et desired temperature and specimen has
~been in pre-bath .for 15 minutes, transfer“tuée7to
heated bath and begin test;
7. At inception remove thespecimén.fromqthe testatube

and@continue_procedure'beginning with'stepzl egain;>

| General Procedure for Conductlng Inception Tests for

Constant Temgerature Ramgs

1. Attach supply siphon and add 55 ml of clean Freon 113

to the tube.

2. Fill the heated bath with 950 ml of water at 70°F and

-immerse the sbecimen so that 50 ml of Freqn:are below
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the bath surface level. Let sit for 15 minutes after

-agitating for 15 seconds.,nl

Stabilize the condenser flow and temperature, and
check the system tublng and collectlon bottle. .
After specrmen has been in bath at 70°F for 15 mlnutes,f

e

turnvdnﬂheaters to properfsettlngs for desired test. -

Turn the stirrer variac»controi to 170, then back to

s

160 to maintain proper bath circulation.

- Adjust heaters as necessary to maintain a constant

temperature ramp during the test.

At inception remove theASPecimen from the test tube

and continue procedure beginning with step 1 again.
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