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The velocity of sound at a fnequency much gr"eater than resonance in

a br:bbly ai::-wate¡. mixtrrr"e has been measured for" vai"yíng vôid fnaetíons

in a I'pool?r systern. The present ínvestigaticn was an extension of

e;-rnl-ien wor:k by c"crd. The object in the p::esent work r¡as to fÍnd't-he

effect of centaín additÍves in the water (par.ticularly those affecting

the surface tension) on the relation between am a¡:d B. As with car,d,

the gener.ating frequenc'iz was 500 kllz, the gas r{as air', but the liquids

tested. included tap watÈn, distilled r+aten, deionizei dj.st:'-lled water,

tap waten of íncreased rsu::face tension due to tire adcitj-on of potassirr¡r

chlor-ide (KCl), tap iva'ü:r. of decr"eased. su.nface tensic,n drre to deter:gent

addition and a soap solrrtíon.

ùompressed. ai:: v¡as J:onced l-nto a col-umn of water. (or"'"rater plus

additive) at vanious ve.]-ocities and the nesultíng void fi"ac'Lions deter"minecl

by measu:ring the cirange in sta'tic pressure betr+een tr,io poin1:s in the

mixtur"e column. The ve.Locity of sound was dete:rmÍneci by measuri-ng the

t:Ì-me fon a pulse of ultrasonic waves 'Lo tnar¡el between two diametrj-cal,Iy

opposed cnystar tnansdur:ens; A photographic technique was ernployed to

obtain bubble-size distr:ibutions of the mixtur:e of aÍr ¿:ncl distilled r,¡ate:c.

A ver"y significant diffenence in the velocity o" sound at the l:-igh

fnequency of 500 kl{z cornpared v¡ith existing low-fi:eq';ency j?esults was

found. p::eviously by Car"<l; this differ.ence riras ver".ified in-the pr.esen't

wonk. Fu:rthen, the present investigatíon ind.icated that thene r¡ias a

dramatic decnease j.n the culîve of acoustie velocity versus voÍd f::ac'cÍon

r+hen tnansition and slug flow developed. Thene apoeanerl to bejUtende.Bgï
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for lov¿er acoustic .¡elocities rvith incr.easing surface tenbion in cttrves

of acoustic velocity versus void fr"action, although this conclusio¡r is

somel+hat ten'Lative. A nel me'Lhod of categonr'-zing flor^r regions was p::oposed

based only on measurenen-Ls of superficial .¡elocity in the pooJ. versus

voirl fraction.
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ABSTRACT

The velocity of sourtd at a frequency much gr.eater- than resonance in

a bubbly air"-waten mixture has been measu::ed fo:: var"ying void fnactions

in a I'poolr? system. The p::esent Ínvestigatíon was an extensÍon of

ea¡'lien wo::k by c.crd. The object in the pr-esent wor"k was to f-i.nd.Ehe

effect of centaÍn additives in the water: (panticularly those affectÍng

the sui:face tension) on the reration between am a:rd B. As with ca::d,

the genenating f::ec¡uenc1, was 500 kHz, the gas was aír., but the liquids

tested incl-uded tap water., distilled wate:r, d.eionized dist:'-lled. waten,

tap water of incneased su::face tension due to tire addition of potassíum

chlor"íde (KCl), tap i+ater of decneased. sunface tension dtre to detengent

addition and a soap solutÍon.

Compnessed air was fonced Ínto a column of water. (on water plus

additive) at vaníous velocities and the nesulting void f:ractions detei:mined

by rneasuring the change in s.-atic plressure between two points ín the

mixture column. The velocíty of sound was determined by measr:ning the

time fon a pulse of ultnasonic waves to tnavel between two díanetnieally

opposed cr.ystal transducers. A photognaphic technique was employed to

obtain bubble-size dístníbutions of the mixtur-e of ai:: and dístilled waten"

A ver:y significant difference in the velocity of sound at the high

frequency of 500 kHz comDaned with existing low-fnequency nesults was

found p::eviousry by cand; this difference was ver.ified in the pnesent

work. Fu:rthe¡., the present investigatíon indicated that thene gras a

dr"amatic decr:ease :"-n the curîve of acoustic vel-ocÍty versus void fr.ac,cÍon

when tnansítion and slug flow developed" Ther"e apoeai:ec1 to be a tendency
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for" lov¡er acoustic velocities r^¡ith ínc::easing surface tension in cur"ves

of acoustic vel-ocity versus void fraction, although this conclusion is

somew-hat tentative. A nerv method of categor"izing flow regions was proposed

ba-sed onl5r en measurements of superficial velocÍty in the pool versus

voicì fr.action.
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CHAPTER }

ÏNTRODUCTION

The acoustical pnoper:ties of a liquid ane affected by the existence

of even very small quantities of gas bubbles, due to the veny lange

diffenence between the compr"essibilities of the two phases. Indeed, the

velocity of sound through a gas-liquid mixture am is a fu¡ction of the

void fractíon B wherne the void fr.action is defined as the ::atio of the

volume of the gas phase to the total mixtu:re volume. Thís is demonstr.ated.

in neferences [2,I5 and 161. The r.elationship between a* and. B is

applicable in many fiel<ls, such as the dete::mination of void fr-actions

in boíling water nuclear neactons [24], undenwaten tunnels [2I], and

two-phase flow thr"ough nozzles [1].

Many investigato::s lL"7 "I2eIBr2Lr23] have measuned the acoustiê

velocity in gas-liquid míxtllnes as a functíon of voíd fnaction i^¡Í'th sonic

firequencies (less than 20 kFIz). Some investigatons [g,fS] have measur.ed.

the acoustic velocity as a r=unction of fr-equency extendíng into the

ultra.sonic nange, but fon veny low void fnactíons (of the onden or to-4).

Cand [2] was the first to i:epont expenimental results for the acoustic

velocity of a ga.s-liquid mixtu::e as a function of the void firact.i.on oven

a wide rlange of void fnactíons at an ultnasonic fr.equency (soo kHz).

His::epont f2,31 índicates that the high-fi:equency velocity of sound in

a bubbly gas mixtur:e ís much ìríghen than that obtained at low fi:equencies.

The p:resent ínvestigation is an extension of cardts wor:k. The

object in the pr:esent investígation is to find the effect of centain

additíves in the ¡¿aten (pa:rtÍcu1arly those affecting the surface tension)



.)

on the rel-ation between an, and B. As v¡ith card, the generating fnequency

is 500 ktíz and a ripoolrr system is used; the gas is again air. but riquids

tested include tap water, distilled. r+ater:, deionized distil-led water.,

tap waten of incÏeased sur"face tensíon Cue to the addition of potassíurn

chlonide (KCl), tap waten of decreased sunface tensíon due to ¿eter.gent

additi-on and a soap solution. A photographic technique is employed to
obtaÍn bubbfe-size distnibutions of the míxtune of ain and distil-l-ed

v¡ate:r.



CHAPTER 2

EXIST]I{G WORK

2.I Existing theony

The existing theo:ry dealing with the acoustic velocity in a gas-

liquid mixtui:e has been developed in references [3r]-5r19 and 241.

The existence of gas bubb]es in a tiquid has an effect on the

acoustic velocity of the mixture. This is due mainty to the change

in the mean compressibility of the mixture caused. by the gas bubbles.

These gas bubbles begin a damped vol-ume pulsatíon due to an applied

sound fiel-d. some of the appj-ied energy is conver^ted into heat by

the::ma1 damping, some ís attenuated b5r yjsqous effects, and some is

r^e-radiated as new sound \^raves. These new sound lraves inter"act with the

applied sound waves to some extent which depends upon frequency.

The gas-liquid mr'xture has a ::esonant f::equency vro: whích varies

inver.sel¡r as the mean díameten of the bubl-es [14,19]. Attenuation is

a maximum at the frequency corresponding to the nesonant fnequency []-+r1B].

The acoustic velocity and attenuation in a mixtur.e depend upon the voíd

fnaction B, the bubbl-e size d, and the applied f::equency r{. The radial-

movement of bubbfes ís nea::ly in phase v¡ith the imposed sound pressune

when the apptied fnequency is much folven than the nesonant fnequency. If,
holever, the applied fr"equency is much greater" than the resonant fnequency

then the displacement of the bubbres lags the appried pnessure by

appr.oximately 1800.

The natio of the velocity of sound ín the mixtur-e to that in the

fnee liouicl(a /ar), depends upon the ratio of density of compnessíbility



of the mixture

1S

Fo:: smal-l- gas content in a mÍxture,

appnoximately equal to the density of

to those of the f-nee liquid.

oK
r'm mt- l/2
'Pt *.t-'

IL

This may be expr"essed as:

density of the mixture

fr"ee l-iquid. Then

am=
a_I

(r)

the

the

(2)

Meyef and

compr.essibility

Skudrzyk [13J

and obtaÍned

considered the

the follovring

effect of the change

exp::ession:

l_n

2_, r.z-
B (-j

a
o

pf

0,
[1 +- )- L/2 (3)

t1-Bltr-rþ12 +

o

Equation (g) was denived on the assumption that the gas content is

low and the density of the mixture is about the same as that of liquid,

and that the effect of acoustic interactions:t between bubbl-es has been

neglected. In the high-fr"equency case, whene rri/wo>>l, and damping

constant 6 is less than one (the nesonant damping constant given by

Devin t6] is l-ess than 0.2, and the maximum value used in liter"ature [I5]

is 0.5), the real pai:t of equation (g) gives the phase veJ-ocity of sound

in the mixtrrne for" the high fr"equency case as:

:l The teï.m rracoustical- inte::actions'r :refers to scatte::ing, r"eflection and

re-iradiation of i,Iaves.

m
=a.

I . \^I-r 
-- 0l-w

o
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ph

"t

a,^0,
Á/ IrZ I
l1 \ 

-,,aorr -g - g -r- L/2
L¿---;-r-_.t

(r-B ) (--)-
W

o

(4)

The g:roup velocity in a disper"sive medium lz1,zg,30l is given by

1d =-adwúr
c-r-laph

_1 -rw
a-ph

9- r-r-rc-w aph
(s)

By substÍtuting equatíon (+) into equation (S), the group velocity of

sound at a ve::y high fr-equency can therefone be obtained as:

(6)
a

Cþ

a_I

ar ^ 0.
L,Z L

lJ (:-) '^--
d' lJrr -g 'g . L/2

^J-.,w ,z
( r_B J (_l

o

v¡hich is the invense of the phase velocity. As wil_l be seen later,

this equation is of specíal intenest in the pnesent neseanch.

Thene a::e fou:: velocities in connection with the pnopagatíon of

üraves; and they a-::e phase velocity, signal veloeity, group verocity and

velocit¡r of enengy tnanspo::t. These velocitÍes sometimes ane difficult

to identify because of the dístontion of the wave tnain in a highry

dispensive medium. When the applied fnequency Ís well belor{ l?esonance

these fou:: velocities ar:e vintualJ-y identÍcar, beíng ::eal and nelativery

independent of fnequency. rn the. resonant negion they al-I diffe::

mankely. However, at fnequencies high above lresonance. the gnoup

veloeity, signal velocíty and energy velocity ane approximately equal- but

usually less than the phase velocity.
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Brillouin [Zg] f¡as mentioned that fonerunnens may tnave]- ahead of

the ma-in signat but become attentuated to a sufficient degr:ee that

their: magnitude is negligible cornpaned with the magnitud.e of the main

signal.- He defined the signal velocíty as the pnopagation of the fnont

of the main signar. Towne [30] has defined the g::oup verocity as the

veloeity with ¡¡hich the appnoxÍmate boundanies of the wave gnoup

pnopagate,. Howeverô3 as mentioned above, at fnequencies fan fnom

nesonance (both highen and lower) these velocíties alre nea:rly identical.

In the pnesent wo:rk and ín Candrs wonk [Z], the signat velocíty is

the one which has been measuned. In comparing exper.imental nesults

with existing theo:ry, nerations fon theony (".g. equation (o)) give

the gnoup velocity. But again ít is stnessed that fon the fnequencies

used Ín the pnesent and in cardts investigation, the group and sÍgna1

vel-ocities ane vÍntua1ly equal [3J.

No theory is knovm to exist for: high-frequency sound waves in a

bubbly mixtune of high void-fnactíon.

2.2 r
In this section, the wonk of Cand [2],[3], of which the pnesent

wonk is an extension, wilr be tneated ín detail. card.rs is the most

::ecent wor-k known to the authon. A very good neview of wonk pnio:: to

that of Cand is given in nefenence [2].

ca:rdrs experimental wonk was with a 'rpoolr' system" Bubbles we:re

gener-ated in the waten by foncing compl?essed ain through a spalrgelr, the

spargen being fixed at the botton of a penspex tube. The tube was 3.75 in.
in ínsíde diarneter,4.25 ín" in outside diameten and 44 in. in length.
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The flow of the compnessed air was contr:oIled by a set of needle an¿

neducíng valves. The fl-or,¡ :rate of compressed. aiþ was measuned by an

o:rífice plate assembly complete with manometens"

Void fnactions wene detenmined by measuning the change in hydnostatic

pnessure betleen tr¡o fixed points in the mixture with an invented U-tube

manometen. Ain was contained in the top of U-tube manometen and the

manometen was inclined so as to gíve a sensitíve r.eading of void fnactíon"

The 500 kHz ul-tnasonic signal was genel?ated by a lfuautknämen waten

pnoof, banium titanate cnystaJ- tnansducer.. The sígna] was neceived by

the same type tnansducen" The two tnansduceirs were mounted. diametnically

opposite each other" thnough the tube warI. The acoustic velocity of

the ain-water. míxtune 'hras detenmined by measur:ing the tnansít time

of the signal on a Tetr.onix stonage oscilloscope.

