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ABSTRACT

Because of the importance of boiling heat transfer,

there has recentlv been an increased interest in the

simul-ation of boiling in an effort to improve our

understanding of the boiling phenomenon. The present

study is a further effort in this directíon and compares,

in more detail- than heretofore attempted, the bubble

dynamics in barbotage and boiling.

For the first time, bul:ble growth rates, under

constant-pressure-supply conditions in pool barbotage and

determined using high-speed cine photography, were

reported. Distilled water, acetone and hexane were used

tL^ !^^! fas rne Eesc. riquids and air as the inject,ed gas. Bubble

departure volumes and frequencies were determined by the

stroboscopic method for a wide range of air flow rates

for these three test liquids. This information was used

in a quantitative comparison of the bubble growth rates,

departure sizes and frequencies in pool barbotage and

saLurated pool boiling. This comparative study showed

t.he following:

(i) The experi:nental l:ubble growth rates in

saturated pool boiling l-ie between the growth rates deter-

mined for the two extreme cases in barbotage, viz, Lhe

Itr



constant-volurne case and the constant-pressure-supply

UOÞE ¡

(ii) The bubble departure sizes in pool barbotage

and saturated pool boiting are comparable in magnitude in

the static regime (i"e., very low gas flow rates in

barbotage and very low heat fl-uxes in boiling).

(iii) Barbotage frequency data obtained from the

present work and from the literature overlap with boiling

frequency data for a wide range of bubbte departure

diameters.

(iv) Both the barbotage data and the available

boiling data indicate that in general, bubbling frequencies

decrease with increasing oríf ice (or cavit.y) sizes.

As part of the above study, a theoretical analysis

of the problem of bubbl-e growLh under constant-pressure-

supply conditions was performed. The theoretically

predicted growth rates lvere found to be in good agreement

with the experimental data. Finally, a theoretical study

to predict bubble departure sizes in boiling (in uniformly-

superheated liquids) was performed on the basis of a

simple model- developed ín barbotage, with encouraging

resul-ts.
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CHAPTER ]-

INTRODUCTION

1.1 Background

Boiling heat transfer is an extremely i:nportant

method of heat removal, particularly in systems, such as

nucl-ear reactors and liquid propellant. rocket motors which

invol-ve high heat fl-ux densities. However, boitinq is a

complex phenomenon.

The complexity arises out of the fact that boilinq

is a process in which several interdependent phenomena

occur simultaneously. Thus, bubble growth depends on heat

transfer, while the heat transfer depends, among other

thingsr oD agitation due to bubble growth and motion. In

addition, the process depends on such stochast.ic factors

as nucleation, distribution of bubbling sites, and their

condition at the start of boilinq. It is obvious that in

order to gain a full understanding of this process an

analytic approach (the word 'analytic' is used here to

mean Iresolvingi into constituent parts'), in which the

interactions between the component phenomena are severed,

is desirable. In particular, one would like to separate

the phenomena of heat transfer and bubble growth those
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being the ones whose interaction is largely reciprocal).

one wourd also like to exercise independent control over

the locati-on of the bubbrinq sites and over the nucreation

process, thus removÍng the stochastic aspects of the

situation.

Wit.h the above in mind, several authors have sought

to improve the understanding of heat transfer across bubbre-

stirred boundary layers by simurating nucleate boiting using

"barbotage" or elecLrolysis to produce bubbl-es on the heat

transfer surface" The term "barbotage" as used here is

defined as the bubbling of a gas through a drilled or
porous surface into a liquíd in which the gas is essentially

insolubl-e. Barbotage systems are attractive for the study

of bubbl-e-stirred bound.ary rayers, because, in contrast with

boiling, the bubble generation rate is independent of the

rate of heat transfer and can be accurately controlred and

measured. Further, in boiling, there are heat transfer

mechanisms invorving both l-atent heat effects and heat

transfer through the liquid I33l; in barbotage, in general,

only heat transfer through the liquid is present. This is

an advantageous simplification which could aid. in the

understanding of bubble-stirred boundary layers.

When considering barbotage as an analog of boiling,

various aspects may be examined.. These may be purely hydro-

dynamic or may incl-ude heat transfer. Zuber l4îl , Wallis

t4fl and Kudirka 122) have noted the similarities in
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appearance of the bubbling flow regimes in barbotage and

saturated nucleate pool boilirg; the similarity of initia=

tíon I4Il and of growth rates and growth times have also

been pointed out" Several investigators ll-t33,42l have used

barbotage systems to simulate the boil-ing critical heat

flux. Some investigators II,34l have concentrated on heat-

transfer coefficients, comparing these coefficients in

boiling and barbotage and examining in considerable detait

the heat transfer mechanisms in these two svsEems.

Because of this verv considerable interest shown in

the simulation of boiling by barbotage systems, the time

appeared opportune to examine and compare, in more detail

than here-to-fore attempted, the hydrodynamics of bubbles

in barbot.age and boiling. The investigation presented in

this thesis v/as undertaken for this purpose. The hydro-

dynamic quantities examined included bubble growth rates,

departure diameters and frequency of bubbling" The study

concentrated exclusively on 'poolr barbotage and 'pool

boiling systems.

L.2 Scope of Present Investigation

The present investigation can be divided into four

main parts:

(i) In order to make a quantitative comparison of

the bubble growth rates in barbotage and boili.g, experi-

mental- data were needed. While data for saturated r:ool
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boiling (especiatly of water) were availabl-e in abundance

from the literature, a survey of barbotage literature

indicaLed that no such results were available to date.

It was, however, quite evident that at least ín one

extreme case of pool barbotage, namely, the "constant-
+flow-rate case¡" , the growth rate can be theoretically

predicted with confidence, since in this case, the vofume

of the bubble increases l-inearly with time. The other
+

exËreme case, namely, the "constant-pressure-supply case" I

is more complex because of the unsteady nature of gas flow

into the bubble durinq its formation time. It was there-

fore decided to conduct experiments for this case to deter-

mine the growth rate. Distilted water, acetone and hexane

were used as the experimental liquids and air was the

injected fluid. The experimental conditions for this

study are summarised in Table 3. f, Chapter 3. Other

important hydrodynamic quantities obtained with the experi-

mental apparatus are the freguency of bubbling and bubbl-e

departure size. The experimental results are presented

in Figs. 3.6 through 3. IB.

(ii) The above experimental resul-ts were used for

a quantitative comparison with the corresponding hydro-

dynamic quantities in boiling. The main results of such

a comparative study are shown in Figs" 4"L, 4"2 and 4"3"

+' See Chapter 2, Review of Literature.
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(iii) A theoretical analysis was made to predict

the bubble growth rate for the aforesaid constant-pressure-

supply case. The analysis developed herein applies to the

dynamic growth of an idealized gas bubble under the

influence of gas injection through an orifice without any

heat or mass transfer into the bubble from the surrounding

liquid. The liquid is assumed to be inviscíd j-n the

analysis. The theoretical equation derived is Eqn" 5.3

while its comparison with the experimental resul-ts is

presented in Figs. 5. 6 through 5.14 .

(iv) A theoretical- analysis was made to predict

the bubble departure size in nucleate boiling, in uniformly-
qrrnar'l.ra=#a¡l I ì arri ¿tc ^ñ +he baSiS Of the t t.wo st.aoe t bUbble, vtt vqulu vr ur¡v uwv È uqYs

formation theory proposed by Kumar et aL. [23] for barbotage.

This material is presented in Chapter 6.
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CHAPTER 2

REVIEW OF LITERATURE ON

IN BOILING AND

Barbotage Bubbl-e Dynamics

BUBBLE DYNAMICS

BARBOTAGE

2.I.I Introduct.ion

The injection of a gas into a liquid through

a submerged orifice results, under certain conditions, in

the periodic formation of discrete gas bubbles of approxi-

mately equal volume. The study of the formation of such

bubbles has been the subject of numerous investigations

[23] particularly because of the importance of that

phenomenon in connection with distil-lation, absorption,

extraction and other mass and energy transfer processes.

Such investigations have been concerned principally with

the determination (theoretical and experimental-) of the

departure size of the bubbles produced under various

liquid and gas flow conditions. This is because of the

importance of knowing the size of the bubbles rising through

the liquid in the evaluation of the overal-l_ mass or energv

transfer rates for the bubbling process. However, the
c{-rrÄr¡ nf +hô motion of the cre s-l i rrr'i d i nf erf e¡-e - rirrriÞ LuuJ v! Lrrç rl.l.(J LJ-(Jll (JI E.IIe :r*- , **- -ng

the formation of a bubbLe under different liquid and gas



flow conditions has received limited attention to date

l7 ,8,261 and the state of knowledge Ín this area is far

from satisfactorv.

The ensuing review of the available literature is

confined to bubble formation studies from submerged

orifices and made under two separate headÍngs, namely,

'bubble growth rate' and'frequency and departure size'.

2.L.2 Bubble crrowt.h rate

"Bubbl-e growth rate" can be defined as the

change in size (normal-Iy radius or volume) of a bubble witfr

time during its formation. This change in size, resulting

from the motion of the gas-liquid interface during formation

of a bubble, can, in general, be considered to be governed

l.r¡r l-ì-ra f 'lrliri 'lwnam'i r: anfl inteffaCial fOfCeS dUe LO:

(i) momentum of the injected gas stream,

(ii) inertia of the displaced liquid

(iii) drag on the interface associated wit.h the

motion of the liquid relative to the bubble,

1iv) buoyancy, and

(v) interfacial tension.

The system variables such as the gas injection rate,

the liquid and gas physical properties, the liquid depth,

the orifice size and. shape and the loca1 acceleration due

to gravitational action which have been observed to

influence the bubble formation process derive their

importance from their effect upon the aforementioned
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forces governing the motion of the interface.

Because of the inherent instability of the inter-

face that is generated during the gas injection, the gas

flow is periodicarly interrupted by the termination of the

formation of one bubbre foll-owed by the initiation of the

formation of the succeeding bubbl-e. rt has been found lral
that the pulsating character of the flow imposed by the

period.ic formation of discrete bubbres produces an inter-

action or coupling of the bubbl-e formation mechanism with
the flow of gas. Thus, in addition to the variables

directly associated with the forces governing the motion

of the interface during the formation of a bubble, the

fluid dynamic characteristics of the entire gas supply

system up to the exít plane of the orifice can al-so have

a significant influence upon the process of bubble formation.

such parameters include the length/diameter ratio of the

orifice channel and the volume of the ante-chambert

supplying gas to the orifice.

An accurate evaluation of the dynamic forces acting
at the interface requires an adequate knowledge of the fl_ow

of gas into the bubble" unfortunately, the aforementioned

coupling and the incomprete understanding of the inter-

facial phenomena involved have caused considerable

difficulty in accurately defining the fl-ow into a bubb]e

for a given system, and as stated. earlÍer, very littre work

+' The volume of t.he ante-chamber is defined
between the orifice and that point in the
where a large pressure drop occurs.

as the volume
õã c c{-ro¡mY*"



has been done in this regard. This work is briefl_y

discussed below after some Þrel-iminarv observations

regarding the two limiting cases encountered in barborage

systems.

As indicated in Sec. I"2, there are two limitinq

cases of gas fl-ow into a bubble during its formaLion,

which may be reasonabry well defined. one case, commonly

referred to as the "constant flow rate" case, pertains,

as the name implies, to bubbl-e formation in which the race

of gas flow into a bubble is essentially constant. Such

has been found to be the case, for example , for bubbl_e

formation at the tip of a long capillary tube. The flow

rate of gas is governed by the pressure drop in the

capillary, and perhaps some controlling device upstream

of the capillary. Nevertheless, the pressure fluctuations

which result from bubble formation at the tip of the capirlary

or at the orifice are not transmitted upstream. The flow is
essentially independent of t.he bubbi-e formation process and,

as such, there is no coupling. The bubbl_e growth rate in

the above case can be easily established, since by d.efinition,

the volume of the bubble increases linearly with time.

The other limiting case of flow, referred to as the

"constant pressure supply" case, pertains to bubb]e forma-

tion at an orifice which is supplied with gas from an ante-

chamber at constant pressure. That case is approximated,

in practice, when an orifice is supplied with gas by a very
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large ante-chamber" The rate of gas flow for such a system

has been found to vary throughout the formation period

[7rB] as the resul-t of a variation of the pressure drop

across the orifice. such a system can be considered to be

one for which the flow is independent of the ante-chamber

vol-ume.

Davidson and SchüIer [7, B] were the first to propose

a theory for the mechanism of bubbre formation for the above

case. They set up an 'orifice equation' which describes the
instantaneous flow of gas into the bubble and introduced it
into the generar force bal-ance eguation for the bubble in
order to predict the departure size. Reasonabl-e agreement

was obtained between experiment and theory for the departure
size but no results were given comparing the theoretical and

experimental growth rates.

Any actual bubbl-e formation system wil-l probabJ-y

operate under conditions between the aforementioned ]imitinq
cases of ff6ç :nrl 1-lrararnrg, will_ exhibit, to some extenL,

a coupling of the bubble formation mechanism with the sas

supply system.

Hughes et aL" lfal have derived two dimensionl-ess

groups to characterize the influence of the gas supply

system upon bubble formation by considering the acoustÍcal

capacitance of the ante-chamber and the resistance to flow
of the orifice channel-. Thev are:
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N
g (p" - pn)v.

A o C-og

-L
Do
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(2.2)

where,

Nn

accel-eration due to gravity

liquid density

gas density

the ante-chamber volume

orifice cross-secti-onal area

the velocity of sound in gas

the length of the orifice

the orifice diameter.

g

pL

o'q
Vc

Ao

c

L

Do

Values of the ante-chamber volume which make *...f

approximate the condition of constant flow rate whereas

those which make *.ttl approximate the condition of constant-

pressure-supply. The influence of the orifice channel-r on

the other hand, has been found to be significant only in

the case of capill-aries, when NR>l00. Though not thoroughly

tested, the parameters N" and N* have provided one means of

characterising the gas injection systems for at least the

two limiting cases of flow.

LrEcuyer and Murthy 126l made an analyticat investi-

gation of the probl-em of bubbte formation from a submerged

orifice, in the presence of heat transfer into the bubble.
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The equations of continuity, momentum and energy along with

the equation of state of the gas in the bubble were solved

numerically for specifíed flow conditions. Their bubble

growth rate predictions were reasonabl_y close to their

experimental- values. Hot'/ever, their analysis is appJ_icable

only to systems exhibiting a coupring of the bubble formation

mechanism with the gas supply system. This severe l-imitation

is a result of the form of their continuitv eguation for the

rate of mass flow into the bubbie, since it requires a

knowledge of the ante-chamber pressure fluctuations during

a bubble cycle. The authors resorted to experiment for

obtaining this information but it is evident that this form

of the equation is inapplicable for the case of a constant

Þressure ante-chamber.

¡ ^'i**le theoretical analvsi s was made in the nraqpnfñ ÐlltlyIç LrrçUI s L!L/ctI "*r ltl,d.Llti J-JI LlIe: y! çÞstt u

work for the special case of bubbl-e formation under constant-

pressure-supply systems and is presented in Chapter 5.

2.I.3 Frequency and departure size

The f requency of bubbl-e generation (i. e. , the

number of bubbles generated per second from an orifice) and

the departure volume of a bubble (also cal-led the 'terminal
bubble vo1ume' ) are closeJ-y related in barbotage systems.

E'i {- hor m¡¡z l-'a COnSidefed tho nri n¡i n: I Äencnflonl- r¡ari ablevgyv¡ruç¡rÇ vq!!

in bubble formation studies. The more readilv controlled

independent variable is the rate of fl_ow of gas through the

system. In many cases, the instantaneous rate of gas flow
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into a bubble is different from the mean gas fl_ow rate and

therefore al-so becomes in such inst,ances, a dependent

variable. For convenience, references hereafter to gas

flow rate implies the mean fl-ow rate. Because of the

dependence of the forces due to liquid inertia, viscous

drag and buoyancy upon the volume or the volumetric growth

rate of the bubble, the vofumetric gas fl-ow rate has been

employed consistently in the literature for describing the

rate of gas injection. The important factors, then, which

might be expected to affect the terminal volume (and l-^-^^

the frequency) are:

(i) gas fl-ow rate,

(ii) physical properties of the liquid,

(iii) physical properties of the injected gas,

(iv) effect of the motion of the liquid relative

to the bubble,

(v) Iiquid depth above the orifice, and

(vi) the size, material and geometry of the orifice.

The effect of each of the above is brieflv discussed

below.

Gas flou rate:

The influence of the mean volumetric gas flow rate,

Q, hereinafter referred to simply as the "gas flow rate",

upon the terminal bubbte volume can be divided into three

regimes lI4,40l characterising the operative forces,

namely:
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(a) "static"

(b) "dynamictr

(c) "turbulent, interaction"

These regimes are depict.ed qualitatively in Fig. 2.I.

At very low gas flow rates (<1 cm3/sec) the bubble

formation process is essentially static, with the terminal
rrn'l rrma \/ nf the bUbbIeS bei nn Áaf armi na¡f hv a ha 1 anr:gvuuurç o vç¿¡ry uç uç!lilJ¡¡çu vJ q vq!q¡rv

¡.tr""n lfr" static forces due to buoyancy and surface

tension. Thus \/ ì o ^j.,^,s, ud r-s grven approximately by

TDo
\1 : O t1 ?\

\- . J lcI g (pL Qo)

where o is the surface tension of the liquid. For a given

orifice and liquid, V^ is reported to be essentially

independent of rarirtlorr= in gas fl-ow rate t40l although

the value that has been measured is somewhat dÍfferent from

that predicted by the above equation. Next, it wil-l- be

noted that V, is related to the gas fl-ow rate, Q, by
ct

V-'f = O-d

and therefore, the frequency of formation, f, varies

Iinearly with the gas flow rate in the static regime.

(2 .4)

As the gas flow rate is increased, the dynamic

forces become operative in governing the rate of growth

of a bubbl-e and its terminal vol-ume. Thus, in the dynamic

regime, there is a range of gas flow rate for which both
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V^ and f increase with the fl-ow rate t5l . At some val-ue

of gas flow rate, the frequency becomes approximately

constant and a further increase in Q results in a linear

increase in V. as indicated by Eqn. 2.4. Both the static
o

and dynamic regimes may be said to yield regular bubbl-e

formation, that is, the periodic formation for a given

flow rate.

In the dynamic regime, the occurrence of a constant

frequency of formation above a particular value of the gas

flow rate has been attributed as larqelv due to viscous

retardation and/or coalescence of the bubbl-es at the

orifice. In very viscous liquids, the constant freguency

condition occurs at much lower frequencies than in relatively

inviscid liouids.

When the gas flow rate is increased further, the

formation of bubbl-es is characterised bv a randomness both

in the size as well as in the freguency of formation. It

is this regime of flow that is referred to as the turbulent

regime I2Bl.

Of course, the l-ines of demarcation between the

static, dynamic and turbulent regimes are not sharp, and

the actual flow rates at which transitions occur from one

regime to another are apparently dependent upon the physical

properties of the liquid and the orifice size.

Líquid phA síeaL pz,operties :

mì..^ ^1^,,^.i ^- 1r¡¡ç r/r¡JÞ!uq! properties of the liquid which infl-uence
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the formation process are the densit.y, the surface tension,
and the dynamic viscosity.

In the static regime, the terminal_ bubble volume

should vary inversely with the liquid density (since pL>>p.,)

as indicated by Eqn . 2.3. This trend has been verified

within the l-imitation of some variation of other properties

of the liquid in addition to the density. rn the dynamic

regime, ho\n/ever, the liquid inertia force, which is
proportional to the liquid density tends to retard the bubbl-e

at the orificc r-h,rq 'innraasi¡q the final- bubble volume. The

net effect of those two opposing trends has been experi-

mentally observed to cause the terminal br-rbbl-e volume to

vary approximately as O.n where n varied from L/LO to I/3.

Density effects are thus relatively smal-1. For very viscous

liquids the dynamic inertia force does not come into effect

as early as the viscous drag force, and consequently in

such liqui-ds, V- varies âs -s/+"d pL -/ for low gas flow rates

in the dynamic regime

The surface tension force on the bubble is particu-

larly important in the static regime and it has been found

that V. varies directly as o as would be evnor.ted from'd

Eqn. 2"3.

In the dynamic regime, the latest experimental

evidence indicates I23l that for the constant-flow-

rate case, the surface tension has a larqe influence on

the bubble volume at l-ow and medium flow rates but becomes
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insignificant as the fl-ow rate increases. At constant-

pressure conditions, recent works (reviewed in t23l)
indicate that the surface tension variation has negligible

effect for small orifice diameters or hiqh frow rates and

for higher orifice diameters, the influence is more

pronounced at small flow rares.

The influence of liquid viscosity arises from the

viscous drag force acting on the interface. There should

be no influence of viscositv on the terminal bubbl-e vol-ume

in the static regime and that fact has been demonstrated

[3,40]. fn the dynamic regime, recent work by Kumar et aL.

[23] indicates that

(a) the effect of viscosi-tv on bubble volume is

large at higher flow rates, and

(b) the effect of viscosity is large for liquids

of l-ow surface tension and where orifices of

small diameter are used.

Gas pz,operties:

There has been no systematic study of the influence

of gas properties. The gas density appears in the analysis

either in the virtual mass term or in the buovancv term

(see Chapter 6) . It is generally omitted from the analysis

on the assumption that it is negligible when compared with
tlra l i nrri Ä Äon-'i {--' m}.n rz'i -¡^-i +.' ^ç +L^ t -^*.--ì.sr_E.y. 'I'ne vl_scosrt.y or f,.ne gas nas agal-n

littl-e influence on the bubble volume. It shoul-d however,

be mentioned here that the dimensionless parameter N._ r
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d.efined in Eqn. 2.r,indicates that the gas density and the

acoustic speed in the gas may be important in characterising

the type of flow into the bubble resulting for a given

system. For a perfect gas:

Qg"' = yp. Q.5)

where y is the ratio of the specific heats and p" the

chamber pressure. Therefore, N. is dependent upon the

specific heat ratio for the qas and the Ðrêsqìrrê nf t-he

gas in the ante-chamber"

Liquid motion:

The forces acting on the bubble as a result of motion

of the liquid relative to the bubble can arise from induced

or forced liquid motion. For the present work, there is

interest only in the induced convective motj_on.

Considering a tiquid essentially at rest with respect to

the orifice, there is motion of the liquid whÍch is induced

as a result of the growth and rise of the gas bubbtes.

Evidently, a liquid bath of infinite síze would minimize

the effect of such induced liquid motion. rn the use of the

liquid containers of finite dimensions, it has been found

that there is no significant change in the size of the

bubbl-es formed for container diameters greater than

approximately B bubble diameters [40]. The effect of the

induced liquid motion upon the bubble volume was observed to

be significant when the orifice projected upwards into the
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liquid bath. The liquid coul-d consequently move upwards

at the base of the bubbl-e causins an additional- force on

the bubble which tends to reduce the bubbl-e volume by as

much as 10 per cent. When the orifice was surrounded with

a ring of a di-ameter 1.5 times that of the bubble diameter,

it was found to reduce the effect of induced liquid motion

to a minimum and the ring therefore acted as an anti-

c ircul-ation devi-ce .

fhat the denl-h of f he 'l ìorrid

volume or frequency provided

2 or 3 bubble diameters.

Liquid Depth:

ft has been shown 17,Bl

does not influence the bubble
+r-^ r^^+L .: ^ -J- 'l ^-^.r- I tOLrrs UEI/Lrr aÞ aL IEctÞ L ç9Lrc1_

0z,ifice:

The observations made below are applicable to wetted

rtozzles "

In the static regime, the effect of orifice diameter

is such that the volume of the bubble is directly proportional

to it. At higher flow rates also, the bubble volume has

been reported to be a stronq function of the orifice diameter

15,2Bl. Recently Kumar et aL. 1231, found that the effect

of the orifice diameter on bubble volumes becomes negligible

at high flow rates.

one of the variables associated with the orifice is

the geometry of the opening. Most of the investigation has

been confined to circul-ar orifices. Krishnamurthy et aL.

(given in t23l ) recently conducted experiments with orifj-ces
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of non-circul-ar geometries. The bubble volume obtained by

using a standard circular orifice of arbitrary diameter

was compared with two sets of orifices of other geometries

(triangular, square, etc.) chosen to have either

(a) perimeters or (b) areas equal to that of the standard.

Work confined to low fl-ow rates (<0.05 cm3/sec) indicated

that the bubble volumes obtained from the circul-ar orifice

did not correspond exactfv with those from the non-

circular orifices whether compared on an equal perimeter

or equal area basis. The results for orifi-ces of equal

area were the closest. At higher flow rates up to 200

cm'7sec Ramakrishnan et aL. t23l found that an orifice of

a non-circul-ar geometry gfave bubble volumes equal to those

obtained from a circular orifice of same area.

Theorel;icaL predt ction of bubbLe depaz,ture size:

For the two limiting cases (see Sec. L.2) , in pool

barbotage systems, some theoretical- models l7 ,23 I have been

proposed for predicting the bubble departure volume by

evaluating the interfacial forces acting on the bubble.

They d.iffer mainly in their treatment of the different

forces and the assumption used for a departure criterion.

Append,ix A shows the general- method used. by investigators

in formul-ating the different forces. For a thorough

treatment of the different models for barbotage systems

Ref. 23 should be consulted.
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2.2 Nucl-eate Boiling Bubble Dynamics

2.2.l- Introduction

It was stated in Chapter l_ that the

phenomenon of nucl-eate boiling is of great interest mainry

because of the unusual-ly high heat-transfer coefficients

associated with it. Good descriptions of the process as

well as summaries of all but recent work, may be found in

Jakob l2Il and Westwater l44l
be described as follows.