Bubble-size dist:ribution histognarns wene obtained using a

photognaphic techníque.

The most impontant accomplíshment of Candts wonk was the successful

measurement of the acoustic velocíty in the two-phase mixture using an

u.l-tnasoníe technique; these nesurts ar.e shown in Fig . 2.L fon bubbly

flow. Al-so Íncluded on the figure is a cunve repnesenting the nesults

fon the zeno-fnequency case. The figu::e shows d:namatically the.

diffenences in acoustie verocity using low- and high - fnequeney signar

genenatíon" rn the l-ow-void-fnactíon range (s<0.055) it is pr.obably

val-id [g] to compare the obsenved nesults r^rith equation (G). Fig. 2.2

shows such a comparison, the experimentat data falling within 2% of t]¡at

pnedicted by equation (6).
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Ca:rdrs measunements of bubble sizes fon vaníous void fr-actions are

shown ín Fig. 2.3 and. wiII be used laten in the p::esent work. Candrs

nesults of supe:rfícíal aii: velocity versus void fnactíon are shown in

Fi-g. 2.4; the results of Wallis [25] for a similan system at?e also shown

in this figune fon companison pu:rposes. It should be noted that Candrs

nesults aglree nesonably wel-I with !,lallisr for. B<0.35; that in the

tnansition region, B depends on whethen the ain flow rate is íncneasing

on decneasing; and that the vaniation of measured void fnactions

becomes l.angen in the tnansition and sJ.ug flow negions.
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CHAPTER 3

APPARÁTUS

3.1 Test sectíon

A per-spex tubers (s.zs in. in inside diameter, 4.25 in. in outside

diameter, 44 Ín. in length) was used. fon punposes of:
(i) containíng the test l-iquid,

(íi) measuning the heÍght of the colump of gas-Iiquíd mÍxture, and.

(iii) allowing pictu:es to be taken of the nisíng bubbl-es because

of its tnanspanency.

The tube was fitted with a pel?spex prate at the bottom. rn thís
plate was fastened a spal?gen containing a polrous staínless steel plate
(maxirnu¡n diameten of pores was 20 micnons), and a dr.ain plug":"r*

compnessed ain tubing r^ras connected to the bottom of the spargen

so that the aín could enten the liquid in a fainly unifo:rm distníbution

of bubbles. (The anea of the porsous su:rface was 0.935 of the cnoss-

sectional area inside the tube.) fne fl_ow nate of compnessed air was

contnoll-ed by a needle and a neducing varve, and üras measuned by two

r:otametens. The pnessu::e of aii: in the system was measuned. by a

manometen. The appanatus is shor¡n in Fig. 3.r. photogr:aphs of the

complete appanatus a::e shonm in Figs . 9.2, 3.3, 3.4.

:r The same tube used by card in his work except that more taps we::e
fixed on it.

-l--l- ^?s?r A more complete d.escr-iption is gíven in appendíx D of Candts thesís [2].
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1o perspex tube 2" co]-urïìn height mcasurirrg scale
3' p-L;rsti-c probe Lrolder c,/rs probes
4 * sp¿ìl:€ier e/r,.' p,:rous plzrte
5. ul-'L:rasonic fJ.arr' detector
6. s'Lo::i:r-g;e osciJ-loscope
7. incij-n.cd marlometers
8* pressure reclucing valve
9 " n-eed.le va.ive 'l O. , pressiure manometer

11 . rotarìrei;ers 12. checlc valve
frí9. J.1 ScLrematic diagram of apparatus

Fig. 3 "1
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rotametey', l+ pnessure manometer:,
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3 "2 Void fr.aetion measurement

3.2.I Hydnostatic method

Seven pressulre taps (1/4 in. inside diameten) we::e fastened into

the tube wall at 3 in., 6 in., 1I in., 16 in. o 21 in., 26 in. and 32 in.

above the bottom of the tube. Connections from an inver"ted U-tube

manometen coul-d be made to any two of these taps to deter.míne the mean

void fnaction in that section between the tlnlo taps. For compa::ing the

mean void fr.actíons of any two sections unden the same expenimental

condtÍons and for obtaíning a veny sensitive neading of void f::actíon

by manometen, two 6 ft. long manometers vrer:e ehosen, each assembled

wíth two glass tubes, thnee ain-nelease vents and two nubben syninges

for" punging the system of aÍn" The top of the U-manometens was fill-ed

with Marian oí1. These two manometens were fixed on a plate and the

plate could be inclined at any angle 0 between 0 to 90 degnees; (0

measuned f::om the honizontal) the angle of inclination 0 was selected

to be 30 degnees fon all of the pnesent expeniments. The d.etail-s of

constnuction of the manometen a::e given in appendix H and the r:ela'Eionships

between mean void fi:action and measunements taken on the inclined.

manometells are pnesented in appendix B.

3.2.2 Co1umn height rnethod

A scale g::aduated in tenths of inches was fíxed against the face

of the tube, any J-eveJ. of gas-líquíd mixture could thenefone be nead

dinectly on the scal-e. The zero leve1 was selected at 30 ín. above the

spargen. The nead.ing on the scale unden test conditions vaníed from

negatíve 13 in. to positive 15 in.
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3.3 A..gf
Two ltrautkamen 500 kHz undamped, waterpnoof, ba:rium titanate

crystal tnansducens fo:: generating and receiving sound signals were

mounted diametnically opposite thnough the tube wal-l- at a height of

16 in" f:rom the bottom of the tube. These \"iere connected by means of

d.oubl-e se::eened connecting cable to a Krautkäne:: ultnasoníc flaw

detector (type USIPIO) which consists of a pulse generator, atr

amplifíen and a cathode-nay tube screen. A Tetnonix foun beam stonage

oscilloscope lras al-so connected to this in para.i.J-el so that only one

sweep of the napidly changíng signal could be obsenved at any desi::ed

time.

At hígh voíd f:ractÍons the velocíty of sound vanied wíth time,

due to the changing mixtune conditíons between the cnystals in the

test section; it was therefo:re necessary to take a Ia:rge number: of

r:eadings to obtain the mean and the standand devíation of the acoustic

veloeit5r for each (nominal) setting of the void fnactíon.

3.4 Bubble measu:rement

Fon obtaining the bubble size distni-bution anò mean bubble diameten,

a photognaphic technique was used-. The camena used was a single-1ens

neflex Ashai Pentax Spotmatic with a thnough-Iens light meten and

Macr.o-Takuman 1:4, 50 mm close-up lens. To achieve maximum enlangement

the camena'was set up close to the tube, with two 500-watt f.Iood. lights

for back-Iíghting as shor^¡n ín Fig. 3.5. Fon neducíng the gla:re in the

pictune, a diffusing scr"een was mounted behind the tube, between the

tu-be and the fl-ood-1ights. As a scal-e a piece of fine wire of l- in.
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length and 0"03 in" díameten was attached to the tube just to the níght

of the pictur^e ar"ea of :'-nter"est" Also a pninted nurnben on a stnip of

tnacing paper was attached to the tube nean the scale mank in order" to

identify each pictune. The shutten speed used was 1/1000 second j-n

onden to r.eco::d moving bubbtes.

Kodak Pl-ux X(A.S.A. 120) was chosen because it has a fÍnen gnain

and would. thus yield sha::pen images necessary to discenn smal.l- bubbles

sinee the fi:ame size of the filn ís cnly 24 mm by 36 mm" The fÍIm

developen was Kodak Micnodol X and the pnints were made on Kodak

Kodabr:omide F3 double-v¡eight papen. This ís a fair.ly 'rhard" paper.

The ímages are welt defíned because of shanpness and cont::ast"

3.5 Liquids

The varíous t5pes of waten and waten plus additives may be descnibed

as follows:

1, Distill-ed wate:: used onl-y once; source was Soils Laboratony of the

Civil Ëngineer"ing Depantment; used in test no. 1401.

2. Distilled water^ used five times (a11 measu¡:ements being taken on

the fifth time cf use); source was Soils Labor"atory of the Civil EngineenÍng

Depar:tment; used in test no" 160.

3. Deionized distilled waten (used only once); sou:rce was the

Physical Chemistny Labo::ator.y of the Unive::sity of Manitoba; used in

test no. 401.

4. Tap vrater (used only once); sou::ce wa-s the mains in the EngÍnee::ing

Building; used in test no" 601.
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5" Tap wate:: plus KCI addítive; weight of solur--e was tB.779o gívLng a

su::face tensÍon of 76.95 dynes/crn (by calcu.lation); used in test no. 1101"

6. Tap watei: plus soap solution; used in test no" L220.

7" Tap water plus detergent (Sunglight); used in test no. 1301-.

8. Tap r+aten thr-ough which aÍr' had been blown fon 30 houns; used in

test no. 1601; measurements wer.e taken aften the 30 hou::s of blowing.
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CHAPTER 4

PROCEDURE

4.1 Pr"epar.ations

The foll_owing pr"epar:atíons were made pr"ior: to actual- test ::uns:

I. The tr.ace atignment and l-ineaníty of the time base of the Tetronix

stor:age oscill-oscope was checked.

2. The penspex tube was kept clean, and. befone the test 1íqu5-d was

pou:red into the perspex tube, aII the Þants which would contact the

test liquid we::e flushed two o-r. thnee tines with the test liquid.

3. The tenpenature of the test liquid was the same as t?oom tempenatune

befone the test liquid l^Ias pourled into the perspex tube.

4. Al1 insti:uments we::e set to openating condition:

(i) the Knautftnämer. detecton and Tetronix stor-age oscÍIloscope

wene tunned on one half hour" befone use;

(ii) all settings on the K::autknämer and Tet::oníx we:re checked;

(íii) the pe::spex tube, two notametens and gas pressui:e manometen

-r,rere checked to ensure ventical alignment;

(iv) all se.ttings on the came::a and. the position of camena and

flood-Iights wene checked befor-e the pictu::e i'ras taken.

5. The mean distance between the faces of the two c::ystal transducens

irelle measuned as shovrn ín Fíg" 4.1.

6. The pnepa::ed. test j-íquid was fiJ-led to the nequined Ievel.

7 " The ti:apped ain was d::iven out of the manometer: system b5z thnee

air-release vents and two rubben syninges.

8, The test liquid was filled to the nequi::ed level again"
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4.2 Test r:uns

The pr"ocedur.e for per-for.ming a test nun was as follows:

1" The acoustic velocity of the test liquÍd was measlrned on the

oscilloscope. The tine data could be nead dinectly fi:om the scneen of

the scope because thene was no vanj-ation in the transit tíme when the

void fnaction was zero.

2" The ain pressure was set to 30 psi on tbe r"educi.ng valve garlge.

3. The air to the sÞargerì was controlled ¡uith a needle valve for a

ser"ies of settings, each flow rate being shown on r.oc¿mete:1 .

4.. The followiñg neadings were 'then taken:

(Í) ain pr?essure of'the system at eaôh ain flow rate firom pressu?e

manomete:r,

(íí) aíi-iiquid mixtu::e leve1 fnom the scal-e on the FeÍ.spex tube

fon each ai:r flow nate; the mean value was taken when, fon one air flow

r.ate e tTrene r^rere f.luctuations in the l-evél"

(íii) vord fnactions fr,om both Dânorncrêrs fon each air blowing nate;

the mean value was taken when the manometen showed var.iations fo:: one

aÍ:r flow r:ate e

(iv) a sen-ies of tine data were taken firom the stonage oscilloscope

:r-ton each air. f.]-oi.¡ rate.

The nirnber of senies time nead:'.ng taken depended on the differ:ence

fron r"eading to reading. In the veny low voíd fnaction range wher"e

changes in time wene nct discernible only few wene taken, i+hile in the

h-igh void fr-action r"egion, vihere tÍme readings chan.qed ,narkely from

r"eading to reading, thi:rty to for"ty readÍngs ne:re taken.
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5" For. the case of distil-led wate:r as the test J-iquid, a picture of

air bubbles was tal<en at each air- flow ::ate in the void fr"actíon nange

from 0.0 to C.,053. Ea,ch state was.rssj.gned a numl>e::'on the pictune"

6. ,{.f't-e:: a tes-t r+i-!Ì'r 1¡ar''' olis ai'r. florv r"a'ies i:ad been completed and

the above qteps penfornedr-Eìre flcr.¡ of compresse<l air ivas stopped and

the slrs¡s¡n allc,we,l to r.eaeii sllead5r s'Late. The acoitstic velocity of

liquid was: then checked again for the zeno void f::acticn case.

7 . Aftez. the above step had. been done, the liquicl v¡as then allowed to

drain f::om penspex tube and ar acoustic veloci'ly reading for ai:: was

taken for the case of void f¡'acti.on ecual to one.

8. A computerl program was then used" to calcul-a.te:

(i) The acoustic velocity of the test liquid fon each test nun.

(ii) The acoustic velocity of ain-liquíd mixtu::e and its standand

deviation fr.om two díffenent basese one based on the mean of time neadings,

then calculating the vel-ocity wíth this mean, the other" based on velocities,

the se::ies of velocities was calcutated fnom the time readings foi: this

void fraction, and then the mean of the velocities was taken. The

analcgous procedu::e was used. fo:: calculating standand deviations.

(iií) Supenficíal gas velocity:"'based on the total inside cnoss-sectional

a::ea of the Per-spex tube.

(iv) Yoid fracti-ons. Three voirl fnactions wer"e obta-ined and these

wêrle r

t'r The superficial
::ate divÍded by

velocity ís defined as the air volumetric
craoss-sectional area of the test section.

gas
the



c'l

BO, calcufated fnom the air-Iiquid mixture height in the

Perspex tube,

81, calcufated from the readings of No. I manometen, and

82, calculated fr"om the ::eadings of No. 2 manometer.

The out-put of these prognams, nelated calculations and rotameten

calibnation curves ane given in appendix C and appendix /r.

9. To detenmine the mean diameten of bubbles for- each void firaction in

the nange of B fi:on 0.0 to 0.053, pictures vlere taken of the bubbly

mixtune between the cr.ystals. These pictunes wene then enlanged to

exactly thnee times of the actual size (Figs. 4.2,4.3,4.414.5 and 4.6).

Those bubbles 'nrith the same sharp irnage on a picture wene considened on

a sampling plane (on a focussing plane), and it was assumed that each

bubble was an ellipsoid. The numben of those bubbles in the sampling

anea ('4.5 in" x 4.5 in. ) was counted and the length of semiaxes of each

bubble was measured. Then an equivalent diameten of an equivolume sphere

was calculated for each ellipsoid using a computen pnogram (appendix D).

The data of the equíval-ent diameter of the bubbles wene used as an

input to calculate the following using a statistics computen prognam

for: each void fnaction in the nange 0"0 to 0.053:

(i) anithmetic mean of the diametens of bubbles,

( ii ) var.iance ,
'ì(iii) standarrd devíation,

(iv) standa:rd error,

(v) coefficient of vaniance,

(vÍ) geometnÍc mean,

(vii) fnequency distnibution table, and

(viii) histognam plot
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The output of this statistics computer program ís given in appendix

B. 0n15r ilsrs (i), (iii), (vii) and (viii) of the above list (i.e. the

rnost impontant items) are given in appendix E, but j-nformation on the other

items is avail-able.

i0. The test conditions for the various runs drê srlmrrrêrrized in Tab'le I

tcgether. with the fígune number" on lqhj.ch the results appear'. For

inter,est and inforrnation purposes" the wo::k of Car.d is included as wei-L.
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Liquid used

Chemical
additive

Candf s

Data

a
m

calculated r¿ith
diffenent bases

(1)
T. }I.

160

Bubb1e dias.
detenmined with
photognaphic
technique

(2)
D.I,T.

None

401-

(3)
D. D.I{.

None

Statistics
calculation

601

Test No.

(4)
T.W.

None

l_101

Hístognam of
distnibutíon
of bubbl-e
diametens

V

T.VÍ.

None

1220

Table 1. Summany of Test Runs (continued on next page)

V

(s)
KCl

T.tü"

V

l-301

V

\/

Soap

T. W.

V

I401

V

V

Deter.-
gent

D.W.

t-601_

IT

(7)
T.W.

None None

V

GJ



Data
taken
fon
ürt
vensus

Cand I s

Data

B
o

Inc.

Bt

dec "

Data taken
t plotted
for a /a-MIversus

]-nc.

Bz

dec.

].nc.

160

V

T5rpe of tap
annangement (6)

dec.

\7

V

t1

Líquid l-eveL (in. )
lotl v" = u

401

8.,

V

Room tempenature
(oF)

Bz

V

1t

601_

a, (m/sec)

\I

V

Test No"

V

a (m/sec )
al-11

v

V

V

1101

V

c

V

\t

Tabl-e I (cont.) surnmary of rest Results (continued on next page)

V

V

\t

L220

\t

V

720

A

V

V

1425

2L.75

V

1301

345

V

v

A

V

720

V

\t

1419

2L"75

\I

140r-

332

V

750

V

21" 65

1419

V

V

'1601

V

332

B

740

It

141-9

21.65

V

It

332

V

V

760

V

V

1419

21.65

\t

332

V

D

730

1/

1419

V

7"0

332

B

760

1419

21.65

332

720

B

1419

21" 65

332

720

1419

332

c,)(¡



Mean bubble dia.
vensus B and
histognam

Candr s

Data

Fig" No.

160

V

Remanks

(1) T.l,l.: tap waten
(2) D.W.: distilled water and used fon 5 times(3) D.D.W.: deionized distilled waren(4) The manometen system .hras eleaned and filled with(5) Weight eo of solute = IB.ZZ; the sunface tension(6) The sketch of tap arrangement of type ArBrC, and
0) T.lt" blown with air. fon 30 houns

2 .r,
2.2 

"2.3 r
2"4

401_

V

Test No.

601

5.3,
5 .4,
5.5'
5.6 ,
5.7

1101

tro

Table I (cont.) Summany

I220

5 .9,
5.10 ,
5.11

1301

5.12,
5.16,
5"17

I401

5"13

of Test Results

t60r-

5.14

new Manian oiI
= 76"95 dynes/cm
D is given in Fig. 5.1

5.15,
5.16,
5 .18

5.19

C')
c)
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CHAPTER 5

PRESEN'IATION AND DISCUSSTO¡T OF P.ESUITS

s " I Bgtie$lip.__qf_ sq.g*Ss."E"
The estimated. er.non j-n the superficía1 velocity y,, was 3 .29" for

V'r > 0 "025 ft/s in bubblv ftov¡ and appr.oximately one-half of the

tnansition flow range (rneasunements on the srnaller rotameter") whil-e in

slug flow and the upper range of ü:ansítion flow the er"r"or was 49o

(measunements on the ta::ge:: r.otamete::). The estimated enncr in the

voíd fraction B rvas 3% for B > 0.0+3. Fo:r B < 0.043 r the acoustie

velocity r+as ¡elative!-5r insens-itive to void finaction; ther.eforne the

enr"on in neasuring B, which was >3%, could be tole::ated. Enron

anal5rses fon superficial velocitv an<1 void fractÍon appear j-n alpendices

A and B r"espectively.

The error in the acoustic velocit-v was estirnated at 3.2% f or

single phase and low void f:nacticn condit j.ons and 4. i.eo for high vci.l

f¡:actícns. The erron ana-lysÍs is given in appendix l'" As a check on the

r'el-iabilit], of the acous'Lic veloci'cy measurements e a comparison v¡as made

be'Er¡een the presenl: measu.r.eC single phase vaiues and ccrnesponCirrg val-ues fr'om

the l-ii:er"atur.e lZrZa"27f, The data are given in Tables 2 and 3. The

maximum deviation frorn litenatu¡e values r:¡as 3.69ó. The diffenence between

Carrlts t^Iater data and. present neasu:reÍrents was only 0.Lt% ¡çhije the difference

in the p::esent and Car.d.rs aín dat¿. was 3,6%" T'hese cornparisons v¡ou-Ld

suggest that the pr:esent measurements ane :rel-ia-bl-e.
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Tab1e 2

Refe::ence Acoustic Velocities

t--
'å a = .l 4 wher-e y is the natío of specific heats and P and p a::eAto' the praessur.e and density at that temperatu::e 

"

open )

Authon Temperatu::e
a (m/s )I¡Iatef

â
al-r

(n/s )

Pnesent Wonk
Test No. 60I 230C

1419
( city wate:r ) 332

D. C. Cand 220e 1425
(city water)

345

Calculated* 220C 1430 344

Stewant and
Lindsay 200c 344

Colladon and
g1¡s¡¡:t;t goc

1435
( fresh vraten
Lake Geneva)

Angenen and.
Ladenbengfr'å

150C
220C

331 (ain ín
ó it Y ô.b.r

Esclangon:'r'* 150C 340 (d:ry ain)

Pnesent Work
Test No" 1401 220C

1419
(distilled) 332

Mantini*fi rgoc 1461
(distilled)

Pnesent hlonk
Test No. 1101 240C

1419 |

(city water" + K(:1) 332

Pnesent lüonk
Test No. l-220 230C

1419
(city wate:: +
soap solution)

.)öZ

Pnesent Wor.k
Test No" 1301- 240C

1419
(city \^raten +
detengent )

332
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Table 2 (cont" )

As neponted by Wood.

With the adjustment

Whene: a ís the vefocítY of sound,
T is absolute temPeraturee
at is the velocitY of sound when the tempenatune is Tl
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Table 3

Companison of P:resent .A.coustÍc Velocities With Othens

Diffenence
m,/sec

Present Inlonk
Test No. 601
with D. C. Car:d

awater
( cíty wate:: )

Present ï,lonk
Test No. 601
with Calculated

Pnesent I'lonk
Test No. 601
wíth D.C. Cand

Pnesent trùo::k
Test No. 6û1
with Calculated

Pnesent Wonk
Test No. 1401
with Angener €
Ladenber-g

Pnesent Wonk
Test No. 1401
with Mantíni
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5"2 Summary of test nuns

Table l- summa::ízes the pnevious (Cand) and pnesent exper-imenta.l-

resul-ts of acoustic velocity as a function of fnequency.

5. 3 F.l-ow r.egimes

Thnee flow negímes are shown on thegnaphsfon eight tests, in Figs.

5.3r8,9eJ-2r13el-4r15 and 19; the flow negimes welre obsenved dir:ectly in

the test" The thr-ee negimes have been defined by Wallis [ZS] as foll-ons:

1. Bubbly fJ-ow negion: the gas is in the fo::m of discnete smal-J- bubbles

díspe:rsed unifonmly in the liquid.

2" Slug flow negion: the gas is in la:rge slugs which occupy most of the

flow section.

3. Tnansition negion: in between the bubbly and slug regions there is

an area of flow tnansition"

It is difficult to sepanate exactly the negions fi:om each othe¡:

even in a tnanspa::ent appanatus. 0f cour-se these definítions can ha:rdly

be applied to testing in a non-tnansparent apparatus. A new descniption

for flor"r regimes was also used in p:resent wo::k; it can be applied

conveniently to any experiments using transparent on non-tnanspanent

appanatus. Fi::st B*_* í" defined as the maNimum void fraction point and

B, as the point where the decneasing flow tnace sepanated fnom the

incneasing flovr tr"ace! these ean be deteeted by the p::esent manomete::.

Therefore, it is convenient to use ah. B*"*, B* and a poínt B = 0 (see

Fíg. 5.2) to descnibe four florv regimes as foll-ows:

l-. Region 1: the fLow incneased fnom B = 0 to B^.
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2. Region 2: the florr decreased: from-B" to B*"*.

3. Region 3 : the fJ-ow d.ec:neased fror Brr* to B = 0.

4. Region 4: the flow ins:ease fi:o- or decneased to 8".

The sketch of the four flow negines is given'in Fig; 5.2.

The lengths of negion 1, 2 and 3, and othen chanacters related ts

the foun fJ.ow negimes are listeci in Table 4 fon each test'run. The

discussion about the flow regimes wíll be ineluded in the foJ-lowing

section.

5.4 Superfieíal gas velocity ve:rsus void f::action

Results of p::esent wonk of supenficial gas veloeity yt' are plotted

against void fnaction B, in Figs. 5.3r8r9rl2rl-3r14015 and 19.

Supenficial gas (air) vel-ocity, can be defined as gas (ain) fJ-ow

volume thnough the area of fJ.ow cross section, that is the cross-sectional-

a::ea of the inside of the t¡:be.

lfallis [25] has denived a theonetical :relationship for icleal bubbly

flow (his equation (z)) in whích the void. fuactíon depenils on the 
;.,:.:.,,:,.,,,,,;1

supenfical veloeity, sunface tension, liquid and gas densities and 1,''-."",,;1' 1

gnavÍtationaL aceele:ration. It is iurplicit in this equation (based on .'.,r,, 
¡

empinical evidence) that the system pnopenties such as Retmolds numben

and viscosity natio (at least fon low-víscosity liquids) ane nelatively

unimpontant. ltallís concluded that it ís possible only to conduct
r::,:;.r: ; ,a¡.;..:::::

:repeatable measunements of void fuaction in ídeal bubbly flow (no

br¡bble agglomenation) and ideal slug flow (complete agglomenatíon);

pantíal agglomenation gíves nise to a tnansition flow pattenn which is

vintually intnactable analytically.
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The nelationshÍp between Vfr and B gives diffenent tnaces fon

incneasing and fon decneasíng ain flow nates oven pant of the nange of

Vtt. This phenomenon was obsenved by Cand [2] in the tnansition negion,

but in the pnesent work, it extended into the bubbly and slug flow

negions, possibly due to the mone sensitive void-fi:action measu::ing

appar.atus employed. Diffenences in B between incneasing and decneasing

ain flow nates ane descnibed quantitatívely in Table 4 which in tunn

r:efe:rs to Fig. 5.2. The langest diffenences (.12) occurl in test 1601

fon tap waten into whÍch ain was blown fon 30 houns; the nesults a::e

shown in Fig. 5.19. Fon other tests the díffenences in B ranged between

0.02 and 0.085.