In brief, the phenomenon may

Heat is applied to a liquid, usually through a

submerged surface. If the rate at which heat is supplied

is sufficiently high, the liquid adjacent to the surface

will become superheated, and eventually bubbles of vapour

will form at certain sites on the surface " Unless the

bulk of the liquid is strongly subcooled, each bubble grows

by evaporation of more liquid into it, until an equilibrium

of upward and downward forces is reached. It then rises to

the free surface of the liquid and escapes to the atmosphere

above it. ff the liquid is substantially subcooled, the

bubbl-es collapse through condensation before leaving the

surface. Soon after the bubble has departecl or collapsed,

a new one forms at the same site, and the process repeats

itself. It is usuallv observed that the number of active

sites Íncreases with the heat f1ux. At a sufficiently hiqh

heat flux, however, individual active sites can no longer be

maintained, and the boiling process ceases to be nucleate.
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Tho rêqìrI1- incr "tfansition" and "film" boiI'ì nrr nhênômêna!r¿¡rt vvr¿J¡rY y¡¡çr¡v¡ttç

are characterised by considerably-reduced heat-transfer

coefficients and are of interest only because of the

danger of "burn-out'r that they present. The various

phases of the nucleate boil-ing process have received ín

the literature treatments ranqinq from theoretical to

completely empirical. The phenomenon of nucleation is still

poorly understood, although there has been broad agreement

among various investigators on ihe following points:

(i) Nucleation tends to take place around certain

favoured "nucleation" sites. These points may consist of

patches of impurities, gas absorbed at faults in the

crystal lattice t or surface defects such as pits and

scratches.

(ií) If a bubbl-e exists in a cavity, ít is subject

to an excess pressure due to surface tension effects. The

actual value of this pressure depends on the cavity

geometry and the contact angle. Further, this excess

pressure relates to a superheat given by the Clausius-

Clapeyron rel-ation:

(2.6)

where

^T 
= superheat,

T = saturation temperature,

\z - rlifforon¡o ìn cñô^ifiC VOlUme betWeen VApOUf"fo
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and liquid phases,

Àp = the excess pressure, and

h._ = the enthalpy of evaporation.rcf

(iii) The surface characteristics and the nucleatino

cavity size are important factors'controlling bubbl_e

nucleation and also departure size.

2 " 2 .2 Bubble qro\,,ith rate

Following nucleation, the bubble starts
growing. Equations for bubbl-e growth under the influence

of its internal pressure alone, in the absence of heat

transfer, \^,,ere first derÍved by Lord Rayleigh 1471, but the

resul-ts do not fit t,he data for boiling. on t,he other hand,

when the heat required for evaporating liquid into the

bubble is taken into account, âs for instance by plesset

and Zwick [30], Forster and Zuber [10] , Dergerabedian [6],
Griffith [13], and Han and Griffith I15l, equations which

fit the experimentar data reasonably welt are obtained. of
these works, the first four treat the case of spherical

bubbres in uniformly-superheated infinite liquids, while
the fifth treats bubbles originating from a constant-

temperature wall, i.e., bubbles growing in a temperature

gradient. Al-though the equations obtained fit the experi-

mental data reasonably well, the underlying assumptíons

cannot always be justified. For instance, the work of
Lummis 127J, Hsu and schmidt. 1161 , and Moore and Mesl-er l2gJ
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sho!,¡s considerable f l-uctuations in wall temperature.

Recently, Cooper and Vijuk t4l and Dzakowic and Frost t9l

have continued analysis for vapour bubble growth from a

wal1, incorporating the combined effects of conduction of

heat to or from the bulk fluid and concl.uction of heat from

the heater wall through a thin liquid layer (the "microlayer" )

beneath the bubbl-es. The results iIl-ustrate that vapour

bubbl-e growth rate based upon liquid microlayer evaporation

are similar to those given by existing theory and that

microlayer evaporation may represent the major portion of

vapour volume in a bubble nucleated at a heated surface.

2 "2.3 Bubbl-e departure size

It has generally been recognised that the

phenomenon of bubble departure is essentially hydrodynamic

in nature. As in barbotage systems, the departure volume

is obtained by considering the interaction and equilibrium of

the forces actÍns on the bubb]e. Fritz tlZ1 derived the

earl-iest expression for the diameter DU of a bubbl-e

departing from a horizontal surface using his experimental-

results.

Dd = o'o2oa t¡*-r" - ,rlt (2.7)

where the contact angle 0 is

the interface with the solid

degrees.

defined as the

^..-€^ ^^ ^ *.¡ .,i ^ÞLl!l-4U9, d,llLr IÞ

a n a'l a mr rl a ì'rr¡

measured in
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Other equations have been derived since t @.g. ¡

lI7 ,251, most of Lhem takinq into account such forces as

inertia, drag, etc" which were neglected by Fritz. The

general method of formulating these forces are very

similar to those of barbotage sys,tems shown in Appendix A,

and dif f er onl \/ i n 1-hei r .retailed evaluation. Recently

both Hatton and HaIl I17l and Howel-I and SÍegel IlBl

observed that nucleating cavity size may be an important

factor influencing departure size. Hatton went on to

propose an elaborate analysis for bubble departure, which

agreed wel-l with his results. A simple equation that fits

the data of Howell and Siegel, and Flatton and HaIl

reasonably, is that of Zuber who considered the

equilibrium of buoyancy and surface tension forces acting

on a bubble generating from an orifice of radius R^ at
o

low gas flow rates in barbotage:

(2.8)

Table 2.L compares the experimental resul-ts obtained by

Howel-l- and Siegel as well as Hatton and Hall- for different

nucleating cavity sizes with the theoretical- results

obtained from Eqn. 2"8 by taking Ro to be the nucleating

cavity radius. It is seen that the agreement between the

computed and experimental values is reasonably good with

the rms deviation being 22 per cent and the equation

I tzn o 1t/st^l
l-ì=l "l-d lv(0, p.,)l

vl
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generally overpredicting by 8.5 per cent on the aveïage.

It should, ho\,'/ever, be noted that the above equation is
applicable only to the static regime in barbotage and

boiling (i.e., when the bubble formation rate is very 1ow)

when the inertia forces are relativeÌy smart compared with

the static forces.

A further anarysis of the problem of bubbl-e departure

is continued in the present work which takes into account

the generally-neglected phenomenon of 'necking' (formation

of a shorL neck connecting the bubbl_e to the wal_l_ at

departure). This is presented in Chapter 6

2.2 "4 Frequency

The frequency of bubble formation at a

nucl-eation site is determined by two time periods; namely,
.l-ha l.r:rhlr'la arrl¡^7j-þ narìnÄ | 

= and the Waiting pefiOd t_-, WhiChìJrvvv u¿¡ È/ur lvY. ,f ..__ ____r f, __ ___ _lô/

is the time required for a bubbte nucl-eus to be conceived

after the departure of the previous bubble. The frequency

is given by

_11-=-- t**tr (2.e)

According to Jakob's early observation l2l-l , these

two time periods are approximately equaI. However, more

recent observations [15,18] have indicated that the waiting

period. may not be equal to the growth period. In fact, the

equality case may be the rare exception. some investigators,
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e.9., [f5] , have tried to predict the waiting period by

an analysis of a simplified model- of the thermal layer

near the heated waII, with l-imited success.

In nucleate boiling literature, expressions relating

frequency, ft and the departure diameterrDU, appear in

abundance; a recent excel-lent review is avai1able by Ivey

[20]. The relationship U* = fD¿r where U*is the bubble

rise velocity (i.e., the velocity at departure) was

frequently used over the entire range of bubble diameters.

Ivey t20l pointed out, after a detailed analysis of the

experimental data, that a single relationship only approxi-

mately correlates f with DU for all diameters encountered in

boiling. The f vs DU graph that he plotted from available

data is given in I'ig . 2.2. Ivey classified the experimental

data into three separate regions and proposed three

different correlations which fit, the experimental data in

each region. More experimental- data and analysis are

requj-red before any valid conclusions can be drawn in

regard to the above correlations. Very l-ittle experimental

data are available for the case of nucleation from cavities

of known geometry and size, the importance of which Hatton

and Hal-l t17l have demonstrated. Their results for a

constant heat flux, but different cavity sizes, are

included in Fig. 2.2
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2"3 Barbotage As An Anal-og of Boil_ing

In this section the existing literature comparing

the bubble dynamics in boiling and barbotage wil-l be

reVieWed. l¿ì-ror l¿"^1 r¡lâc among the first to note the

similarity in appearance of the bubbling flow regimes in

barbotage and saturated nucleate pool boiting. He

considered Davidson and Amick's I5l descríption of the

appearance of barbotage bubbles forming at an orifice

under constant-flow-rate conditions and noted that the

description fitted wel-l- the bubble formation in yamagata

and Nishikawa's t4S1 experiments in nucleating boiling.

Zuber used the similarity to predict the frequency

of bubbl-e emission in nucleate boiling. He assumed that

the vel-ocity at departure of bubbles in nucleate boiling

of water at saturation temperature could be adequat.ely

described by the Peebles and Garber equation (given in t46l )

for barbotaqe bubbles:

U - I.

( Pr,
(2.r0)2

LJT.U

where U_ is the departure velocity, and 0r, the vapour

density. He further assumed that the vel-ocity of the

centre of gravity of bubbles remains a consLant while

growing and departing, and the growth and waitíng periods

are equal. These assumptions lead to the foll_owinq:

ar, )þø
L-

l_B
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(2 .11)

(2.72)

(2.L4)

= l-.18æ

(2.13)

For any given liquid temperature and pressure, the right-

hand side reduces to a constant. Zuber plotted the experi-

mental resurts avail-able then and found agreement with the

above equation.

Zuber further attempted to predict the bubble depar-

ture diameter in nucleate boitinq at low heat-transfer rares

by relating the thermal layer thickness to the cavity radius

in Eqn. 2.8" The resulting equation for the bubble diameter
.:^

1.18 los (pL - pv) lz
t-- ^ ¿ t

- I VÌ I

LJJI

n I ao knrlt/s
t-d Lg(pL - 0rr) q I

where

thermal- conductivity of the liquid,
the heat flux density, and

AT = the wal-l superheat.

The above equation was compared by Zuber

mental- data Of Tmnla aF r'.vilT and Ende,

Linke; the computed values were found to

order as the experi:nental data.

t^ri l-Ìr f l-ra ôvñar | -

and of Jakob and

be of the same

Vüallis in his report 141l presented an excellent case
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for using barbotage systems t.o study boiling" He pointed

out that the nucleation phenomena in boiling and barbotage

are described by t.he same basic equations. In both cases

the excess pressure Ap, required inside the bubble for

nucleation is qiven bv

where R^ is the orifice or cavity radius.o

In boiling, Eqn. 2.6 further relates this excess

pressure to the superheat. Vüal1is next compared bubble

growth rates in barbotage and boiling. He proposed a cor-

relation for Staniszewski's t39l data for bubble growth

rates in boil-ing which indicated a linear volumetric

growth rate during the major part of a bubble's history.
This correlation was compared with Siemes and Kauffmann's

l36l equations for bubble growth rates in barbotage

(constant-f low-rate case) . He found thar Èho orrrr:tìn¡g

have the same basíc form, namely,

)ar aV

-t(
o

¡\7.
\z - \7 J ¡Tr uvovd-uM''AFT-

(2.Ls)

\¿.ro)

r^rlraro \/ i c +he volume of bubbl-e, Vnn is the quasi-static'd rvr

volume, i.e., the critical volume required for further
growth, and T- 'i s the crror¿th time. He al-so observed thatA*-
the departure times in each case t^iere in agreement and

individual- variations can be explained by statistical
argumenrs.
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While the above works were concerned mainly with

the hydrodynamic aspects in boiling and barbotage, several

investigators have since dealt with the thermodynamic

aspects. Some investigators IL,33,42J have used barbotage

systems to sj:nulate the boiling critical heat fl-ux. Others

(reviewed recently by Sims and Duffiel-d t341¡ have compared

heat-transfer coefficients in pool barbotage and saturated

nucleate pool boiling. These coefficients \^/ere based on

time and. area means and were found to be comparable in

magnitude in boiling and barbotage " Bard l2J measured the

heat-transfer coefficients to the liquid phase as a function

of time and distance from the bubbling síte in barbotagie.

From the resul-ts obtained, he concl-uded that in boiting,

the chief contribution of bubble-induced aqitation to the

promotion of heat transfer from the heating surface occurs

around the time of bubble detachment.



CHAPTER 3

EXPERIMENTA], INVESTIGATION TO DETERMINE BUBBLE

GROWTH RÄ,TES UNDER CONSTANT-PRESSURE CONDITIONS

3. I Introduction

It has been mentioned in Chapter I that, though

some investigators 17 ,8,231 have studied bubble formation

from a submerged orifice under constant-pressure conditions,

no one has reported in what fashion the bubbl-e radius varies

with time under these conditions. The purpose of the

present experimental investigation is to obtain guantitative

data regarding this variation and arso to measure departure

diameters and frequency of bubbling for the liquids stuclied.

Transparent liquids \^/ere employed to permit the use of high-

speed cine photography for record.ing the sequence of bubbre

formation and to calculate instantaneous bubble volumes from

the films.

? ) Änn:raj-rrcJ. a h¡r¡/q!quuÞ

3.2.L Description -of apparatus

Figure 3.1 ill-ustrates schematically the

principal experimental apparatus utilised for the periodic

formation of gas bubbles by the injectj-on of a gas into a

35
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liquid. Air from a high pressure source enters a pressure

regulator which reduces Lhe pressure to a steady val-ue of

5 psig (350 gm/cmz). The air then passes through a fitter

and a gas drier (Fisher Scientj-fic Company) , which

effectively remove the oil particles and moisture that may

be present in the air. Next, the air passes through one of

three flow meters (erooks Instrument Canada Ltd., l4odel

No. 1560) which have built-in need.l-e valves to accurately

control- the flow. The flow meters for measurinq the mean

flow rates were carefully selected to cover a wide range of

flow rates (O 700 cm3/sec) and were installed parallel to

each other. The air then flows throuqh two bubbl-ers which

saturate it with the liquid under study, and final-ly enters

a 45-ga1lon drum (the ante-chamber) from which it passes

through an orifice into a rectangular liquid bath, containing

the experimental liquid. Details of the assembly comprising

the container, the orifice plate and the drum are shown in

Fi1.3.2. The liquid container was made by bonding four

glass plates of id.entícal dimensions to the four sides of a

3/16 in. (0.48 cm) thick brass plate which formecl the

bottom of the liquid bath" The inside dimensions of the

container \^¡ere 9r4 in.x 9\ in.x B in.(24. I cm x 24.L cm x

20.4 cm) . The choice of a rectangul-ar container in lieu of

a cylindrical one was to avoid the refractive effects due to

curvature of the glass whil-e performing high-speed

photography.
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The orifice plate was made of stainless steel-. The

diameter of the plate was B in. (20.4 cm) and the thickness

\ in.(L.27 cm) . An orifice of 0.253 cm (0.0996 in.)

di-ameter was dril-l-ed in the centre of the plate. This

value of the orifice diameter was chosen to facilitate

comparison with the experimental data for departure

volumes given by Satyanarayan et aL, t4Bl who used an

orifice of equal diameter.

The inìected air leaves the orifice in the form of

bubbles and these bubbles rise through the liquid. Pressure

inside the drum is measured by using a vertical U-tube liquid

manometer, contaíning Meriam oil (sp" gr" 0.821) " Liquid

level- in the container above the orifice is measured by a

scale suspended vertically above the orifice. The container

is open to atmosphere. All experiments were conducted at

room temperature (72"F) .

3.2"2 Selection of experimental l-iq.uids

O 
"rtt* * an" boiling literature indicated that

sufficient experimental results were available for

saturated pool boiling of water at atmosphere pressure,

which coul-d be used for comparing bubble growth rates. The

main criterion for the selection of a liquid for the

barbotage study was consequently influenced by the fact that

the physical properties of the liquid at room temperature

should be close to those of water at the boiling point at
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atmospheric pressure. Availability of such a liquid

renders the boiling and barbotage bubble growth results

directly comparable with minimal influence by any parameter

involving liquid physical properties. One such liquid

which was readily avail-able was ace,tone. Both the kinematic

viscosity and density of acetone at 72"F and atmospheric

pressure are approximately equal to those of boiling water

at atmospheric pressure; the other two liquids used for the

present stud.y were d.istilled water and hexane. Growth rate

studies for the two additional liquids served to provide

data for a larger research program envisaged; as well, the

use of water al-lows one to check at l-east some of the

measurements obtained (break-off diameters and frequency)

with existing data in the literature.

The physical properties of all three liquids

discussed are presented in Appendix B.

3 .2 . 3 Photographic_and s t_robossopic- app_aratus

High-speed motion pictures of the bubble

formation process, taken at the level of the orifice,

provid.ed a technique for investigating the d.etails of the

formation of an air bubble. Pictures were taken with a

Hycam Model 4l-0004, 16 mm motion picture camera in the

rangie 500 to 2000 frames per second., using Kodak 4-x

reversal i-00 ft rol-l-s of film. The frame speed could be

accurately obtained from 100 or 1000 cycles/sec light.

"blips" placed on the film edge by a Mill-imite timing tight
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generator (Model 13-0001). The camera was normally located

at about four feet from the orifice plane and was focussed

on the orifice. Two 650W lamps were used in conjuncti-on

with a ground glass screen to provide il-lumination for the

photography. The actual location of the lamps and the screen

to provide optimum illuminatj-on, resulting in sharpÌy

defined bubble profi-les was determined by trial and error.

The optimum arrangement is illustrated in Fig. 3.3.

In ord,er to determine the true volume of a bubble

from a magnified image, some known reference measurement at

the orifice level was necessary to obtain a "scale factor".

For this purpose, before taking the photography of the

bubbles, a scale whose actual width was known was suspended

above the orifice, vertically, and its image recorded at a

very low framing speed.

Frame by frame projection of the photographs enabled

an accurate determination of the bubble volume, and the

formation time of a bubbl-e. A motion picture analyser

(L-V[ Super Sports Model 900) with a variable frame speed was

used for this purpose.

Determination of bubble frequencv was done with a

stroboscope (General Radio Company, Strobotac type 1538-A) "

3" 3 Procedure

3.3.I Growth rate determinatÍon

As was mentioned earlier, growth rate
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measurements vüere obtained using distilled water, acetone

and hexane as experimental- liguids and air as the injected
gas. The conditions under which the experiments were run

are summarised in Tabl-e 3"1. An experimentaf run v/as

conducted as foll-ows:

(i) The liquid container \i/as washed with soapy water

and then rinsed thoroughly with distill-ed water.

A clean rag was used for wiping the container
Ärrz

(ii) The air supply to the ante-chamber was turned

on so that there was steady air flow through

t.he orifice. This precaution was necessary to

prevent liquid leaking through the orifice

while the container \^¡as beinq fil_led.

(iii) The liquid container was filled with the

desired liquid to a depth of about L2 cm ( =5 in)

above the orifice.

(iv) The air flow rate was adjusted by means of the

needle valve to set the ante-chamber pressure

at any desired value.

(v) Aflowinq a short interval of time to ensure

steady state operation, the values of the

gas flow rate, ante-chamber pressure and the

liquid head above the orifice were recorded.

(vi) High-speed motion pictures of the bubbles were

+^l-^-
LA^ËlÌ.
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Table 3. t. Conditions for bubble formation experiments

orifice

f\rr t 10!ü Kate
cmtTsec

Diameter = 0.253 cm

High Speed Cine Film
for Growth Rate,
Bubble Volume,
rnrl F'ranrrr- -.a *ency

Stroboscopic
Observations

far ltranrronr*-,.ry
and Bubble Volume

Liquid

\,^iatef

acetone

hexane

4 .01
27.00
29.4U
32.50
34.60
40.00
50.40
60.50
71"50

B .64
L4.25
18 . t0
19.65
25 .60
32.30
39.60

B

11
11
-LJ

15
15
I6
19
22
2B
30
34

.1
a

.0

.0

.6

.2

.7

.7

.B

.B

x

Ã

l¿

-¿(

X

X
-?(

X

X
X
x
X
X

X
X

X
x
X
2(

X
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3.3. 2 Calcul-ation of instantaneous volume of a

bubble

The high-speed motion pictures taken as

described above provided a means for recording the sequence

of the formation of a bubble. A frame-by-frame projection

of such pictures enabled one to obtain a two-dimensional

picture of the bubble at any instant during its formation.

Because of the expect,ed axial- symmetry of a bubble forming

at a smooth, vertically oriented orifice, it was assumed

justifiable to calculate the volume of the bubble from the

two dimensional profile obtained by photography. The

procedure for computing the vol-ume of a bubble is illus-

trated in detail- in Appendix C.

An equivalent radius R"o , i.e., the radius of a

sphere of equal volume, can be obtained from the above

cal-cul-ated volume from the fotlowing equation:

T-'eq 
L

3 x Vmeasureal 1'l s

-J4tt
(3.1)

3"3.3 Bubbling frequency and departure volumes

The use of a stroboscope for bubble frequency

measurements is not uncornmon. Knowing the frequency f

bubbl-e departure vol-umes VU can be ca1culated from the

following equation:

VU = Q/f (3 "2)
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where Q is the flow rate through the orifice. Wherever

flow rates are quoted in this thesis, unless otherwise

noted, the flow rates are for the mixture of air (measured

with one of the rotameters) saturated with the vapour of

the test liquid; these fl-ow rates are loosely termed
ttair flow rates", "f l-o1^/ rates", t'mean air f low rates" or

"mean flow rates". A sample calculation showing the method

used to determine the flow rate through t.he orifice is given

in Appendix D.

Departure volumes were cal-culated by the above meLhod

for each liquid at different mean flow rates.

3.4 Results and Discussion

3.4.L Photographic observations

Two types of bubbles lvere encountered in the

experimental- investigation and they could be categorised

as fol-lows:

Category I: Bubbles whích start as a hemisphere

left behind by a departed bubble.

Category II: Bubbles which first, appear as a

meniscus at the orifice at the end of

a discrete time interval after the

previous bubble has departed.

Typical sequences of bubbl-es in both categories

obtained from cine pictures are shown in Figs" 3"4 and 3.5.

The variation in the physical properties of the test liquids
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Tr¡ne

v

Fig" 3"4 Cine pictures of bubbles of Category I
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Tlrtle
I'

Fig" 3.5 Cine pictures of bubbles of Category II
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did not appear to have any significant infruence on the

shapes of the bubbles in either category. Also, it is

evident that there is no significant difference in shapes

between the two categories of bubbl_e.

A typical sequence starts with eit.her an approxi-
mately hemisphericar interface reft behind by a departed

bubbre t or a smalr meniscus appearing at the orifice after
a time interval. As the bubble size increases, due to mass

flow into the bubbl-e, the shape changes to that of a pear,

with the vertical axis growing faster than the horizontal
axis. As the bubbl-e size increases further, a stage is
reached when the upward forces actinq on the bubbl-e have

increased sufficiently to start lift.ing the bubbl-e off the

surface. A smal-l neck starts forming which connects the

bubble to the orifice. The neck has the shape of a short
cylindrical stem in the beginning, but gradually develops

into a secondary bubble. This secondary bubble starts
penetrating and rising through t.he bigger bubble as they

move together upwards. Finally, the connection between the

secondary bubbl-e and the orifice is severed due to t,he

upward acceleration, and t,he bubbles start moving freely,
leaving behind at the orifice an hemispherical interface
which either disappears into the orifice or st.arts growing.

In course of tj:ne, the secondary bubble gets completety

enveloped by the bigger bubble which rises throuqh the

liquid as a single unit.
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The photographs indicate that the sequence of events

described above is a periodic process. ft is well known

that the l-ife cycle of a bubbre is characterised bv two

time periods, namely the waiting time,' t, and the

"formation time" tr. The "waiting time", as defined here,

is the time interval- between the departure of a bubbre and

t,he first appearance of the next bubbre at the orifice.
The "formation time" refers to the period of growth of a

bubble between its first appearance and íts detachment from

the orifice. It is clear t.hat the freguency of bubble

emissj-on is then given by f = E--+.: . It may be
\^¡ I

mentioned here that for bubbles under Category I I the
t.rr i .l-'i n^ +.i -^vYqr ç!¡¡y L¿¡rrç t_ - is obviously zero.

3 . 4 .2 Bubbl-e f requency data

The frequency of bubble formation in the

three liquids were determined by stroboscopic examination

and are given for increasing mean fl_ow rates in Figs. 3.6

and 3.7. Tabulat,ed values are given in Tables 3.2 to 3.4.
For water-air system, the frequency increases srightty

with increasingi mean flow rate within the range covered,

whereas for acetone and hexane, it tends t.o be almost a

constant, the increase in flow rate being accomodated by

an increase in volume of bubbles.

3 .4 .3 Bubble volume dat.a

Figures 3.8 and 3.9 present the variation of
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Table 3.2. Bubbl-e volume and frequencv data for air-water
Þ y Þ LEttt.

Fl-ow Rate Indicated
by FIow Meter

G 70oF, L4.7 psi
cm3/min

15B0

r720

2020

2340

2940

3540

418 0

I-rnm F'nn ? ')

F]ow Rate
Corrected for

Vapour Content
cm3 /min

I62T

L7 65

207 3

240l-

3 017

3633

4290

Frequency

I
mîn

820

860

900

900

980

1020

114 0

Bubble
Departure

-+vol-ume I

^ñ

1.98

2 .30

2.67

3.08

3.56

3.76
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Table 3. 3.

Flow Rate Indicated
by Flow Meter

G 70"F, L4.7 psi
cm 3,/min

622.

792"

LT2O

L+ ZU

L7 40

Fl-ow Rate
Corrected for

Vapour Content
cm - /mr-n

852 "

1082.

1530

1937

¿5 I O

Bubble volume and frequency data for air-
aceLone svstem.

5

5

Iaronrronnr¡

1.....-..'.-
mrn

1000

1020

1020

1020

t_020

Bubble
Departure

Volumel
cm3

0.852

1.060

1"500

1.900

^ -E-

t_
-b'rom $qn. 3.2.
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'r'aþIe J.4 .

Flow Rate Indicated
by Flow Meter

@ 70 oF, L4 .7 psi
cm3/min

JJL.-
f

642. _
f

742._
3

800

960

TL2O

l-420

r7 20

f_
-H'rOm ¡iqn. 3.¿.