Diffenent tap annangements, as shown ín Fig. 5.I, wene used to

deterrníne the effect of tap annangement on void fnaction measu.nements.

Thene ane small- d.iffenences (maxinum 0.020) between B, and B, (annangement

ty¡les A and. B)o the d.iffenence being especially sma1l in annangement

type B (maxirnum 0.015). The diffenences depend on ain flow nate; thene

is no díscennible diffenence, fon ínstance, in the nange 8<.053, whích

would conrespond. closely to ídea1 br:bbly flow. Any diffenences in

measuned B using B, and B, would no doubt be due to sJ-íght densíty

vaniatíons of the níxture wíth height. Results appear ín FÍgs. 5.3r8r9,

12,15 and 19.

The void fnactíon B measuned wíth column height nepnesents the

mean void fr.action fon the whoLe column plus the foaming effect. The

difference between B, and Bo nepnesents the foaming effect; it vanied

wÍth the flow rate of ain and became a constant in negion 4. The

nesults appean on Figs. 5.3r8r9r12r15 and 19, and ín Table 4. The
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biggest foaming effect existed in the tap water Ínto which aÍr" had been

blown for" 30 hou::s, (maximum diffenence between Bo and B, of .18) while

fo¡' all other tests this effect was approximately the same (appr"oximately

0.06 in void fr"action). It is stnessed that Bo is not as good a measurement

of void fnactíon as B, on B, and is pnesented her"e mainly for" inte::est.

For" later" plots of acoustic velocity vensus void fnaction, the most

meaningful void fnactíon measurement is pr.obably B, of an::angement

type A.

The chemical addítive KCI was used in test raun no. 1101, the weight

percentage of solute being I8.77. The sur.face tensíon force incr"eased

3.59 dynes/cm fi:om 72.36 d5mes/cm for: tap waten at 23oC to 76.95 dynes/cm

fon the test liquid against ain t311. The effect of KCl on tap waten

can be found by compar.ing test nun no. 1101 (fig. 5.12) fo:r tap water. plus

addítive with 601 (fig. 5.9) for" tap water", the following obsenvations

being nelevant:

1. The maximum void firaction of B, incr.eased 0.06, or 2I .89o.

2. The maximum díffenence of void f::actÍon betw"""O."@for.med by

B, incneased 0.0435 or L02"I9o"

3. The forrníng effect ::educed fnom 0"075 to 0.05.

4. The length of negion 1, 2 and 3 all neduced fr.om 0.90, 0.57, 0.33

to 0"80, 0.55e 0.25 ft/s nespectively.

Other chemical- addítives of soap solution and detengent wene used

in tap waten. The effect of soap solution reduced the maximum void

fnaction of tap waten 0.095 on 30.9%, neduced the length of::egíon I and

3, also gave the lowest trmaximum void fnactionrt in the pnesent wonk (see

Fig" 5.9 fon tap waten nesults and Fig. 5.L3 fon soap solution nesults. )
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The effect of detergent was to incnease the maxinum void fnaction of

tap waten O.O3S oî L2.7% anð,the maximun diffenence of B between@."a@

was neduced 0.022 on 52.9% to a value of 0.020' the smaLl-est in the

pl?esent wonk.

Thnee diffenent dÍstill-ed water conditions vrelre used in the Þnesent

wonk: the distilled. water used in test run no. 160 was rePeatly used

five times (measu:rements being taken on the fifth tine), the distilLed

waten in test run no. 1401- was used only once, and the distilled waten

in test llun no. 401 was deionized dístiLLed waten (used only once).

The nepeatly-used distilled waten and the deionized distíIled. waten

gave a slightly highen |tmaximum void fractionil of B, than the distilled

water used only once. AIso the maxÍmum diffenence of void fuaction between

@*d|@for.med by loop B, of deionízed distilled waten was langen thar¡

the dÍstilLed waten used. only onee. These data ar"e given in Table 4

and in FÍgs. 5.3'8 and 15.

The d.ifference in maximun void fnaction of B, between test nun

no. 1401 for distilled waten used only once and 601 fon tap waten is

smallen than in ![al]-isr wonk. This pnobably means that the distilled

water and tap waten used in pnesent wonk ane close:: ín physíea]

pnopenties than those used by !ÍaIlis. These data can be seen in TabLe

4 and Figs. 5.15 and 9.

Two tests penfonmed hene may be companed wíth Candts nesults [2].

These ane tests no. 601 (tap waten) and no. 1601 (tap waten thnough

whích ain was blown fon 30 houns); the compa::isons are shown in

FÍgs. 5.9 and 5.19 nespectively. In both tests at low B (<0.10 fon

test no. 601 and <0.1-E fon test no. 1601' at least pant of which negion
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would Ínclude ideal bubbty flow) and in slug flow ther.e is good

coruespondence with Car.drs results; the best agneement wÍth Car.dts

nesults is with decreasing ain flow r"ates in test no. l-60I (Fig. 5"19).

The longen aÍn is bl-own thr.ough the waten the mone inpu::ities alre like1y

to be introduced into the water. It would therefor.e appean that the tap

waten used by Car"d pnobably had mo::e impu::ities in it than test no. 60I

hene. Howeven, as will be seen sho:rtly, this does not at all affect

the acoustic velocíty ve::sus void f:.actíon rnelationship, the most

important measurements penfonmed ín the pnesent wonk.

5.5 Bubble size measunement

The photographs taken of the air-distilled water" mixtune between

the two c::ystals, as mentioned in chapten 4, wene enlanged to tnÍple

size, and fou:: of them we::e illustnated in Figs. 4.2r3r4 and 5. The

enlanged photogr"aphs showed that thene appeared to be no bubble

aggloine::ation within the range of B from 0 to 0.053. Thenefone, ít

could be consider.ed that thÍs r"egion is an ideal bubbly flow regÍon.

The histognam of bubble size dÍstníbution and othen statistical

nesults ar"e shown in appendix E.

The nelationship of mean bubble diameten and f::equency natio

versus void fractíon is shom in Fig. 5.4. The cunve of mean bubble

diameter on fnequency natio of the pnesent wonk is a little highen than

that of tap water: of the Þnevious wor"k when the voÍd fnaction is

greater than 0.015. One might expect lar.gen bubbles in distill-ed wate::
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due to surface tension effects on the bubble bneak-off dÍameten fnom the

porous plate and the ease with which bubbles can agglomenate should they

touch.

5.6 Acoustic velocity vensus void fnaction

The natio of the acoustic velocity Ín the mixtu::e to that in the

bubble fnee liquÍd (ar/ar) is plotted against void fnaction B fon each

test run as shown in Fígs. 5.51617e10,11116r17 and lB.

Figs. 5.5,6 and 7 show the u*/.1 versus B nelatíonshÍp of test nun

no. l-60. The test liquíd was dístilled water. which had been used fo::

five times. Fig. 5.5 shows the nesults fon the row B negion (<.0s3).

0n the figu::e also ís shown equation (6); measu::ed bubbr-e sízes wene

used to detenmine the con::esponding values of wo whích wer-e then used in

the equation to find the natio of the group velocity to the bubble-fnee

liquid. It is pointed out [S] that at these high fnequencies the signal

velocity (measuned in these e><peniments) Ís víntually identical to the

group velocity. rt is in thís l-ow B negÍon that one would expect the

constant-density equation (O) to apply; it is seen that the conr:espondence

between the measurements and the theoneticar equation ís ve::y good.

The nesults of test nun no. 160 fon the whole B r"ange a::e shown ín

Fig. 5.6 fon both bases of B, and Br. Vir"tually no diffe::ence can be

detected ín the nelationship using these two bases and a single solid

líne has been d.nawn ín by eye to nepnesent the results. on Fig" 5.7 a

companíson is made between the pnesent test nun no. l-60 r.esults an<l the

tap waten nesults of Cand [2]. The solid line in the figu::e r.epr"esents

Car"dts nesults (as well- as the cincl-es); it is seen that the solÍd line
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can equally well r"epnesent the pr"esent :results. A glance at Fig. 5.3

shows that the VÎÎ ve::sus B trace for Catdrs tap waten and the p::esent

distilled waten used five times ar.e not unlike each other:, penhaps

suggesting that, pa::ticu1ar"ly afte:: using five times, the dístilled

waten had had ÍmpunÍties intnoduced into it"

Figures 5.10 and 5.11 show a compar.ison between Car"drs tap waten

results and the pr"esent tap waten nesults (fig. 5.10 uses B, as the base,

Fig. 5.11 uses Br). Fínst ít ís noted there is vintually no díffer^ence

between the two plots. The agneement with Candls r"esults Ís excellent"

This is especially signíficant sínce some differences in V" vensus B

between Candrs and the pnesent::esults al?e appar.ent in Fig. 5.9" One

of the most impo::tant featur.es on Figs. 5"10 and 5"11 is the dnamatic

decnease in ar/a, once tnansition and slug flow develops. This decrease

is also evident in Figs. 5.16117 and 18.

Figur.e 5.17 shows r.esults of ar/a, vensus B fon tap r^raten plus KCl

(test nun no. 1101). The sur"face tension is highen vrith the additive.

The results tend to lie below Ca::drs tap waten r"esults (solid line),

and hence below the pr"esent tap water ::esults.

Figu::e 5.18 shows r-esults fon distilled waten used once. There

appearsto be a slight tendency of the data to be above the tap water

data. Compa::isons among the tap waten, tap waten plus KCl and distilled

water (used only once) a::e shown ín Fíg. 5.16" Thene appears to be a

tendency fo:: lower" r*/"I with incneasing sur.face tensíon, although the

fair" amount of scatten evídent makes thís observation somewhat tentative.

Fon a given void fnaction, the mean acoustic velocity may be

calculated in two r,Iays; one using the mean of the transit time ::eadings,
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the othe:: calcul-ating the acoustic velocity fon each time r:eading and

then taking the mean of these acoustic velocities. This latte:: method

would appearl to be slightly pr.efenable, although the quantitative

diffenences between the two methods ar.e extr.emely small. In the bubbly

flow r.egÍon the largest diffe::ence between the two methods was 0.52%

(the tabulated ::esults for the two methods is shown in appendix C,

Tables C-9, C-10, C-11 and C-12). As Cand used the fi::st-mentioned

method (mean of times) and as the pnesent wonk involves extensive

compar:ison with Cardrs wo::k, mean acoustíc velocities based on the mean

of times arle generally neponted in the pnesent work.

5.7 Suggestion fon furt_hen study

No theony is known to exist for. pnedícting the high frequency

velocity in high void f:raetion mixtunes. Fon these condítions it ís

necessary to tal<e into account the acoustical inter-actions between

closely spaced bubbles, change of shape of langen bubbl-es, as well as

the decnease in mixtu::e density.

Consider"able fur.then wor.k can be done to establish the effect of

fluid p:.openties of both liquid and gas phases such as density,

acoustic velocity and sunface tension (the pnesent wonk was neally just

a beginninge as negar:ds the effect of su::face tensione compared with

what coul-d be done in an extensive study). Possibly the effect of the

method of genenating the bubbles couLd be tested using diffenent plates

and spange::s.

If the wor-k ís extended ínto the fonced convection field, additional

vaniables a::e addedp e"g, velocities of each phase, and geometr"y and
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oirientatíon of the channel.

The fnequency has a pronounced effect on the mixture acoustic

veJ-ocity; it would prove inter.esting to use fixed void fnactÍon and

vaniable applied fnequency.
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CHAPTER. 6

CONCLUSIONS

The conclusions dnawn fnom the pr.esent wonJ< may be surmnanized as

fol-l-ows:

L. lhe pnevious wonk of Car.d [2], one of the rnost impontant results of

which was the neponting of the u^/ur vensus B i"erationship fon high

fnequency sound ÌJaves in tap watet e has been ver"ífied (see Figs. S.10

and 5"11)"

2. Thene is a dnamatic decr"ease in the cur"ve of a*/a, versus B when

t::ansition and slug flow develops; this was tr-ue fon tap water, tap wate¡.

and KCI additive and distilled waten (see Figs. 5.1-0111,16,17 and lB)"

3. As with the pnevious wonk of Ca::d et al- [e1, fon the low B negion,

the theo::eticaL equation fon the glroup velocity fo:: the constant-

density case and the measuned sígnal velocity agree closely (see

fig. 5.5); it is under-stood that for. the present high fnequencies the

signal velocity and the gnoup velocity ane vintually identical.