Bubb1e volume and freguencv data
system.

for air-hexane

Flow Rate
Corrected for

Vapour Content
cmtTmin

669"_
f,

779

900

970

IL64

1358

r7 22

2085

Éaranrlan¡rz

I
mïn

900

920

940

960

960

10 00

l_080

1t_10

Bubble
lìonr r'{- rr ra

,+vorume r

cm3

0.74

0"84

0.96

1. 0t

7.2r

1.36

1.60

1.BB
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bubble departure volume \,'/ith the mean flow rater âs deter-

mined by a stroboscope. The departure volumes were calcu-

lated from the equation V^ = Q/f, where Q refers to the
u

flow rate through the orifice, corrected to include the

safurated \/ânôllr nf fhe êrrneri menl-aI Iiollid- Tal-r'les 3.2

to 3.4 qive the tabul-ated values

The fiqures indicat,e that the bubbl-e vol-ume in the

case of all three liquids increases with increasÍng flow

rates as can be expected. Also shown in Fig. 3.8 is a

smooth curve representing the experimenLal results of

Satyanarayan et aL" t4A¡ for water, for t.he same orifice

diameter. It can be seen that the ag,reement between the

present work and that of Satyanarayan is satisfactory,

especially at the higher flow rates. In the case of

acetone and hexaner Ðo other experimental resul-ts were

available in l-iterature to make a comparison. Limited

data on bubble departure vol-umes (same bubbles as in

Figs. 3.10 Lhrough 3.18) availabl-e from motion picture

films differ from the smooLh curves drawn (by eye) through

the stroboscopic data by -3.3 per cent to +50 per cent.

The resulting rms deviation is about 28 per cent on volume

and in terms of equivalent radius about 9 per cent.

3 " 4 .4 Bubbl-e crrowth data

Bubbl-e growth measurements were made for each

liquid at different flow rates by the high-speed photo-

graphic technique described earl-ier. From each film,
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three typicar bubbres were chosen for measuring the growth

rate. since a vast majority of the photographed bubbles

beronged to the category starting as a hemisphere at the

orifice (category r), bubbles for growth rate determination
were chosen from among these bubbl-es. However, a few

bubb]es belonging to category rr (see sec. 3.4.1) \^/ere

analysed and compared with the growth curves of the former

category" No significant variations were evident in the
average sÌopes of the growth curves (see Appendix F).

Zev,o time:

"zero time" for bubbl-es under category r was taken

to correspond to the frame when a departing bubble just
severs its connection with the orifice, Ieaving an

(approximatery) hemispherical interface at the orifice.
For category rr, the orlgin of time was taken to correspond

to the frame prior to the one where the bubble first
appears as a meniscus" Thus, there is an uncertainty in
time, in this case, equal to the time between two successive

pictures. The error introduced. by the above assumption is
less than 2 ms, in a tot.al growth time of about 55 ms.

Pz,esentation of bubbLe qrouth z,esults:

Figures 3.10 through 3.18 present the variation of
the dímensionl-ess radius n/R¿ with the dimensionl-ess time

| /+ t¿horo R rnr] 1- raFar {-n #ìra a^".i -'=t/ td. wlre-re ¡(d -d ----- Le rrre equrvalent radius and time

at departure, respectively. Tabulated data are given in
Appendix E. The curves correspond to the various conditions
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summarised in Tab1e 3.1. The enlarged profiles of typical

bubbl-es for each liquid from which growth data were

obtained are illustrated in Figs. E.l- through E.9 in

Appendix E.

RÃ and t.' foz, the abpps___glepþe
-q--

An assumption was made in flglç¡rninìna p an¡l + - for"d "d
the above graphs. As described under Sec. 3.4.1, photo-

graphic observations indicated that the bubbles formed in

^-ì*^ .i ^ - r^.:-^^- r**.:*^-yo.r!Þ r.c. a oigger 'primary' bubble whose formation ended

with a short neck connecting the bubble to the orifice"

Next, a 'secondary' bubble started forming as an excension

of the neck and subsequently became enveloped by the

primary bubble and both rose together as a single unit.

For presentation of the results in Figs. 3.10 to 3.18, Rd

¡nÀ r r.zara ^hosen to be the values obtaining at the end of-d

the formation of the primary bubble. A justification for

this choice lies in the fact that some of the motion

picture runs indicated a slight break betv¿een the primary

and the secondary bubbles confirming the separate identities

of the two bubbles.

In ord.er to check the effect of the choice on the

shape of the Rd vs tU curves, growth rate curves v¡ere

drawn for a few bubbles taking Rd and tU at the time of the

detachment of the primary-secondary bubble combination.

The comparison is performed ín Appendix F. It is seen that

there is no si-gnificant difference in the growth curves
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between the two cases

Discussion:

A simple theory has been proposed in Chapter 5 to

predict the above variation of the bubble radius with time

by solving the well-known Rayleigh equation for bubble

growth. Inasmuch as one of the goals of the present

investigation is to make a quantitative comparison of the

growth rates in barbotage and boiling, it was decided to

recast the above growth rate data in a simpler fashion by

assuming a growth equation of the following form to

describe the data (see Appendix c):

.nR:at

where

woul-d

is a growth constant. fn dimensionless form this

Þ* A"

Whefe R* =R,/R- and 0 - t/L. - Tho crrôr¡¡{-h. Ct d. J_.ne growÏ.n exponent, n, was

calculated from the above equation by a least-squares fit

for each set of data, and was found to vary from 0.56 to

1.1, the lower values of n bei-ng associated with high flow

rates and the higher values being associated with low flow

rates. The val-ues of n are presented in Table 3.5 and are

used l-ater i-n the thesis.

A

be
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Table 3.5.

Liquid

water

acetone

hexane

Mean Flow Rate
cm3 r/sec

R:nno nf lnl

For 3 Bubbles

tnt
(Average for

3 Bubbles)

0.60
0.83
1.10

0.63
0.89
0 .67

0.69
  aau. oo
0.77

Growth exponents for barbotage bubbles,
obtained in present work.

60.50
32.50
4"07

32 .40
19.65

B .64

30.40
15.60

B. l-0

0"56
0.75
n07

0. s5
0.85
0.66

n qq
n qq
0.76

0 .67
O.BB
L "20

0.71_
0 .92
0 .67

0.78
0.72
0.77



CHAPTER 4

COMPARISON OF BARBOTAGE AND NUCLEATE

BOIL]NG BUBBLE DYNAMICS

It was poínted out in the Introduction that

barbotage systems are indeed attr,active for the study of

bubble-stirred boundary layers and as analogs of boiling

systems. It was further noted that because of the mounting

interest in using barbotage systems to study boilirg, the

time is opportune to examine and compare in more detail the

hydrodynamics of these two phenomena. This chapter provides

such a comparison"

4.L Comparison of Bubble Growth Rates

It was pointed out in Sec. 2"3 that Wallis t41l

compared the bubble growth rate data of Siemes and Kauffmann

t36 I for the constant-fl-ow-rate case in barbotage to

Stanizewski's t3S 1 boiling growth rate results for water at

atmospheric pressure; Wallis concluded that the (volumetric)

growth process in both cases was linear in nature during

the bul-k of a bubble's life time. Recently, however, Bard.

121 has argued that boil-ing bubbles are best simulated by

having a large ante-chamber communicate directly with the

orifice in barbotage. Moreover, as indicated in Chapter 2

72
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the majority of growth rate theories in boiling predict
that the bubble radius should increase as the square root
of time and not as the cube root as taken by Vüall_is "

Westwater 1441, however, reports a wide variation in the

time exponent (0.312 0.512) from an experimental

investigation of boiling bubbles in pentane and ether.

It is apparent from the above discussion that

further quantitative studies comparing bubble growth rates

in barbotage and boiling are warranted before any reliable

concfusions can be drawn. In an attempt in this direction,

the experimental resul-ts of the present work \.^/ere compared

with boiling data in the f ollowing manner. (Att.ention was

confined to boiling water for reasons mentioned in Sec. 3"2.2.)

Inasmuch as experimental boiling growth rate results show

a wide variation in the time exponent as compared to most

theories which give a single val-ue (0.5) for the same, it

was thought that ít would be more realistic to show the

boiling data as a band for comparison with barbotage resul-ts.

The same applied to barbotage results of the present work.

Accordingly, experiment.al growth data published by various
T

authors ' lI7 ,3 9 r 1 9 t25 ,L5 ,46f for saturated nucleate boiting
of water at atmospheric pressure were collected and the

growth results of individual bubbles of each author were

made to fit a si-rnple growth equation of the form,

+' The survey was confined mostly to western I
provides sufficient d.at.a for boiling water
pressure 

"

iterature which
at atmospheric



l.r

R*=0n

It may be recalled that this was done in the case of
barbotage results of the present work. R*, 0, and n

have again the same meaning (R* = * , 0 : F ). The growth
"d 'd

exponent n in each case was obtained, as before, by a

l-east-squares analysis and are given in Table 4.L. The

results are also plotted on rogarithmic co-ordinates and

are presented as a band in Fig" 4.r. rt is apparent that

all individual curves enclosed by the band must of
nêñêcqì #rz ñâc< .t- hrnrrnh {_l-ra point (l rl) in the graph due

to the nature of the dimensionless form of the co-ordinates.

Fiq. 4.I also shows the band representing the bubble

growth rate results obtained in the present work for the

constant-pressure-supply case in barbotage (see Tabre 3.5) "

For the constant-flow-rate case in barbotage, the volume

of a bubble should increase linearly with time, i.e. V cx t
Ior R o t" . This was verified by siemes and Kauffmann t361.

A straight líne with a slope of L/3 and passing through

co-ordinates (1, t), therefore, represents the constant-flow

rate case in the figure.

A study of the graph leads to some interesting

observations. Firstly, it is evident that the boiling
growth rate results are 'sandwj-ched' between the resurts for
the two extreme cases of barbotage systems, with a small_

region of overlap on the constant-pressure side. The
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Tab1e 4.1. Growth exponents
pool boiling of

for bubbles in saturated
water at atmospheric pressure

Author

Han and Griffith

Zmola

Hatton and Hal-l

Staniszewski

Keshok and Siege1

Hospeti and Mesler

Number of Bubbles
Analysed

¿

2

t_

3

I

2 Ibubb]-e
I nì1hñ | ôLvs¿J!+e

tnt
¡lÀrzar¡^a \\¿¡vv!sYv¡,

0.35

0 .47

0.50

0.518

ñ\)
o "64

l)
)\
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gro\^/th rate results for other barbotage systems so far

investigated (including porous surfaces) no doubt l_ie

between the two extreme cases. (Some of the studies using

barbotage as an analog of boiling are mentioned in Sec. 2.3).

Secondly, it was observed in Sec. 2,.I.2 that the fluid

dynamic characteristics of the gas supply system in pool

barbotage can have a considerable influence on the formation

mechanism of a bubble and that such parameters incl-ude the

L/D raLio of the orifice channel and the volume of the

ante-chamber supplying gas to the orifice. It is, therefore,

reasonable to conclude that by suitably altering the ante-

chamber volume and the L/D raLio of the orifice, it may be

possJ-ble to control- the bubb1e formatíon mechanism in such

a v/ay as to obtain growth curves of any desired exponent

'n' to match those of boilinq bubbles.

4.2 Bubble Departure Size

It was pointed out in Sec. 2.2.3 that the phenomenon

of bubble departure in nucleate boiling is characterised

by the interaction of the various forces acting on the bubble

at the time of its departure. It was al-so stated that the

same type of forces act on a barbotage bubble at departure.

It was further noted that the simplest equation for

predicting departure diameter in barbotage in the static

regime, which takes into account the influence of the orifice

diameter,is by Zuber (Eqn. 2"8) which is again given betow
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for immediate reference:

l
1. P ^ 3n : I a¿ "ou I r/ 1 \"d . g(0"-grr) , \rc¿.'

The applicability of the above equation for boiling

bubbles was also demonstrated in Sec. 2.2.3. In the Þresent

section, a comparison of the bubble departure sizes

obtained in the static regime in barbotage and boiling

witl be performed. and it wilI be clearly demonstrated

that in this regime, there ís a clear correspondence

between the departure sizes in the two systems.

Benzing and Myers [:] have shown that the data for

low frequency bubble formation in barbotage (i.e. static

regime) may be satisfactorily correl-ated in terms of bubble

diameter, orifice diameter and the physical properties of

the liquid by means of the fol-lowing equation

D-
;* = I.B2 (^n z o_ t (4.2)
"o a"o !

wnere

D,r = bubbl-e departure dj-ameter

D = orifice or cav-itv diameter- a'ì

We shall- now proceed to show the applicability of this

equation to the case of saturated pool boiling of liquids.