4" Ther"e appealls to be a tendency for lowen.*/"1- with incr.easing

sunface tension in cu::ves of a*/a, vensus B, although this concrusíon

is somewhat tentative (see Fig. 5"16).

5. fn many tests at least -Ewo measunements of B (8, and Br) wer"e taken

simultaneously (tro is not consíde::ed because of the lange enr"or"s due

to foaming) " The differences between B, and B, wer.e extnemely small

(see Figs" 5,3r8e9e12r15 and 19) and make no differ.ence at all to

curves of ar/a, versus B (see Fig" 5.6, 5.10 and 5"11),
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6. A new inethod of categorizing flow negions has been pr"oposed based

only on measurements of u" ,r.o"rr" B; it has the ad.vantage of being

based on quantftative measullements anci not on the somewhat subjective

visual observation of flow Ín the transpar.ent tube.
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APPENDIX A

ESTIMATTNG THE ERROR IN THE MEASURED SUPERFICIAL GAS VELOCITY

Two ::otametens we::e used in this Ínvestigation. ConsÍder" finst the

small-en of the two. This r"otarnetere R-6-15-Be was checked by a wet gas flow

meten which had been checked by the Gneaten Vlinnipeg Gas Company wÍth a

?
20 tt" measur.ing tank. The maximum deviatíon of flow nates calculated

fnom the tank and fnom the wet flow meten was 39o. This would suggest

an eruor in the wet flow meten of centainly not mone than 39o, and pnobably

mone like 2 I/29'. The calibr"atÍon curve for the smaller r.otameten is

shown in Fig. A.I; the differlence between the manufactunenrs cunve

and the pnesent calibration cunve is shown fon inter.est. Considening

the accu::acy of the wet mete::, a reasonable estimate of the ennon in

usíng the notameten neadings co::nected by the pnesent calíbnation appears

to be appnoximately 39o. This would give an errora of 3.29o ín the supen-

fícíal velocÍty U" "h"r, the enr-on in measur.ing the perâspex tube cnoss-

sectional anea is estimated at I9o and the errors ane negligibly small

in connecting the flow ::ate fon slightly different temperatune and

pnessure conditions on the top of the ponous spargeta. The above

estÍmates wouLd not apply below a supenficial velocity of 0.025 ftls

(7 SCFH) whene the disc::imination enror (O.S run in the r:eading on the

notameten tube) becomes veny significant (29o) co¡npaned with the accunac5r

of the calib::ating device. Fo:: intenest, this emor in scale neading is

shown in Fig. A.2. The small r.otameten genenally covered bubbly flow

and approxinately one-half of the tnansition flow negime.

Thene was no device availabl-e fon conveniently cal-ibnating the



77.

lange notameten. Hov¡even, ther"e was a nange of frow r.ates whene the

two rotameter.s did overrap; in this ove::rap nange the smalr notameten

was used to check the manufactunenrs cunve of the lar.ge r.otameten.

rndÍcatíons wene that the ::elative position of the calíbnation cu¡ve

and the manufactunel:ts curve would look veny similan to that shown fon
the smallen notameten (fig. A.l) except, of course, that the values

manked on the abscissa wourd be gneater.. This curve was then used to
obtain conrected fl-ow nates. An ennor of 4% is suggested fon the nange

of fl-ow nates whene the rar:ge notameter was used. (in the ovenlap range

the smal1 notameten was used). The lange ::otameten covened fl-ow nates

correspondÍng to slug fì-ow and appr:oximately one-ha1f of the tr.ansition
flow negime.

The use of the wond rrennourr above would

intenval't Ín Kline and. McCtintock (Mechanical

1953) with "oddsrr of appnoxímateÌy 20 to l.

conrespond to ftuncentainty

Engineer"ing, vol. 37, p. 6 ,
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APPENDÏX B

VOID FRACTION MEASUREMENT ANALYSIS

B.l- Nomenclatune

B = void fraction

p = density (U-/rt3)
m

h = height (ft)

H = height (ft)

v = volume (rt3)

Vl = mass (l¡m)

Subsc::ipts

a = level at position a

b = Ievel at posÍtíon b

R = manian oil:'c

w = waten

m = ain-liquid mixtu::e

ai:r = air. bubbles

0 = sloping at angle 0

liquid = liquid

8.2 De::ivation of Basic Equations

Fon following the pr"esentation below, neference shoul-d be made to

Fig.8.1.

P. = P2 * h2g*

?Ì Specific gr"avity of marian oil is 0.827
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Ther.efore
pz = p.-hzp*

Funthen

P = P- + h-oa I l.'w

which may be near::anged as

(81)

(82 )

(Bs )

_ 
^hpR

Pt = P"-hlp*+^hPR

subtnacting (nz) fr"om (BI) yierds

tz - Pt = (ht - h2)Pv¡ - O¡gR

Also

Pt*o*hg = P2

ol:

Pz - Pt = prhg = (ht - h2)pw - o¡PR (83)

From Fig" 8,1 it may be seen that

hr = h2+h3+^h on ht-hz = hr+^h (84)

If 
^h 

= 0, then

hl-hZ = h3

and from (83)

Pm=0"

This neans thene alle no bubbtes in the peraspex tube, i.e. with

waten only in penspex tube. This is the principle used fon checking

the manometen; that is, the level should be even in manometen when there

are no bubbtes in penspex tube.
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Using (s+¡, then (83) can be written as

Prhg = (hg+Âh)0*- ¡0R

ol^

^h ^hPn = (r-oÇrO" 
Ço*

From the void fnaction relationship

VV!=#=ñ#-
ma].nw

and
T{ Td +W

rì=m_a].lll^I
'mVV mm

VWVT\I_afrafr-*jw
VVVVm afn m Ì,I

one can obtaín

o = Bp +(1 -B)o'm 'al_11 w

= g* - B(pw - guio)

Since p_-.-^ is veny small compared r^rith p- " it can be neglected in the-------air.--J

above formula, which then can be w::itten as

o = o(1 -B)'m 'w

Fron (BG) and (ez)

o(r-B) = (l-*$¡0 -9o-'w - \¿ ' h^"vl h^ tR
33

^_B _ _ Ah tr"R _ .r= --(õ- -r)
3 'w

(86)

(87 )
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Fon an inclined manorneter"

^h 
= Âh0 sin 0

then B = 
onu,"tt'(o* 

-r)hg to*

In this investigation 0 was 30o and sin 0 = 0.5"

8.3 Ennon estímate

1. Estímating the

gives a pencentage

--- ñ-¡-- (0.827 -

-0 . l2ts0 . 179:t^h0'*0 . 5

5 ínches,

r.2Ahô 0.5
--+- (o.azz -

-0 . 24*0 . 173*^h0fi0 . 5

eltnor

erl:or.

0.827 ,

used in computen prognarn. )

used in the eomputer. p::ognam. )

1)

was

1)

I^IAS

in

of

measunèd manometen angle

0.508_-_9:500 = r.6eo.0.500

The AhU lras measured on a scale with 10 majon divisions pen foot; then

I dívision = 1.2 inches"

= l0 inches

1.24h0 o.s

pR

andr=
'w

tr^lhen

then

h
t̂)

B

(e

h
.̂)

B

(s

as 0.5 degree, this
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2. Estimating the elrror in r¡eading the scale on the manomete:: fon Âh,

as hal-f of the smallest scale divísion (= o.U " iO x I.2 inch = 0.06 ínch),

then the pencentage eriirorâ in AhU is a function of ÂhU itself and can

be estimated as:

^h^ 
- l- in.

69o

5 in. 10 in. 15 in" 20 in. 28 in.

L.29o 0.6% 0.6eo 0.39o 0"249o

3. Estimating the erlaor ín measu::ing ha as 2/100 in., then the percentage

erllon in measu:red ha fon measuning B can be estímated as 0.05% based on

h3 = 5 in. and 0.0290 based on h, = l-0 in.; these al:e veny smaIl and

can be neglected"

4. The er¡.o:: in the densÍty ::atio pR/prd is neglígíbly small. Thenefore

the estimat e:rnon (on rtuncentainty interval't in Kline and McClintock at

'rodds" of appr"oxímately 20 to 1) can be obtained using equation 7 of

Kline and McClintock (l,Iechanica1 Engineening vol. 37, 1953) as shown

be]-ow:

AhO 1 in. 5 in. I0 in" 15 in" 20 in" 25 ín"

B(h, = 19"¡ 0.009 0.043 0.09 0.13 0.17 0"22

B(h, = 5tt¡ 0.018 0.086 0.18 0.26 0.34 0.44

Ennon(%)ínB 6.2 2"0 L"7 1.6 I.6 1.6

5. Conclusion
:t

When B based on ha = 10 inches is greater than 0.043 or: when B

based on h^ = 5 inches is gneaten than 0.086, then the estimated enror'
ö

is within 2"0eo. Fon other. conditíonse see above but note that for the

low void fractions nher"e the en::ors would be >2%, these enrolls can be

tol-enated as the acoustic velocity ís ínsensitive to the void fnaction.

rs (by fa:: the most common situation)
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The foregoing estímate of errrors was based on static conditions (i.e.

no movement of the intenface Ín the manorneten)" However, at high void

fr"actions in tnansition and slug flow, considenable fl-uctuations in the

void f:raction nay occutâ, these fluctuations often being much gr"eaten

than the erron discussed above" In the najo::ity of cases, though, Ín

bubbly flow, one would not need to allow more than about L9o to account

fo:: ennor.s due to the movement of the manometer Ievel. One can thenefone

estimate about a 3% er::on in bubbly flow fo:: void fr.ac'tions gneaten than

0.043.

8"4 Cafculation of void fi:a_ction B using column heíght measunements

The void firaction may be calculated using column heíghts as

followsr 
,VV

!=g=-arl-V V +V-.m al.n l.J-qul_d.

=ÂH-AH+H-
l-1qu1d

whe::e Hr: ___:, is the heíght of the liquid column with no air bubblesIlqUr-d

present and ÂH is the inc::ease in height of the col-umn when aín is

pnesent in the col-umn,

Because unden many conditions thene is a foam at the top of the

columne elrroneous neadings of the height of the ain-liquid míxtune

ensue, whích leads to ennoneous neadings of the void fraction. The

magnitude of this foam effect is difficult to assess, but can be Ia::ge,

and ís most- centainly much lar:gen than erarcrs Ín void fr"aetion measurement

using a manometer. For" this reason void fnactions obtained using a manometerl

ane of pníme inte::est and wene used in the body of this thesis fon g::aphs of

acoustic velocity verlsus void fi:actíon,
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APPENDIX C

SAMPLE OF COMPUTER PROGRAM AND TABULATED DATA

This appendix gives a sample of the compute:: pnogt?am and the

tabulated data for super"ficial velocíty, void fr:action and acoustic

veJ-ocity.

The tables fon the vanious test t-uns atâe a::ranged as follows:

Test Run No, Tab1e

160
401
601

1101
L220
1301
1401
1601

l_60
601

1101
r401

c.1
c"2
Uôü
ntr
c.5
c.6
c,7
c.B
c.9
c"10
c.11
c"I2

The ínclusion of table C"9r10rI1 and 12 is to illustr:ate quantitatively

the extnemely sma.Il differences whích anise when usíng rttime-meantt

or I'veLocity-meantt acoustic veJ-ocity means (see body of thesis +.2)"

In the tables the vanious synbols have meanings described below.

AL = acoustic velocity of the bubble-free 1Íquid (m/s)

AM = mean acoustic velocity of gas-liquid mixtune based on mean of

tÍme measur.ements (m/s )

AMN = nìean acoustic velocity of gas-liquíd mixtune based on mean of

velocities (each individual time measurement gÍves a conresponding

índividual vel-ocity) (m/s )
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B0 rB'ì ,82 = voíd fi:actions given the syrnbols BO rB, and B, and descnibed

Ín the body of the thesis

N = number. of readings of transit time fon one nominat voÍd fi:action

setting

RD = diffenence of acoustic velocity r:atio between the two diffenent

methods of calculating the mean acoustic velocÍty

SDT = corârresponding standand deviation of acoustjc velocíty based on

standar.d. deviatÍon of measu:red times

SDTV = standard deviation of acoustic velocity based on standar:d

deviation of velocíty (see descr"iption of AMN above)(m/s)

V = supenficiat velocity (ft7s¡



$JCB
c
c
c
c
c
c
c
c
c
t-

C

c
c
c
c
c
c
c
c
c
c
c
c
c
c
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Sample of Computer Program

of Test Ru-n No. 160

(Out-put print stro¡vn on Table C.l)

X =D I ST ANCE P,T. Tt{n CRYSTALS ( M )H3 =HãICl DI STANCS BT. TþJn TApS CN THE TUBF( IN)l..Ln =LI8(JlD LFVFL IN TUBE HHEN THFRE ÂRF N0 BUp,BLES FLOt"t(IrJ)TL =Tll'1f: 0F suu¡lD THfìOUGH r!lE LIQUID BT. Tt{0 Cq.ysTALs( sFclÀL =vEL- oF sOtJ|rD IN LIeUID l,lHEN THERE ARE ND BUBBLEs FL0i,r(f'r./slM = TF,STING ¡tO
WL1. =LIOIJID LEVEL WI.EN THEFE ÀRE BUBBLEs FLOH ( I¡J ¡ULL =Rf;¡1r)ING tl!\J M^flrli"tETEF F0R TÄp I'10. !. CN TTJBE(FT,/lOtDL2 =PFADiNG ON MAN'ìÑIETFR'F3R TÀP NO. 2 ON TUBF(FTlIOIHGLI. =PEÂI)I¡IG ON HG. PRESSIJRE GAGE ( LH) FOR GAS FLOW VCLUME iqETER( IN'HGL2 =REÂDING ON HG. PRFSSIJFE GAGE (RH¡FNR GAS FLOI.I VOLU¡¡E þlEIFR(IN)FOVC =GÂS Fl{ltt P.ÁTE ( CU trrlqIN I By ROTÁMETER
fJ = ¡¡. ,lF RFÁDIr.l(; Ir.t TIM= DATA
BArars =V0ID Ep'acrIo¡t cnutrrgD 14ITH cÐLTJNM HE IGHT ( INr. )------BoBATAr =voI0 FRÂcrI0N rr)tj¡rrED l{ITH ÞlANDMETER,/r\ p0sIrI0\ 1---BlBÀTâ2 =VI.IID FRACTTOII CCU¡ITFD HIfH I.iANNÀIETER,/f.J POSITITII,T 2 ---82voLpS =SÚPEFFIcIaL G^S. vFL(FTlSt ----- ----------VvOLFl.r =GAS FL0|,,l PÂTE ¡18¡SURED By r¡.lET FL0W METEF (CU FT,/ MIN,A¡4 = ÂCOUST!C VELOCITY HEAN OF GAS LIQUID MIXTURE I]ASED ON TIME HËAN.(M/SI
Af'!N = ÀCIUSTIC VFL0CITy trEAN

{:¡/s )
SitT =STatt-rÁttu rJrV I Af tON BASE

(s)
SDTV =STAIJDÂRD DEVIATION BASE IIN VLOCITY OF ACOUSTIC VELOCITY OF MIX.( M/S)

c
c
c
c
c
c

c
c
c
c
c
c
c

OF GAS LIQUID 14IXTURE BASED ON VEL. MEAN

ON TIME BÂSE OF ACOIJSTIC VFLOCITY OF 14IX.

BT. D I FF EF, Ef.JT BAS E

I
2
ì

Rî=DI FFÊ:PEf']CF NF ACîUS] Ic VELOcI TY RATJO

DI^tEN5I0N T(10) rA(90),c(90 I
x=?.?41.*2-5r+11.O0 

"H3=10.
rL=.000063
hlll=?.1..75
AL=X/rL
|/lR. IT5(6,.38t

3P F3R',4AT( | !. I I
H¡ìTTqIE,?.?OCI

22C0 Fncqalt/////t
l^lÊlrf(6r1100t

1 000 F0p.\Âr l/ / // /1Xt rEST N0r 4x r v t4xr Bl t 4XlB2r 5X rAMr 5Xr Aùl/ÄL r4X csDTVr B!XTSDT l.lr I
I RÊ Arl (5 t l- 00 ) i1' HL I' DL1 r DL 2 r DL 3 r DL4r HGL .r, ¡ HGLZ¡vcJL FM r DF0M¡ irl ¡f, f,

11C FCPV,lT ll5 t-7Fr.?r2F10.2, I5 rF7.4,
I F ('.,t. F0.0 ) G0 r1 30
l.,Ll = ilLl +30 . -trL0
ßÀrATS=ABS ( t.lL1 ) / ( wLl +',tL0t
BAr^L=.1 2*.1 73r.Aqs( 01l_DL2 

'*" 
5

BATA2=.1. 2*. I 73tABS ( DL3-DL4 )*.5

4
5
6
7
a

9
r0
1t
t?

13
'1..1

't5
r.4
.1.1

L8
'!9
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20 HG=ABSf llGLl-HGt"2,
2l V=(1.+t1c/2a.q21)*VOLFI'!
?.? VOLpS=V*] 44. /15n.*1.00r.7854*?"75**21
?v 2 RFI!')15¡2OC)(D( i)rJ=1-;Nl
?4 200 Ff)arÂr(10F7.2)
75 ST=C.O
?6 Dn ll I=l rN
?1 T(ll=lt(L*0.000C1
?!l i1 Sr=ST+T(Il
29 S\=\
30 l2 Tr'l=STlSl'l
3], 13 AM_X/TM
?2 SDT'4=0.0
7? Dn L4 I=1 rlJ
7¿' :4 SDTV=SlTr'l+( r( I l-TM!**2
?5 SrJT=SQFT(SDT|"1/St'I
?6 AI'1U=X/(TÍ-5¡T,
37 Á.¡aL=X,/( Tl4+SDït
38 nll 1.5 I=1rN
19 15 À(I)=X/T(I) .
40 S^¡¡\=0.0
¿+L DC 16 1=!.;N
42 l6 SAyN=SAMtt+Â( L
43 AYN= S Aiatl / SN
4¿. Dn 17 I=l!,rN
45 SD TV|'|=O. 0
46 r7 $nr\,ri\4=$DTVt4+(^(Il-AMN)+*2
47 SDIV=SCJFT(SDTVil/S¡J)
48 A¡aIr]U=AMN+SDTV
4e A¡INL-AMI.I-SDTV
50 Ai'j^LR=AM/ AL
5 I AR t.l= A t'lu,/ AL
52 ÂR L= Âi,,!1,/ÂL
53 ¡n\r,,t-i!ut]l-t/Al
,4 ÀFNL=ÅMIIL/AL
55 20 WR I rtr l6 r 5C0 ¡ t4r VCLpS r B,lTAL ¡t,Al A? r AMNr Ar'! ALRr SDTV¡ SDT rN
56 5í)0 FOiì!,tAT( 5XrlB?)F1.3t?_Xrr.1.1 tF7.4¡2F12.4rl3l
s7 ?2GOTn l
58 "O CALL FXIT
5c ENI)

$ç NTRY
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0.1.3n,t?.-04 4D
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^ 
11t.

''ì i ) (:,

0 " .1 r+.1,

0"cÌ7
,l" l ì3
n"?)3
u o :'- i-'f

D " ? \,r,
.1 1ÊÕ

0"2 /0
o . ?_'7 lr
l, "? 74
o "'¿, 

l'ò
0"?'i0
0 " ?:J /i.

'i c --: \.1 ,'^

¡-ìo?1ìQ

o " ?,r) 1

û"3í)7
I 1.,ì 1

í1 "2t,'l^ .) (i-7

^ 
1ç /-

) "?18
t\ 111.

'.) 
"'1. 

-l r,

0, ?7 r,)

C"1(Cont. on
next pat]e)

'l'ab1e
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0"286
T\ ) tr. 1

C "3 91r
0"434
0"/+il0
0"T04
o. lj?{,
rì . {''.1 .!,

I A 1¿'7

o "7 ",t,
c"8J_7
0"8Õ7
0,Qg/+
I rlÅ1i tii.J:r

i "i.54
o. (:, 4l-
1.?77
1. "?-/'7
7- .':" 5tt
1,C6?,
0.984

BL

0, n02l

0.01.'7
0.01.l
0"035
O "Olií
C.056
C "Q t,(.¡û.0t'L
1' . AttT
o"J.cE
c..i.18
rì 1)tr,
0,J.4fi
a" l6?"
a,174
0"1e7
c,1"q7
o "'l oe
o"?06
o " il03
0, ;t.70
r1.208
o"?c,q
u"lt.f:
0"2i.á,
o.?_?,Ç

^ 
)te

0"2?,9
rì al-¡
I oL- t

| ":¿li7n'>2C

A " ?-!r'7
0"247
^ 

tË't

L\ .? 55
n ?qq
0"25ç
Q "?-6?a.?7î
0 ,27C
0.270
0"270
c"ô5s
^ 

1A)

Tal¡le C.z

.Data of Test Run No, 4O t ¿lnd rri€:. 5. B"

ß2

0,002
1" ü1.1
0.0i7.
o " o?.'7
0.0?Þ
O "0/¡?r,050
0, o5Ê
i). c73
û" 0fl5
ri" 102
.Õ 1l')

o " 1.?o
O",1. 1rl.
1ì 1t:t.
().i70
0 " 1Ê3
c. :! 91.
n _ 'j Q2

0. l. !)ç
0" l,ç5
Ð" I68
^ 

'> ô:2

0" ?0i
O 

"?Çs.-',1\ .}rìÕ

0.2i0
o"?18
Q"?-1'3
0"?lÊ
n ?') r\
',t " 1 L¿l

Ð"??6
0.î:?_?,
ñ )2-7

1"741.
!.) . ? ¿v5

0.25?
.lJo,/a,',/

4"21C
O"77Ct
o"?7¿.,
ô"2(,?
A ).,.)

) " ?_49.

Fl0

(" /rn)
{,-\.0i l
^ 

/'l1ã

C"029
(1. 04 2
0"05¿r
û.có7
0,07¿¡

0"0rtu
0"119
c"130
0. 1.40
0"r,63
0, J.79
(, 

" ?_00

0 .2.a9
^ 

aa a\-'.(./-)
(.t - ?aa.
i) "? ¿r9

{-) 
" 24.5

0":1.7s
| "23-7
n ) L,t\
/l trì/ì
(,,\ ,7_t 7

c.270
0"215
c"2q0
()"??,7
{.) "?87
{i 

"',/_ i}7
a "299,
0"?çB
C r ?,lC
0"31_0
tl " :.J: 0
Lì"?14
1i.:Ì1.ó
Ò "320
o "}?2
^ 

2rîl

0"316
D " ?1rt
f1 a. 

^2

'I'ab1e C.2(Cont. on next
pase )
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:r4 7
!-v4.9.

la1¡ Q
'átì n

tr5 1.

¿È'l I

45V
¿t5 1
4\a
tr\ 6
J, E -'

+rg
4{> }.

462
/+ (: :\

/ç4 /¡
4(.. \
+â Ê,

45-l
tib I
4Õi

47i,
t -,

4-t ?

ô cc?
0. 8,".r 7
A "-7:2,?
^ 

t./.)

^ 
ca/.

0 " 
¿r íli-l

C'3!¿r
1 )t1/.

\,r a DrÉ

c " 7.',? i\
0".llrr
0"i41.
n ?11
o"1.cE
1, ," n1

A " 3 /::!+
¡ì \-t, I

o.lt:a
- o .t lLi
r\ 

^L-a)
tl"0il?
f, /1 7rì
n ^.r:-7

C" f,ì:i i-)

(\ 1A1
(.\ 

" ?.6?
(.1 .,"_t2
1, 1çn

û . ?.66
a " 2^66
Q . ?-B?
n ?1(]
(1 

"?74
a "?_57
Ç" r9ç
rl " l5ó
0, ?_37
a "2_7()()"??!,
i;1 3 ?-? /ï
!^\ ) ) l'\

û"?ol
0.1.87
C " ] óB
í.," i. /'3
rJ , i_;:n
c"1.i)c
C," O/+2

0 " 2/+i:
0"237
^ 

11-7ttt / , I

^ 
)2.t\rJai -..

0" â¿r9
t) 

" ?.51
0"7.72
0"278
0"?(5
C "2/r90"jçe
0 " :. 1,.,5

o " 21"0
0"Zaq
q"?14
o,?l B

Ç)"27L^
0 " 201.
0" l ql.

o " J.62
1\ I 1a,

0.11ó
0"0aL
íJ-(i?7

c. ?qq
a "?98
{1"2Çq
(\ )a7
c,"l3l"
í1,31+l-
c.341.

".1"-1I,U0. ?80
C'" 2r)3
í) . ?-t)?