Recourse is again made to Howel-I and Siegel's results in
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boiling sj-nce their experiments were performed at a very

low heat fl-ux (static regime in boiling) and involved

different cavity diameters. By substituting appropriate

values for the variabl-es appearing on the right hand side

of Eqn. 4.2, values of ,d/Do can be calculated. These

results are shown in Fig. 4.2, where experimental val_ues

of D./D^ are plotted against the values calculated fromo'o
Eqn. 4.2. It is evident from the figure that the

agreement is reasonably good, with the worst case

(O^ = 0.0097 cm¡ D^/D^ = 12.9 ) giving a deviation of about-oo'o

30 per cent based on the measured value. It may thus be

concl-uded that the bubble departure sizes in the static

regime in barbotage and boiling are indeed comparable in

magnitude "

A quantitative comparison of the bubble departure

sizes in the dynamic regime does not appear to be possible

af fhe nresent time due to lack of availabil-itv ofq!¿r¿ ul¡ v!

experimental results in saturated pool boiling for the case

of bubbling at high heat-transfer rates from a nucleating

cavity of known size, Do. As indicated in Sec. 2"2.3,

Do appears to be an important factor infl_uencing the size

of a departing bubble in both boiling and barbotage; hence,

the limitation of the present comparative study to the

static regime. It is, however, shown in Chapter 6 that a

bubble departure theory, applicable in the dynamic regime

in barbotage/ can be modified, using an appropriate
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express r-on

to predict

the relevan

for the boiling bubbl-e growth constant, S,

bubble departure diameters in boilinq where

t data exist.

ft can be seen that the barbotaqe data

generally either straddle or overl_ap with

the boiling data.

On the figure, orifice diameters associated

with particular barbotage results are

índicated; apparently the effect of increasinq

D^ is to increase Ð- and reduce f. This same-o"d*"*-'
trend is especially apparent in the boiling

results of Hatton and Hall (see Fig . 2.2J .

4.3 Bubb1e Frequency

fn order to mal<e a quantitative comparison of the

bubble frequencies in barbotage and boilirg, recourse was

made to Ivey's recent review t201. Figure 2.2,whi-ch was

extracted from his work and which gives the data points

collected from l-iterature for the f vs DU relationship in

boiling, is reproduced as Fig. 4.3. Because of the large

amount of scatter seen in the data in Fiq. 2"2 it was

decided to present these data as a closed region in Fig. 4.3

for purposes of comparison with barbotage data. Super-

imposed on this figure are experimental barbotage data

collected from the present work and the literature. A

comparison of the boiling and barbotage data leads to the

foll-owins observations :

(i)

(ii )
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CIAPTER 5

THEORETICAL ANALYSIS OF THE PROBLEM OF BUBBLE GROVITH

UNDER CONSTANT-PRESSURE-SUPPLY CONDITIONS

FROM A SUBMERGED ORÏFICE

The objective of the present chapter is to perform

a theoreticar anarysis of the probl-em of bubbl-e growth from

a submerged orifice when a gas from a constant-pressure

reservoir is injected through the orifice. The liquid and

gas properties are assumed to be available.

5. I Theoretical- FormulaLion of the Problem

Frequent reference is made in the literature on

cavitation to Rayleigh's solution for the probJ_em of the

collapse of a spherical cavity in a liquid 1471. For the

present problem of the growth of a bubble- 1-ho o¡¿l-oneion

of the Rayleigh theoryr âs carried out by plesset 1301,

can be used to obtain the equation of motion. The equation
.i^tÞ

(s.1)

where

R = radius of the bubbl-e,

fft. = first d.erivat.ive of the radius with respect

B3
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to time,

ñ = second derivative of the radius with respect
to time,

o = surface tension of the liquid,
pr = the liquid density,

JJ

pb = pressure in the bubble, and

p- = pressure at a large distance from the bubble

at the leve] of the orifice.

A complete derivation of the above equation is gíven in
Appendix H. The assumptions made in the formulation and

use of the above equation are as fol_lows:

(i) The gas-liquid interface is snherir.al el. all-
times during growth.

(ii) The medium surrounding the interface is
quiescent and incompressible and of infinite extent.

(iii) The pressure inside the bubble ís uniform and

constant at anv instant.

(iv) Líquid f l_ow is irrotational.
(v) There is no transfer of liquid vapour into

the bubble.

The assumption of a spherical shape for the bubble

throughout the period of growth simplifies the geometrical

specification of the bubble surface and enables the deter-
mination of the inviscid flow fiel-d in the l_iquid bv means

of potential theorv.

Assumption (ii) neglects all effects due to
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preceding bubbles. rn the real case of a bubble forminq

at an orifice, however, some circulation does exist as the

bubble moves upward at detachment. The effect of that

circulation upon the formation of the succeeding bubbl-e is

difficult to take into account theoretically. However, it

has been found that the effect of liquid circulation on

bubble formation is mi.nimized when the liquid is prevented

from circul-ating up along the base of the bubbte. That is

ensured., to an extent, for example, in the case of a bubbl-e

formed above a flat plate orifice.

Assumptions (iii) and (iv) need no comment.

Regarding Assumption (v), in the present experiment

care was taken to saturate the air wÍth the appropriate

experimental liquid before injection through the orifice.
This minimizes any transfer of liquid vapour into the

bubble d.uring formation.

ôní f i no anttnf.i nn.vL ut uv? vqøØuuvrL.

An examination of Eqn. 5.I reveals that it consists

of two unknown variables, R and pb, the bubble pressure

which varies with R. Another equation involving these

quantíties is therefore essential for a solution" A

simple orifice equation describing the flow rate of gas

into the bubble is used for this purpose and is given

below. The fruid here (air) is assumed to be incompressible.

o=åË=cM'Ao
L

,l-.D

g
p

\vr
l^

l"
t-
L

(s.2)



öo

where

O = gas flow rate,

C = coefficient of discharge,

Mr=1. ^Ll(1 (Ao /At) .)''

Ar = cross-sectional- area of chamber upsLream of

the orifice,

Aq = cross-sectional area of orifice,

n : ñâq ¡loncitrz
'd Y

Pr = pressure in the ante-chamber, and

p, = pressure in the bubble.-.(f

5.2 Method of Solution

Equation 5.1 can be solved explicitly for R as a

function of t by substituting for pO from Eqn. 5.2.

Assuming the volume of the bubbl-e to be given by { nn3
J

and the area of the orifice to be nR2, t-h^ +i^- |¡¡-.o, -ne equatron (af ter

the above substitution for p¡) can be further manipulated

into a dimensionl-ess form and the result is as follows:

R*.ñ.* + t.5n*2 + BER*+p*z + fu = 2^p*

R*=1ll
'f(o

" áP*R* =- ,ctt^
.. À ÄÞ*
ñ+ /uf\ \: 

-
- dt* tdt*' '

l^1,
{-Jr = +l " l'"lo-R 3l ,

-'L O t

(s.3)

where



AP* = ^Þ [P' - p--l
-------Il-- : r-l
APl2nl-'crit | Þ= |L -'6 

-J

the product. CM' (see Eqn. 5.2)

1%
(K) 2 pL

The initial- conditions for solving Eqn. 5"3 are:

at time t=0

(0) - I

(0) = 0

The solution of Eqn. 5.3 \^/as carried out by numerical_

integration, using a fourth order Runge-Kutta formula" The

integration can be performed for any desired length of time

up to break-off (departure).

5.3 Resul-ts and Discussion

.r\

E

R*

p*

An examination of Eqn. 5.3 revea1s that there

two dimensionless parameters, namely n f = L- I9l andr\- 0¡
whose values can be varied to obtain sets of curves

Rìt vs t*. In the present work, the value of 
^p* 

\^/as

are

^P*
for

increased from 1.0 to 3.0 for fixed values of E (o to 0.0r)

and the resulting curves are presented in Figs" 5.1 through

5.5. Such a presentation allows one to determine quickly
the appropriate growth curve, once the fluld properties,
the pressure drop 

^P 
and the factor K are established for

any given system. The range of values of Ap* and E
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obtained ín the present experimental work \,vere r"l to 2.9

and 0.00284 to 0"00428, respectively

Figures 5.6 through 5.14 present experimental growth

rate curves obtained in the present work, along with the

corresponding theoretical curves obtained by sorving Eqn. 5.3

The experimental curves are the curves of bubbles shown in

Figs. 3.10 to 3.18 and belong,in each case, to the bubble

whose growth curve lies (ín these figures) between those of
the other two bubbles analysed for the same conditions. For

the present comparison and for any one particular condition,

the time and radius of the bubble have been recalculated in

non-dimensionar quantitÍes (see tabul-ated data in Tabl-es

E.1, 8.2 and E.3); also, the end of the formation time for

the experi:nental curves has been taken to correspond to the

time at which the actuar detachment of primary-secondary

bubbl-e combination from the orifice occurs. The relevant

dimensionless parameters are indicated on the figures.

The value of K to be used in the parameter E was determined

in the foll-owing manner. Experimental- values of K derer-

mined accurately by several investigators [7 ,B t23l for a

range of orifice diameters v\iere plotted against the corres-
ponding orifice diameter and a smooth curve drawn throuqh

the points. The values of K were found to vary from a

value of 0"58 for a 0.05 cm diameter orifice to a value

of 0.67 for a 0.4 cm diamet.er orifice. From the curve the

value of K corresponding to the díameter of the orifice
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ACETONE

Air flow rote
APx = 1.3

E = O. 00356
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Fig. 5.9 Comparison
theoretical

for acetone
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of experimental and
bul:ble growth rates
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used in the present work was obtained as 0.6. This is
as one would expect since K = cMrr where c is the coefficient
of discharge, whose val-ue is expected to be approximately

0.6 while Mr, the vel-ocity of approach factor is essenr,iat lv
equal to one. The growth rate solution \rras, in any case,

found to be quite insensitive to small changes in K. This

was verified by varying the value of K in the parameter E

from 0.5 to 0.7 . The resulting deviation in the dimension-

less radius of the bubble was found to vary from zero per

cent at zero time to about t0 per cent at the time of
departure.

It can be seen from the figures that the agreement

between the theoretical and experimental curves are

surprisingfy good for all test liquids, when one consíders

the various simptifying assumptions made in the theoretical
analysis. Further, this is the first time the problem of
bubbl-e growth under constant-pressure-supply conditions has

been analysed by combining RayleÍgh's equation with an

orifice equation and a set of general solutions obtained.

It should, ho\n/ever, be emphasized here that although the

present analysis seems adequate for the case of inviscid
liquids, further theoretical and experi:nental investigations

are necessary to deal with the case of viscous fluids where

the drag forces wil-l be influential in determininq the

crrowth rate.
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CHAPTER 6

APPLICATION OF BARBOTAGE THEORY TO BOILING FOR

THE PREDICTION OF DEPARTURE DIAMETERS

Background

The prediction of the bubbling frequency and bubble
departure diameter is of central importance in t.he

theoretical- study of nucreate boiling. several investi-
gators Il-3 , 30, 15 tL} ,9 ,4f have attacked the prob]e.m of
bubble growth and departure in both uniformly-superheated
liquids and in saturated pool boiling characterised by a
non-uniform temperature field. ì{ost of the expressions
proposed for bubble departure from a nucl-eat.ion site
assume, for the sake of simplicity, a sphericar shape for
the bubble at departure and resur-t from equating the down-

ward forces acting on the bubble to upward forces at the
moment of deparLure. Some experimenters , e.g., [I7,23],
have mentioned that a small neck is formed prior to the
departure of the bubbre connecting the bubbre to the
heated wall or the cavity. Saddy and Jameson I3S¡ used

this fact in their theory for prediction of bubble departure
diameter in uniformly-superheated liquids from a nucleation
site of known geometry. To determine the criteríon for

l_04
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detachment of the bubbres, resort was made to experiment.

rt was observed that detachment occurred when the discance

travelled by the cenLre of the bubble equarled l-.5 times

the radius of the bubble.

Kumar et aL. t23l have proposed a two-stage theory

for barbotage bubble formation from submerg,ed orifices and

found excellent agreement between their theory and experi-
mental- results. rnasmuch as this dissertation deals with
the comparison of the bubble dyriamics in barbotage and

boiling , íL is proposed to show in this chapt.er t.hat the

theory of Kumar et aL " for barbotage can be used with
appropriate modifications for successfully predicting
bubble departure diameters in nucleate boiling. Such a

predicti-on is, however, subject to availabitity of reriable
information regarding two imporLant parameters, viz, the

boiling bubbl-e growth constant ß and the cavity diameter

D^; this will be apparent from the equations derived ber-ow.o'
A survey of boiling l-iterature to find experimental data

for purposes of comparison with theory indicated only one

source which offers a combination of Do and experiment,al

conditions which strictly satisfy the requÍrements of a

well-known theoretical expression (ví2, Scriven,s t3Z¡¡

for the growth constant ß. These are the results of Saddy

and Jameson [35], who performed experiments in uniformly-
superheated liquids. (As indicated earlier, the phenomenon

of 'neck' was observed in their experi:nents.)
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In view of the above, the barbotage theory to be

described below has been modified to incornorare Ìha afore-
said expression of scriven for the constant B, and compares

the predicted values with the experimental- resurts of saddv

and Jameson.

6.2 Development of the Model

Consider a spherical vapour bubbl_e growing at a

nucleation site on a solid surface. The present model

assumes bubble formation to take place in two stages,
namely the 'expansion' stage and the 'detachment' stase.
During the f irst stage, the bubbl-e expands whire it.s base

remains attached to the nucleation site, \,rrhereas, in the
detachment stage, the bubble base moves a\.\ray from the site,
the bubbre itself being in contact with the site throush a

neck. The two stages of bubbre formation are shown in
Fiq. 6.I. The final vol_ume of the bubble UUr* i= the sum

of the individual volumes developed during the two stages.
Thus,

\/=\/J-\7- FIN " EXP 'TRÀ},IS

where

VeXp = volume of the bubbl_e at the end of the

first stage, and.