Q,1.t+7
o,?_\)o
Q.2?7
o, ?-37
o "7.?3
a l'l ,-ì

0"20t:
û.1 88
o " 1.í3
0,i30
fi"11.2
() 

" {.)Í\()
)^î\L./^

Table C'.? {Cnnt)
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T'abl-e C,3

Data of 'lesu Ru¡r No, 601 ancl frigs "5"9 r1O and 11o

Tf:SÏ NIO V
ó{.ì 1 O', {)r.)7
6l)2 {r, (i l ?
(' Ci 3 r.J,; /: 3 j.-

âC4 r'ì ) ij¿r1¡
6i.'5 iJ,, il 58
6(.5 t),,û7'1.
6O7 í-ì , ij -q 5
t (l8 ¡-j, I flil
6(i9 ilu 1l_c
ú'1.i1 f,,i.ii
ó:i1 rJ. l,+rJ
hlz {"1,1ó5
óJ3 il,,i.E2
L,i 4 i;, 2,:li)
f\lç, ii_?ì'ì

tl L il . ?.,-j I
t'',1. 1 O"l.a1
i;l_ I. Ll"';{¡/r
/L'IÇ 0"'l '','7

ó?o c.l3l
+.? j. 0.1 I +
(:,?2 A"i:ríra
/ a'\

-J i_t o'" t

5?-4 O"t)7C
iza 0.05'/
5?6 0"n,-1 ì
(2-7. (r"i)¡ì
ír29 0"i.ììr
í,7.a C "(ìíl 7

l:lû f . i 1."¡

,/, 11 íì j- l,r

i.?') a: 'ta')\'' 
' 

/' !

l:3.1 n.35n'
f"tr A"1,V?,
¡_\-1.)io::,,.'

i':7 ( C, (,(:r:
.1? ? í'\ 77 )-..o.tt

^? 
?. 0 . ir --'2

l:74 loi-ì1q
:jltl '1 

o 1., /r
. ,:/+i 1 "?.t) 7

l;ltZ 1 " rt':'t)
(!t5 3...i.c1+
/-¿. I I l'f ì

6.¿y-7 ij. q,1 +
41+9 I:"'7r1
(:'IrÇ C"ó?il
6r;C '¡"'i.?7
r,9i c"4.?1

R2
f " o,-ìó
''\-jì?O
i. a.t a\tÐ t,:'+1-

'...': -')ð
ìJ,Òij75
r;o t-i ! !
â 1t¿r.; Ð .). .t- !)

i-'o .- ) !

ü,149
^ 

i 1-.1'"'f ,i- Lr'.-

i" i 7/.r

cr, :1.8 l-

L.ìo1.87
Û" .1.'13
¡-l I llÉ

't '1 at:.f s .ì.

rì I ùE

'i,LÇ,i
J. l. il fi
() 

"1-7 
t+

(\ 
"1.h?_

'J " 
.l 

1+Q

(.) . 1.0 fì
ll"07
(\.q6?-
i),a46
il. l)2 î

^ -i ¿c
0¡ l-i.ì7
r' >t"Í
ti o '' L /
,) , ? ,?.fi
rì '1 I :,

.a,.,1

')".)L,a
ì1.245
,1 ¡1-(

t" '-^,

i.'.,?t.(.,
/ f"7i1

ì -l ?r,

/'!/'')-J

.', ,"a

ì îcl

il"?+ç
:) .î5j

._.-

,,li'i .ill'1lAL
14i9" 3 1o {la.¡rJrJ
j/+i)1"2 í1,,ç9I5
1/-.17 ) it (]c)'rË
/. r\, ¡o! l) J /.t_)

i,¿+'i])"1+ [i" 98û7
:ì-i87,7 i"9173
7']510 4 ,j" 952L
i34+o (., Co 9¿¡69
'l-339 

"I 0" 9¿+ 3 5
.1.32{.j" í) (1" g3(}c
1 3û 6 . 7 t:-!" ç2 ù6
.i. Z 9 1 " 

i-r t; , 9 i:'g 6
'128,9o Q í;" 9CB1
l-¿59"7 tì.894ó']-;':17"6 i;,,goQ?_
1 2:.67 " 1 tl" 3q?g

s) t-v
C" 1+6 3 2F-û 3
ü"772l-.Ë-(irr
<'o7'7 2'ii-c3
c'. _Il.95E nt
ü " 7_r LIF- ül
t" 355J l, lll.
t" 3 :5 6E ûi.
Co 5 l,ú i. E ill
(j"L.l23F: ü1t{-o J55r,Ë fir.
ü " l..l 5 r,.i ti ü2
t" 7631;15: üiì
c"2754F_: *1
t" 5ir54[: üL
,,'i+?7t üí)

r.'ì"i4558-1t l0
t"g73LE-"{-i 10
f-ì"873LË-Lii I0
c" 387s[-(ì6 10
,.1" ¿t079.1-üó 10
a"!,-3428-C5 3{)
i;" l- l. óCE-û5 ?û
{)" i.ót 2ç.-*5 4C
c" l27BË-(j 5 3fi
c,, 177ûE*û5 3û
c"L82*g-t5 3t
t"22918-.5 3t
c,,22C7Ë-05 30
0" Zi 4OF-lJ 5 3r)
l" 2û5?E-û5 1C

S I]T

ii"13l.0lr-05 )-C

[, ".199qE-Cl5 30
tl;2:.7?5[*{)5 30
0 " 

-j6lBi- Ci5 30
0 "3c58:-05 30
r--'\. :,9 87S- 05 ? c.

{) "1,369Ë--05 :tC
c "-i 355r-û5 3C)

':i ";71S!-05 30
(':.77 c3F-05 -",t)
C. i rlI Tr-i,+ ? l-r

| . i(i 7-4í,- i:l; ? 0
iì "l 1.7¿ri:-ir4 ?o

Bl.
tro (r () 5
i-1" c2 5-ü,, í5+
1)" i. 7 L

{lo i}gi.
'1" J l¿+
c., J 2ij
0,'i37
(1., -1 5 ¿+

jì-. .1 l,,ì

:Jo .t. C -L

íio i. 99
(i" I97
,J,' J qg

' jo /!...t-

().2rr';
0"2i1?i
C" 1lj7
Ll"l.'ql
0.1r:2
0":{ 5?

C " :, 1,,,,,,,,,,,,,,¡r

^ 
,t )?

n n7"
ît 1: r:. i

il"cl?
r.l 

" 
i_t r.l S1

C . .! t'':
î o l. (t'7

() 
" /:1('!

(\ 1 ^,J

0" i1+l
0.?55
L' " ,l î,)
o" ?ir?
a ":i 6?
'o:(L

/1 ,]cl'

ll " ;7a'
'rJ o .1 / -'
¡a : ?¿ì

t.,t. . a't':

a.?Lr:
t r,:':r-:
c" 2i.i>

r\ 1!-t-

l

I

'l't11. t /', :fl?¡:

I ¿37"¿, ()"]01?
i.?t¿";5 0" íìa¡.9
I l'-?-b . r:" C . f! 44 L
1t?'ì .l a ,ìÂ),

l-l ?-.?: "() I . ì4 I 0
:1 "i 1t.!, . r- | . i,A'/ F,

1C{,8"{' {),752ç
ìr'.:'..fol [ì"72irrj
!...^7J.L, r ¡ { f:o /¡"-t.

' O ; ¡-..ó t: ,'r,1

rìL,n ¡l i. 'ìa¡n
77q" 1. Ç,5¿.i:ì9

i

c"lcf 3r cl
A " 

¿r-l ,i. t')'¡- ilO
il, -ì q 7:r. t c:l
0"35ccF Û1
c"3'! t6t, 01
0. ?iJ:i7!:- ü3
U"'l7i7f ü2-
C" r'182f Cl
tj,?L?gr {)2
C.i[ì5/:F. C?
L,'" 6 ? !l2 Li 1i
¡-, -11 ?'l L- rlx

{-j" I qcTf û7

. Table C,3(Con¡, o¡
next p.eä)
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Tab jLe C.3(Cont, )



TtrST Níì V B1
'I l.ír'l ()"rl,r1 i)"f].1
't 1l? c"{-)l.t (',"12-5
jlô1r C,Qa.r i.ì,111,
lj05 C"tliiq C"{)iì7
1_i'l (¡ rJ 

"C71- 0 " r 
'1 2

il,l7 û"iJ¿¿¡ 0"ijl5
:ll8 1,0'::ì î',i15
.l'' i)i- lo1,.i ñ . : -7'.)

:'l l.,J () "1 ? l {,ì. "r?j.
1.t i l 1"11,.7 (',, ?.i;:t
l. t .i. ? rj . ,i l-r 3 t_r " ?.1./-t

lll3 C":! 3:. C,?).Ljl.'l 4 ,l.Jap rr"??a,
11 I Ë I aa /. ,..o/_:.) t.???,
I j 1 6 (j" l. C? :;" 2¡t4
11t-
1. :.. :. ( i;" J. ti,r,), ? /_4
:l J.1..8 :"1¿,4 ,),,?tZ
:Ll.i.9 il" i-4il i-1o 253
7Z?.Õ i1,, 133. ¡"237
Ii-22 {-ìo lJ. iJ ..;"215
Ll.¿3 *o cB,) i..1,, 3.6¿,
1l?/+ l-î-tA\/ú\..¡,.i íl)j,+l.¡
')'12:\ it 

^íri! . /. v !'o \-,1)-) íj,, l. I B
ll. I1Ì1 :-:- i::-ît :,,, i7i
!1.?_1 ln039 1.07;3
i.1 ?_.1 ilãnZg :).,í. Ií:,

. 1 12 9 i;., ¡_,r 1.7 i.: , (; ?-T
,1:15i .J"Iö3 i.ìu211ô
.1. I5'¿- í) o L '7I (.: 

" ?19
1153 Ð"27ú t)o249
Li54 û"349 t"?.55
Ll_55 0"45C û"?-64
tl.5ó 0.'556 2,,?66
11 5 7 öù óó4 C" 259
l_t-58 ^"776 Ð"?.56
I l" 5g {lo 994 to25.}
1 1 óC L"Ð?_7 Ìu 26/+
i.:,ól I"L?2 il.,259
liá2 .1".295 ,.1"259
1.1 7r- i;l.lait- -i),,26'¿
1.t7Ì ij"9If: 'I,,?_62
i i.72 (:. Br)g lo 259
J. t 73 {L "7ltl 

,J 
n lV ri

i1 l,+. ùo 6t-:. .it o25g
1i75 t.,48ó ilo276
11.71-' {1,43ö üo?U6
1i.77 0"35i ü"303
11.78 ûo 251¡ ,1" 332 ì

1 i- 79 {)" 2C1 .) .266:,

5.12,16 and 17 ,

Sf)Tt¡
r-!" 00t(lf-j (_lü

r,_l .3ÊÁoi:-.ij"
rl.215l r: i'.1.
r-ì ??1ì(lc: ai'ì'_ø._.r_- )t w.l

t"2cC3F l,:!
()"1C26E 02
0.3Ei.r[: /,]l
iJ"615i,F ü'!
í\-2Acr-)Ê a, rìr. .-. i,

rj " l,?2CI i_ij

0 "1?15ç: l:!
i:). L-7 18t r:,?

.t "1514f [r?.
o"1'?r.¿"ç: l?

î";ì- 1"1.:, Ë it2
cu4.i-33Ê.'ii
û" L Trl¿rf:: ç2
c,,7-49 6E {)2
l" 95{}3Í 0l
a,3v4LE r-l2

C" 1+ 159 E l2
C" 1')t13F i-ì2
O" :i..rû ti Ê 3?-

û"2,359q 32
A"ï72/".F t.:2

'.1"3,r22Ë ú1.

S f'ìI lr.¡

0,(t0i)c: 0û Lc,
I "77,7t.T-1.ü I t
0 "r.cí)0:-06 10
C, .i ó87'-:-05 2A
ii"1.):lii-05 :ú
C.l-rrloq-Cì5 ?0
0"1.ó??-7-05 30
0 " IOtE:-05 3C
u .??1ç Ë-05 3 o
0 " Íl 6 7')l:- 05 :ì 0
û "i4 7BI-05 ?A
0.¿,9'l5l:-C5 3C
û "47_35i-C5 :0
C "i4,93t-05 3C

97'

o" 3'98 5!-C5 3t
0" 3lleEË-fi5 3,3
ü" 559óF-ü5 3C
A"7r-t?3Ê-û5 3C
c"56Z2F-û5 3ç
0" 13398-C4 3ù
0" 81i48 f -0 5 30
-ç",1có58-û5 3C
û" B8/iZ=-C5 30
c" 917?Í-O 5 3C
t" lC?'8E-01+ 30
fl,92A7E-û5 3û

Tab].e C"4

Data of Test Rurr No. 11Oi and Figs.

."n]0
.i-'"').J7. .

'\ .lÍ I

li .nt"1

,1" 125

:l \ t-')

i). !rll

iì )ôc
,1 'lt')

í_r ".r i 5
0.241
0" 21+J

0 n 2/+7 ':

0,, ?'37
0"213
0 "?2lt-o" J, ó6
0 " 1.45
0" 11.2
/f 1 1ñ

0" ()71
rJ.050
0,,033

aM/Át-
rì ocÌ 1

c; "']7 1, l:
rl"?î55
Ü " i ? r:'ij

0.l.?qaì
^ 

')) LG
l,o '':(). .¿c2
0.11.-r"¡,
ft a-7ça.
\?ô ) I ',

c.?,r'j7
f, " $/a" (r

C .3 1t?,7

c.3250
i\ o).-^1

raoq.3
| -ô-r

1 -:Kl- ')
.' ) o'

1 4 I '.t t,

I -- \

l'11.t,'
1, ? (lr' "l
i.? ca 

"4t'.t-
_i.. ,/ rt ! o .i
'i ;t r. ,-ì

'l i r]a ã
'... !.;á l

1','r'1 :,(. .: r- !. o ...

1.]71 "n'l I È;) ,:t

l.ì,1q5 3 !.97,,9
t):.'' l-)-t, I 1112" 3
[102Zii ].1ió.í){)"?.v3 1}+7"9
c: " ?37
0 ,, ?-41.

g7J. 
" 

g
CìO 1 )-, ):JrJ L

c" B3 óç
Ð" 8333
0"7863
ç.73+.ù
00 6B4B
0" 7ú3 3
0u 7ç49
Çe 71-/5
to7 645"
00 7c8B
c" 698.8
C"7Lì3f)

(.1,241 I i.28"2
1"ó9í) Lifl3"5
0" 228 l_úB 5" _ì".

0" 24 L L fiüó" il
9ç1. B

I97., B

c" ? 41-
(',: 

" 2.57
c, ?-;t1"=" -

0"?J3
.0" ? 2 B
O " 

2*3?

0"241
O o?-49
0""-49
0" ?70
00307
û"?57

Table C.4(Conto ori next
paae )



9rJ,

I i cir
' .1_ i .1.t.

l- I 12
.t l- 83
1i84
iiB

1- L qó

L3 87
i.i,tð
L.l.89
1.1eû
1- I 9L
L I.)2
l.1,q.l
1--J. Q lt
1.i 95
:1.!. !ìó
l1 ç7
L193

"ij1:t 99 -

12 (:¡,)

tr"2t-ri
L 7'(.'t ¿

l?ri1
1 ?1'1'

t\o]..?-,t', il .I62
{i" ?t"r-1. l:\"?16
ûo25/y' ;),33?
i-t" 3 tj-' 3" 3 iil>
ij" /+32 î-;.295
íì" 4El ij"212
t.) o $;)t] .'.i n ?.7 4
C"ó9¡: '1.26fi
Ð" gi.Ì i:"?,59
*" q 

J- /¿ '),: 251¿
1" Ç31 r.i,259
1"15?- t'',?7it
i".,297 ),,265
-'1." 152 :-\" 259
!.,' Cl5 i.lo r-l(Jr)

;io 9l2 tt,27¿y
l.lo g r;z* i) ) 247
rl"7Cf.) 0,259,
í.)" 6ù4 :i"214
'1, ¡+ryT*STäg'<r
f: t r*Vtt-, t.: ,, ?9 5
lj)3ljl _-::|'4_ltÐ7_55 J,32fì
¡. a ¡:
'.: ) L ,.aa. 'J c (2 (
r.',.., !7_h- :..\) j:;,

0".l54
0,27 0
0. ?aq
o"?78
O'?-6?
4"67j
0" 249
0 " 2¿r7.
o"?28
r1,233
0" 241
o " ?.57
o " ?.4q
O " 2¿¡L
0,'?41
0 

"',?7 40..ì4.!
Oa'.1? 8
0o ìl¡9
()"',t 4I
o " 2l_>2.

0"Ì7B
c"1Ìc7
O " '2 

trc¡

I

'1 1'7

1'ab1e C ".4 
(Cont. )
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TabJ-e C,5

Data of Test Run No. 1220 and Fig"5,13.

'r-FST flO

C .(,: i., 7

,f:t; G¡ i

û"C;f,'Ê
¡ "¡.i70
0.0î1r
¡ ôco
n ì'iq,

t" 1?i)
t"1 47
n i ¡'-?

ô .1 iìfr

/ì 'r (l l'-r

lt " ?' . 
(,

n '! (ì7

c.1 9rl
1"1r'?

0. r -ìû
ri 11/,

0 "0cçr

f! 'Cri7

c".clo

n I /.t1

r-ì ') )(-'

il"?3å
t- ê -:r 711

0"¿,37
rr ç: /. t1

^ 
t -7í\

Ð"732
c"8i1
C "C/¡C

'l ^ L /.

i /,.'1 !.
'l ? tr2
1 1')A

,1. " 5l i)

Bt.

(\ t1 1 t:.

r: ôi)3,
¡ì -r çi l-

O.'.)z?
c"os8
f.ì"10a
{1 ".1,20
41,1./fl-
lì t qA

(; 
" 16?-

rr " 1.61-'

l].: ¿;¿_-

r,"15b
i: "!/¡f-,t, 1. ó8
I " 1.66

^ 

'! /-.¿,

O" i hfl

L\ " i\7 t'
,'t r 1"
tì" 1 7û
| "L.49í).i,2Ò
,-l ? tlâ

n ":ji)l
ja ,aíì6

[;"04?
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APPENDiX D

COÌ4PUTER PROGRAM AND OUTPUT FOR CONVERSIOI,I OF AN ELLIPSOIDAL
BUBBLE TI{TO A}i EQUTVATENT SPHERE

This appendÍx gives the cornputen program used fo:: conventÍng an

elIÍ-psoidal bubble into an equivarent spher:e. The data a::e fon Test

Rtun No. 160 in which photog:raphs wer.e taken of the frow conditions

between the crystal-s" Deta.il-s of the measurements a::e descr"ibed ín

sectÍon 4.2 of the body of the thesis. The output is also gÍven in

which the meaning of the ímpontant symbots is given below.

N0 = Datum point numben

BATA = voÍd fr"action

N = numben of bubbles

A = majon axis (Ín. )

þ = mÍno:: axís (ín. )

D = equivalent diameten of equivolume sphene (mm)
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APPENDIX E

BUBBLE SIZE DISTRTBUTIONS

Duning Test Run No. 160, photogr"aphs wene taken of flow conditions

in the Perspex tube between the cnystals. The photographs were analyzed

in the manner descr.ibed in section 4.2 of thÍs thesis" Fr"om the

measullements on the photog::aphs, it was possible to calculate the

diameter. of an equivolume sÐher-e (appendix D) fon the ellipsoidal
bubbles obsenved. These diametens wer.e used as input into the standand.

UniversÍty of Manitoba Basic Statistics Prog:r,am f::om which mean d.iameters e

standard deviations and fi:equeney distnibution info::mation wene obtained"

These are shown ín table Ë.I.

The bubble diameter distnÍbutions ar"e plotted in Figs. 8.1 to E.14.

synbor F is the fr.equency density (fnequency divided by class width)

B is the void fr"action.

The

and
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Table E.1

Tabulated Data fon Bubble Distnibutions. (Test Run No" 160)

Test
No.

B

void
fnaction

Identi-
fication

on
photo

No.
of

bubbles

Anith.
Mean
Dia.
(mm)

std.
Devia-
tion
(mm)

Skewness C1ass
(mrn)

Freg" Fig.
No.

161 0.006 t6l_ 13 1.0692 0 .6088 0.5238 0.0-0.5
0.5-1.0
1. 0-1. 5

1. 5-2. 0
2.0-2,5

4
4
0

2

F'l

l-62 0.008 2T 0.8762 0,5915 0.3973 0.0-0.5
0.5-1.0
1. 0-l_. 5

1.s-2.0
2 "0-2.5

10
,J

5

2

1

Fô

163 0. 011 22 1.6500 0 "7l-76 0.8323 0.0-0.5
0.5-1.0
1. 0-1. 5

1"5-2.0
2.0-2.5
2.5-3"0
3.0-3.5
3. 5-4. 0

0

4
7
6

4
0

0
I

Fâ

164 0.015 164 25 2.0440 0.77L9 0 " 4987 0.0-0.5
0.5-1.6
1"0-1.5
1.5-2.0
2,0-2.5
2.5-3"0
3.0-3.5
3.5-4. 0

4. 0-4. 5

0
â

ü

5

4
1
0

I

E.4

165 0.018 36 2. 3111 0 .60t3 0.2178 0.0-0.5
0.5-1:0
1. 0-1. 5

1.5-2.0
2.0-2.5
2. 5-3. 0

3.0-3, 5

3.5-4"0

0

0

I
L2

7
4
I
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Tabl-e E"l (cont. )

Test
No.

DD

voíd
fnactÍon

Identi-
fication

on
photo

No.
of

bi:bbIes

Arith.
Mean
Día.
(mr)

std.
Devia-
tion
(mm)

Skewness ^1-^^UIéÞò
(mm)

Freq Fig.
No.

166 0 " 02i- 28 2 "8429 0.9291 0 " 6733 0.0-0"5
0.5-1.0
1,0-1.5
1. 5-2. 0
2,0-2.5
2. 5-3.0
3.0-3.5
3.5-4.0
4. 0-4. 5

4.5-5.0
5.0-5"5
5.5-6.0

0

I
c

(
I
6

2

t
0
r')

I

E.6

167 0.023 25 2. 5560 0. 7649 0.9254 0.0-0"5
0 , 5-l-. 0
1. 0-1. 5

1.5-2,0
2.0-2,5
2. 5-3. 0

3.0-3.5
3.5-4.0
4"0-4.5
4"5-5.0

0

0

2

2
10,

2
0

I
I

It?

168 0 "027 28 2 "7286 0.9686 0 " 2395 0.0-0 
" 

5

0.5-1.0
1. 0-1. 5

1.5-2.0
2.0-2.s
2 .5-3. 0
3"0-3.5
3.5-4"0

0

0

I
5
q

6

6
5

E.B

169 0.031 169 3o 2.6967 0.8265 0.3837 0. 0-0. 5

0.5-1.0
1. 0-l-. 5

1.5-2.0
2.0-2 .5
2,5-3"0
3.0-3.5
3 . 5-4.0

0
1
I
5

4
4
7

FO
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Table E.1 (cont. )

Test
No"

B

void
fr.action

ldenti-
fication

on
photo

No.
of

bubbles

Anirh
Mean
Dia.
(mm)

std 
"

Devia-
tion
(mm)

Skewness C1ass
(mm)

Fr.eq. FÍg.
No"

170 0"039 ãõ 2 "9727 0.8819 0.2366 0.0-0.5
0 . 5-l-. 0
1.0-1,5
1.5-2.0
2.0-2,5
2. 5-3. 0
3"0-3,5
3.5-4,0
4. 0-4. 5
4"5-5^0

0
0
0
tr

t1

o
2
I
I
2

E.10

L7I 0.042 27 3. 3333 0 .8651 0.0110 0 . 0-0.5
0. 5-1. 0

1"0-1.5
1. 5-2. 0
2 "0-2.5
2.5-3.0
3"0-3.5
3. 5-4. 0
4.0-4"5
4.5-5.0

0
0

0

I
5

5

4
.)

3

E. tl

172 0 " 041{ 772 28 3 .4500 0 " 8373 0. 3299 0.0-0.5
0.5-1. 0

1. 0-1. 5

1.5-2.0
2"0-2.5
2. 5-3. 0

3.0-3.5
3.5-4"0
4"0-4.5
4"5-5"0

0

0

0

2

2
4
7
5

5

E"I2

173 0.047 c^ 3.1200 0 " 6562 0 .0906 0.0-0"5
0"5-1.0
1.0-1.5
1. 5-2. 0
c ã_c c,

2.5-3"0
3. 0-3. 5

3. 5-4. 0
4.0-4"5

0
0

0
0

B

6

5

tt

3

ft tâ
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Table E. I ( cont. )

Tes't
No"

B

void
fr.action

Identí-
fication

on
photo

ìlo.
of

bubbles

Anith.
Mean
Dia,
(mm)

std.
Devia-
tion
(mm)

Skewness Class
(mm) Fneq.

Fíg "
No.

L74 0.053 L74 29 3.5310 0.7579 0.6314 0.0-0 .5
0.5-1.0
1. 0-1. 5

1"5-2.0
2.0-2 "5
2.5-3.0
3.0-3.5
3. 5-4. 0

4. 0-4. 5

4,5-5.0
5.0-5.5
5. 5-6.0

0
ô

0

I
l-
2
I

12
2

0

I
1

8, 14
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APPENDIX F

ESTII"ÍATE OF THE ERROR IN MEASURING THE ACOUSTIC VELOCITY

The enrons ín measur.ing the acoustic velocity anise fr.om errors in

measultement of the dístance between the crystal faces and in measunement

of tnansit times. The fonme:: ernor is estimated at apÞ::oximatety I%.

The e::r"ons in measuning the hransit times on the oscil-loscope may be

estimated as apÞroximately 3eo, ín single phase fluids and low void

f::action mixtu::es and 4% in high void fr"action mixtures. (et tne rrigrr

void fr"actions, the ellron in measuning the tnansit tíme is gneaten because

of distontion of the wave tnain making the fnont of the wave tr-ain not

so well defined companed with single phase and low void fr-actÍon conditÍons")

Conbining these ernons in the manner prescnibed by Kline and McClintock

(Mechanical Engineening, vol.37up"3, 1953) would yield enrons in the

acoustic velocity of 3.29o fon single phase and low void f::action

conditions and 4.1% fo:: high void fnactíons(tter-rott'hene has the same

meaning as ttuncertainty intenvalr' in Kline and McClintock with t?oddstr

of app::oximately 20 to 1).

In the body of the thesis e a comÞar.ison was made between acoustic

velocities measuned in the present wor:k and the co::nesponding values fnom

the liter.atur.e. The inforrnation appeans in Tables 2 and 3. It can be

seen thene that the maximurn deviatíon fnom the l-ítenatul:e values is 3.69o"

The e::::ons est.irnated above would thenefor"e appealr to be r"ealistic.