VfRaUS = volume added to the bubble during the

second stage.
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The evaluation of VnXp .rd V¡,IU is discussed below.

Knowing v¡,llo, the 'equivalent' bubble departure diameter
can be evaluated from the following equation relating Do

(departure diameter) and Vrr*

6.3 Evaluation of V"*n

In setti-ng up a mathematical description of the
process, the following assumptions are made:

(i) Singte spherical bubbles are formed and

released one at a time and there is no interaction between

successive bubbles.

(ii) Viscous effects are neglected.
(iii) Density of thre vapour in the bubble is neglected

since it. is very small when compared lviilr liquid density and

it is also assumed that there are no pressure variations
inside the bubbte.

Eæpansion stage

During the first stage of formation of the bubble

the forces acting on the bubbl-e are as fotrows. The first
stage ends when the downward forces equal the upward

forces "

(a) Buoyancy force = V(pf, - gv) g, acting upwards

on the bubble. Here,
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V = volume of the bubble,

g, = liquid density,'L

gr, = vapour density, and

g = accel-eration due to qravitv.

(b) surface tension force = nDoosin 0, acting to
restrain the bubble at the orifj-ce. Here | ,

D^ = orifice diameter,o

o = surface tension of liquid, and

0 - the contact angle between the bubbre and the
heated surface.

(c) Liquid inertiar force = åa (Mv.). This dynamic
eforce is set up due to the expansion velocity of the bubbre

and acts to restrain the bubble at the orifice. rn the
above equation

M = virtual mass L7 t23l of the bubble, which is the

sum of the mass of vapour and that of I!/L6
times Lhe mass of liquid displaced by Èhe

bubble. Since gu.<< 0¡, t=*åtp",

r. = velocity of expansion durÍng the first stage, and

t" - any time during expansion stage.

Now, the base of the bubbl-e remains stationary while the
uppermost point of it moves with a vel_ocit_v eoual to the

rate of change of the bubble diameter. Hence, the average

bubble velocity is the velocity of it,s centre and is esual

to the rate gf nh:nna aF h'rbble radius. Therefore _



Equatíng the upward and downward

fi rq{- cr-=aa and diSCafdinC!!! Þ L Ð Lays, ctlt(I (lJ-s(.)afCllngf pV aS

v/ith n - Ìn7ê havenL'
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(6.r)

forces at the end of the

negligible when compared

(6.2)

(6.3)

(6.4)

dR
=-ô /q+

Here, sin 0 is assumed to be unity, since at the end of the
first stage a short neck develops at the site which makes

and angle of approximately 90o with the surface. fn order
to eval-uate t.he growth velocity and acceleration during the
expansion stage, for substitution in Lhe third term above,

we need to know Ru as a function of time. There is general
ag'reement among most investigators that the radius-time
relationship in nucleate boiring bubble growth is approxi-
mated by the following equation:

/lu""nol9=nDoo*äil(Mv")

R- gt4

u = å'ß313/2

where ß is the growth constant, which wirr be treated in
more detail below" various expïessions have been proposed

with timited success for the growth constant ß which is a

function of the t.hermo-physícal properties of the liquid
and the superheat. Makì-ng use of the above equation, the
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growth vel-ocity and acceleration during the expansion

stage of the bubble can be derived:

and

consider now the second term on,the right-hand side of
Eqn. 6.2 which can be expanded as follows:

(6.s)

(6.6)

þt*"") = l#Þ * "" #; (6.7)

Using t = **Uo" and v=$nn', performi-ng the d.ifferentiarion
and substituting from Eqns. 6.3 to 6.6, the right-hand side

of the above equation can be simplified. The result is

Á , fl ^Lf,¡-(uv") =;t npr,ßu (6.8)
e

This equation can now be combined with Egn. 6.2 to qive

vu"polg = nDoo . # rplßq

Knowing B, D^ and the properties of the liquid, the aboveo

equation can be solved to obtair U"*n, the volume at the

end of the expansion stage. The radius at the end of the

expansion stage *"*n can then be quickly obtained. from

(6.e)
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6.4 Evaluation of VFIN

6 " 4 "I Detachment stac¡e

""r*t 
a". ="""* stage, the upward forces

are larger than the downward forces and the bubble base

starts moving away from the orifice. It is to be noted

that the bubble continues to groh/ during the detachment

stage, according Èo Eqn. 6.3. The bubble is assumed to

detach when its base has covered a distance equal to the

radius Ro-- of the force-balance bubble (i.e., the bubble
.8,Ã.H

radius at the end of the first stage). This departure

criterion is based on the observation of a number of
barbotage systems by Kumar et aL. Expressing the bubble

movement by Newton's second law of motionr \dê obtain,

9. (¡¿.r') = vp,g rD^o (6.10)dt'^-" ' tL' "-o"

where the velocity v' pertains to the centre of the bubble

and is made up of the velocity of t.he centre due to
'dRexpansion ¿¡ , and the velocity vO v,rith which the bubble

baSe iS mOVino rFhorofnro

v, = tb . åË (6. rr)

Expanding Eqn" 6.10 and i¡frnrlrrninn E'nn 6.11 in Eqn. 6.lO
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and simplifyirg, we get,

M 
dtb 

*,, dM -,r., .r na ñ - 11 n4dË + r¡ AË = volg nDoo - ZÃ ror,ßu (6.:-2)

consider now the left-hand side of Eqn " 6.r2 " once asain
using M, the virtual mass as låuo", v as ån*t and Eqns. 6.3

and 6.5 wiLhout subscripts, the left-hand side of Eqn. 6.12
l'raanmacgvvv¡ltvU,

dv,- .¡ÀÍ 11 dvr- aa

^r ff *'b ål = T* o"u #. * no"ß',rb.L (6.13)

Combining the above equation with Eqn. 6.I2r Ìde get,

Ärr

lå 0"" # . +'0"ß'vot% = v'Lg rDoo - t+rgrßu (6.14)

Dividing ¡v låp" throughour and etiminating v by means of
Eqn. 6.4 and simplifyirg, we obtain,

dtb _ r-6 3 vb _ 1 ,r2 Doo , ß,ãE- = 1a e - ,Z { ;34r,11- *g-' 
* ;) (6.1s)

Qa{-'F.in^ -' dX --L^--^ -- i -beEEr-ng tb = #, where x is the distance moved by the bubble

base from the orifice, Eqn. 6.15 becomes

d2x - 16 3 dx _ I ,I2 %: * gl (6.16)ã-E = 1a e - TL ãE - ;rn 
(f1- 

*f=- 
* i)

Eqn. 6.16 is the equation for the transl-ational motion of
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the base of the bubbl-e during the second stage.

6.4.2 Solution of eguation of motion

6.L6) was

integrated numerically using a fourth order Runge-Kutt.a

formula with a time interval of 0.001- sec. This is a

straight-forward calculation which gives x as a function
of t until the breakoff criterion, namely x = RE"n is
satisfied and the bubble detaches at trr*. The initial
cond.itions for this inteqration are:

^! !-!cr L "- tEXp

x=0
and

dx
- 

= !l
qE

The final volume vFrN "rr then be obtained directry from
Eann â. /l T+.cJqrr. o.+. .r-c may be noted that the above analysis neglects
the volume of vapour contained in the neck.

6.4.3 Growth constant

For the growth constant to be used in Eqn. 6.3

resort was made to Scriven's work [37]:

R - 2ô(ot)' = gt4

where

(6"l-7)

where
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^rF

h
Td

g
(-

L

qllnôrh âã +

latent heat of vaporisation,

specific heat of gâsr

specific heat of liquid, and.

thermal- dif fusivity.

As indicated earlier, this expression is varid for large
C- ATvalues of ß and the dimensionl-ess superheat -fr; saddy

rg
and Jameson's experiments satisfy these conditións.

6"5 Results and Discussion

The recent experimental work by saddy and. Jameson

t3s1 is used here for comparison with predicted values of
bubbre departure diameters and times. saddy and Jameson

measured these quantities for bubbles growing in uniformly-
superheated acetic acid and water from a nucleation cavity
of radius 0.022 cm. The properties of acetic acid and

water at various superheats are reproduced from t.heir work

in Tables 6.1 and 6.2. Tables 6"3 and 6.4 give the value
of ß for these liquids as evaluated from Eqn. 6.I7 .

Table 6.5 compares the experimentar departure radj-i and

times as reported by saddy and Jameson with the predictions
from the present work. rt is seen that the asreement is
very good for both liquids.

rn the theoretical development, viscous effects \,vere

entirely neglected. Justification of this is given by saddy
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Table 6.3. Theoretical growth
acid (Scriven) .

parameters for acetic

T

("c)

L20

L2L

t22

L23

L24

ß

(cm/ sec>z)

0.178

tl /h5

0.352

0.438

0.522
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Tab]e 6.4 " Theoretical- growth parameters for water (Scriven).

T

('c)

L02

103

104

ß

(cm/ sec\¡

^ 
Ànru.+/o

0.713

0.950
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T2I
and Jameson, \^/ho showed that when the translationar
Reynolds number

.ñ dxzr< il
u:= tt I

the viscous forces are negligibre when compared with
inertial forces and may therefore be neglected.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The work reported here and the conclusions drawn

may be summarised as follows:

(i) For the first time, bubble growth rates, under

constant-pressure-supply conditions in pool

barbotage and determined using high-speed cine
photography, were reported. Distilled water,

acetone and hexane were used as the test
liquids and air as the injected gas.

(ii) A theoretical analysis of the problem of
bubble growth under constant-pressure-supply

conditions was performed. The theoretically
predicted growth rates v/ere found to be in qood

agreement with the experimental daca.

(iii) Bubble departure vol_umes and frequencies,

determined by the stroboscopic method, were

reported for a wide rang-e of air flow rates for
the three test liquids" The data for water

agree well- with data available in the literature.
For acetone and hexane, no other data source j_s

known to the author.
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(iv) A quantitative comparison of the bubbre growth

rates, departure sizes and frequencies in
pool barbotage and saturated pool boiling was

presented. The conclusions drawn are:
(a) The experimental bubble qrowth rare

results in saturated pool boiling l-ie

between the growth rate results

determined for the two extrerne cases in

barbotagre, viz, the cOnstant-vol-ume case

and the constant-pressure-supply case.

(b) The bubble departure sizes in pool

barbotage and pool boiling are comparable

in magnitude i-n the static regime (i.e.

at very low gas flow rates in barbotage

and very low heat fluxes in boilirg).
(c) Barbotage freguency data obtained from

the present work and from 1iterature and

boiling frequency data overlap over a wide

range of bubble departure diameters. For

larger diameters beyond this range, the

barbotage data fall completely outside

the boiling results (see Fig. 4.3).
(d) Both the barbotage data and the avai-lable

boiting data indicate that in general,

bubbling frequencies decrease with increasinq

orifice (or cavíty) sizes.
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(v) The above comparison of pool boiling and pool

barbotage data indicates that barbotage can

serve as a good analog for boiling.
(vi) It was shown that the two-stage model developed

by Kumar et aL. to predict bubble departure

diameters in barbotage, can be successfully

applied with suitable modifications for the

prediction of departure radii and times in

nucl-eate boiling in uniforml-y-superheated

liquids.
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APPENDIX A

FORCES ACTTNG ON A BUBBLE FORMING AT AN ORIFICE

(on a NUCLEA.TTNG CAVTTY)

This appendix presents the general expressions
avail-able in the literature (barbotage and boiling) for
the various forces acting on a gas oï a vapour bubble.
Bel-ow, where the subscript "g" appears it is understood

that this applies to either gas or vapour. A basic
assumption invorved is that the bubble is spherical at
all times till departure.

Static Forces

1. Surface tension force = TD o

is the diameter of t.he orifice or a

as the case may be; 0 is the contact

bubbl-e and the plate surf ace.

2. Buoyancy force = å ot^pg, where D is theo

'equivalent' diameter and ap is the difference between

the densities of liquid and gas or vapour.

3. Excess pressure at bubbr-e base (equivalent to
a loss of buoyancy due to the fact that fiquid pressure

does not act over the bubble base).

sín 0- rnrhora !
o

nucleating cavity

angle between the
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rDå (pq Pr,) nojo

Excess pressure force = ---:-å_----:_ = _¡- r

si-nce

4rtp,-r pr, = ñY

Dynamic Forces

1- The liquid inertia force: This is a consequence

of the force necessary to accererate Lhe mass of the gas

or vapour in the bubble along with some equivalent mass

of liquid surrounding it [23].

inertia force = 9, (u-r)
ot.

where M is the (virtual) mass I23l of the gas or vapour

in the bubble and that of !i times it,s volume of liquid
surrounding it. The symbol ú is a constant which is
assigned dífferent values (normally L/2 or IL/L6) by

dÍfferent investigators, í.e.,

M = V(o + thn )YVLt I

and v is the velocity of the centre of the expandinq

bubble and is equal- to *I.-Ctt'

2. Viscous drag force: This force is assumed to
depend on the velocity of the rising bubble.

viscous force = å "u 
pL nn, ($å)'

where cu is the drag coefficient. Another expression
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availabre in barbotage riterature al-one is as foll_ows:

viscous force = onu- n*l
! uL

where u" is the liquid viscosity. This assumes that the

bubble at any time is moving at its'stokesrvel-ocity.



APPENDÏX B

PHYSICAL PROPERTIES OF WATER, ACETONE AND HEXANE

Þrana r'Frr Water Acetone Hexane

Grade single distirled commercia] cornmercial-
(purity 99.52
by weight)

Temperature at
which fluid
nu¡na_!ì ^^ l_oooc 2ooc 2ooc 2ooc
y!uPs! LreÞ
¡ ra nrrn{.a¡l

Densiry (gmlcm3) 0.9584 O.gg'2 0.7915 0.6600

Dynamic viscosity 2.g2 x ro-3 ro.o5 x r-O-t 3.r-6 x r-o-, 3.26 x r-0-3I^^/^^ -^^\\Yrry ulrl Þçu/,

Surface tensi-on
(dyne,/cm) 58' B 12'75 23 '7 18'43

1aA



APPENDIX C

CALCULATION OF BUBBLE VOLUME

The volume of a bubble (at any instant during
formation) was determined from the frames of high speed

motion pictures in the manner d.escribed bv r,'Fi<--.wer and

Murthy 126J.

1. The picture frame from which the bubbl_e vorume

r/¡as to be calculat,ed was projected on a screen.

2. An enlarged tracing was obtained from the
projected image.

3. The enrarged outline of the bubbte was divided
into a series of truncated cones by means of horizontal
I i nac E'i -"-e C.l_ ill-ustrates one such outline.u!e v.r ¿r¿uÐL!aLgÞ LJIÌe ÞLlull

4. Assuming the bubbl_e to be symmetrical with
respect to the orifice axis, the 'enlarged bubbre volume'

was computed from the following expression. The meanings

of the symbols are apparent from the fiqure.
n-1

v=åHr(3Rr Hr) *.t- J Hr(di*dl.*r+didi*l)
'i =l

+ 'Ir u-(å2 + d2.. + d d -)TZ "3 \*rì ' n+r n n+l/

5. The true bubble volume was computed from the

t-35
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2

n
n+l

Fig" C.1 Enlarged bubble outline
for volume calculations
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enlarged values by the application of an appropriate
scale factor.t

+' The scale factor lvas obtained from a picture of a scalein the plane of the orifice axís



APPEND]X D

METHOD FOR FTNDTNG THE TRUE FLOW RATE

OF AIR THROUGH THE ORIFICE

Assumptions

1" Air-i < frrllrr ê-turated When it leaves the
saturator.

2. The pressure drop through the saturator is
assumed to be negrigible as compared to atmospheric pressure.
consequently, the pressure and temperature condi.tions are

the same at the rotameter and the ante-chamber.

It is well_ known from thermodynamics that in a

gaseous mixture, the volume fraction of one component is
equal to the ratio of the partiar pressure of that component

at the temperature of the mixture t.o the total_ pressure of
the mixture. That is,

V-,- V pvap_vap_,.v
i- , - v---- fii = ;-- D.l'mix "vap "air vtotal

where V.ir, Vrrp and V*,* are the volumetric fl-ow rates of
air, vapour and mixture, respectivery, at the total pressure
while p' is the partÍal pressure of the vapour in the ante-
chamber .rd ptot.l is the total pressure (same in ante-
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chamber and rotameter) .

Example:

Let the i-iquid be hexane. The manometer reading is
2.5 inches of liquid. The temperature of the system is
72oE and the fl-owmeter reading is 552.5 cmfmin. From tables,
the vapour pressure of hexane at 7z"F is 133.5 mm of mercury
abso]ute. substituting the rel-evanL val_ues into Eqn. D.l
we have,

Vvap 
=

Therefore

133.5 x 13"6

= 0.L7 45

vap al_r

v = 0.1745 v____ + 0.1745 x 552.5vap vap

Solvinq for V- vap

V __-- = II7 cm3Tminvap

Thus, the total flow through the orifice is

Fl-owmeter Readinq + V_- = 552"5 + Il-7
vap

= 669 .5 cm'/min



APPENDIX E

BUBBLE GROWTH RATE DATA

This appendix presents

bubble growth rates obtained

investigation in the present

analysed for each test liquid

were obtained for three such

giving a total of 27 bubbl_es.

were collected are summarised

of bubbles during growth are

data (Figs. E. t to E. 9 ) .

tabulated data for the

during the experimental_

work. Three bubbles \,rere

for each flow rate. Data

flow rates for each liquid,

The systems for which data

in Table 3.1. The profiles

presented after the tabulated

Bubble Tdentification

Each bubbre analysed i-s identified. by a code in the
following tabtes " The first l-etter in the code refers to
the first l-etter in the name of the liquid tested. The

three air flow rates for which bubbres \^/ere analysed are

classified as 1ow, medium and high in the increasing ord.er,

and are referred to by the middre letter in the code. The

numbering in the cod.e refers to the number of the bubble

analysed. For example I t¿I-L-2 refers to the second bubble

analysed for the l-ow flow rate (4.07 cm3/sec) for water,

l-40



L4I

Symbols indicated alongside the codes are used for

identifying bubble numbers on the graphs.

zeTo 'I'ame

Reference is made to the explanation given for zero

time under Sec. 3.4.4. According to this, a bubble for
which the starting frame number is other than zero belongs

to category r and a bubble for which the frame number is
zero to start with belongs to Category II.

Symbol

The symbol r->r which one encounters while progressing

along the frame numbers j-ndicates that the frame number at
which it is poínting is the frame corresponding to the

end of the formation of the primary bubble (i.e. end of

'neck' formation) and the beginning of the appearance of

the secondary bubble. As explained in chapter 3 the growth

rate curves presented in Figs. 3. 10 through 3. IB \^/ere

plotted taking this frame as the one corresponding to the

end of the formation period. The last frame in the series

for each bubble corresponds to the time at which the

secondary bubble, which rises as part of the primary

bubbre, actually severs its connection with the hemispherical

interface at the orifice. For a further discussion in this
regard, reference is made to Appendix F.



T
ab

le
 8

.1
"

S
ym

bo
l, 

F
ra

m
e 

N
um

be
r

Id
en

tif
i- 

(C
ou

nt
ed

 f
ro

m
ca

tio
n 

C
od

e 
ze

ro
 t

im
e)

B
ub

bl
e 

gr
ow

th
 d

at
a 

fo
r 

w
at

er

o
w

- 
L-

 l-
0 3 6 9

L2 15 1B 2T .A ¿
q

->
 2

6 29 32 J1

0 A = B

L2 16 20 ¿
+

¿
ó

+
31 5+ 37 Â

tr
'

A
l_

r 
.E

 -L
O

W
 l(

at
'e

'1
'l-

m
e

E
,

S
ec

 x
 1

03

0.
00

0
s.

93
0

11
.8

60
L7

.7
90

23
.7

20
29

 .6
50

35
. s

80
41

. 
5 
t0

47
 .4

40
51

.4
00

57
 .4

00
63

.3
00

67
 .2

50

W
- 

lJ
- 

¿

v

4.
o7

 c
m

3 
/s

ec
B

ub
bl

e
V

ol
-u

m
e

3
cm

0 0 U rì 0 0 I I I z 2

00
00

00
37

02
28

08
97

24
9 

4
50

60
86

60
¿

50
¿

6 
43

9
91

31
0 

11
6

3l
-7

 4
36

32

00
47

00
50

00
97

03
23

'1
 1

41
LJ

 
=

 
T

7 
40

2
20

7 
7

04
tz

B
3s

9
84

26
49

30

!\a
q¿

v.

R
ad

iu
s

cm

0 1

15 3t 39 /1
 1

at 55 61 67 73 B
9

00
0

90
0

80
0

70
0

60
0

50
0

40
0

30
0

25
0

10
0

10
0

00
0

0 0 0 0 0 U 0 U 0 0 U U U

00
00

09
63

17
5 

B

27
76

39
05

49
 4

3
59

 1
3

66
58

7 
32

L
77

 0
L

T
B

B
O

82
40

B
2B

O

L0
 4

2
10

6r
L3

25
L9

75
31

8 
0

44
7 

3
56

 1
1

66
06

7 
32

6
7 

6l
-0

7 
63

0
84

7 
0

Ê
æ

-)

0 U U U U 0 1 l 1 2

t*
R

*

(=
R

/R
e)

0 0 0 0 n ^ 0 0 0 0 0 0
ts È tv



T
ab

le

S
ym

bo
l,

Id
en

tif
i-

ca
tio

n 
C

od
e

vü
-L

- 
3

a 
ñi

r^
d 

ì
! 

C
 J

 
\U

U
I1

 
L¿

IIU
E

U
,I'

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 f
ro

m
za

rn
 

tì 
m

al

0 B

L2 16 20 24
->

28 36

0 )1 = B

L2 16 20 .A L+ 2B
+

30

U 6 9
L2 15 1B 2L z+

->
27

A
l-r

 Ì,
 1

_o
w

T
im

e

S
ec

 x
 l-

0 
3

W
- 

l,-
 

4

0 7.
90

0
15

.6
00

23
 .7

00
31

.6
00

39
 .

 5
00

47
 -

40
0

55
.3

00
O

J.
¿

U
U

71
.1

00

0 7 
.9

00
15

.6
00

23
.7

00
31

.6
00

39
. 

50
0

47
 .4

00
55

.3
00

59
.2

50

n Ã
' o

 ?
n

1r
. 

B
6 

0
L7

.7
90

23
.7

20
?o

 
Á

<
.ô

çJ
 

.9
JV

35
 .5

 B
0

41
.5

10
47

 .4
40

53
.s

00

R
at

e 
4.

07
 c

m
3/

se
c

B
ub

bl
e 

B
ub

bl
-e

 E
qu

iv
.

V
o]

um
e 

R
ad

iu
s

cm
3 

cm

W
-L

_5

0 U 0 0 0 0 'l f I I I

00
51

01
10

03
03

T
LT

L
33

53
73

31
20

79
5 
01

r
1A

É
,4

90
7 

3

B
ub

bl
e 

an
al

ys
ed

 ti
ll

0.
10

70
0.

13
8r

0 
.1

9 
34

0.
30

35
0.

43
10

0.
55

94
0.

66
07

0.
7r

00
0.

74
70

0.
77

L0

0 0.
07

81
0.

11
79

0.
20

39
0.

34
98

0 
.4

9L
9

0.
60

26
0.

69
98

0 
.7

 4
82

0 0.
10

00
0.

14
83

0.
24

1L
0.

35
28

0 
.4

65
6

0.
56

11
0.

64
23

0.
7L

46
0 

.1
7 

19

0 0 0 0 n 0 0 1 I

00
20

00
69

03
55

l-7
93

49
 8

6
91

6 
B

43
57

75
42

0 
04

2
0I

37
V

O
 J

¿
T

B
 3

9
42

27
7 

39
9

10
99

52
89

92
66

tx

U 1 3 4 6 7 9
10 L2 13

th
e 

fo
rm

at
io

n 
of

 n
ec

k 
on

lv
.

52 04 56 O
B

O
U L2 64 L6 ^'
7

0 0 n 0 U U 0 I I l

R
*

0 I a I 2 4 5 5 6 6

B
6 IO 54 43 A

J 4B 30 70 00 L6

H À (^
)



T
ab

le

S
ym

bo
l 

,
Id

en
tif

i-
ca

tio
n 

C
od

e

vü
-L

- 
6

E
.1

 
(c

on
tin

ue
d)

A
ir

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 f
ro

m
ze

ro
 t

im
e)

 
se

c

U 3 6 9 I2 15 1B 2I 24 ¿
t

->
 3

1*

Ir
_o

w
 K

at
'e

 4
. 

u 
/

'r'
am

e

E
,

X
 I

.U

W
-M

-1

tr

0 5
11 L7 ¿

J ¿
9 35 A
1

/1
 1 =
T 53 6L

.9
30

. 
öo

u
?o

rl
.7

20
.6

50
.5

80 q'
ì 

n

.4
40

.5
00

.2
50

F
l-o

w

.5
50

.1
10

.6
50

.2
00

" 
30

0
.8

50
" 

40
0

ot
rn

.5
00

.9
00

.*
37

ru
"

B
ub

bl
-e

V
ol

-u
m

e
3

cm

0
10 20 30 40 50 60 IU

->
 B

0
90

10
0

10
6

0 0 0 0 0 0 0 0 0 n I

00
 4

9
00

63
00

80
00

99
02

5l
-

06
82

L/
ó+

36
 B

4
62

99
9 

65
6

55
67

A
ir

B
ub

bl
e 

E
qu

iv
.

R
ad

iu
s

cm

0 5
11 16 22 27 33 44 49 55 5B

R
at

e 
32

.5

U 0 0 0 0 0 0 U 0 0 n

L0
52

11
4/

1
rf

=
 

=
T

24
L

13
 3

1
1B

 1
6

25
35

34
92

44
47

s 
31

8
61

31
7 
I9

0

cm

n U 0 U 0 0 1 I 2 2 2 z

00
38

01
0 

B

04
64

17
56

4L
60

66
 4

5
L5

2L
ou

oo
17

30
24

39
56

52
72

L7

t,k

0 n U 0 0 0 0 0 0 0 0 0

09
7 

L
L3

72
22

29
34

7 
4

46
3L

54
 1

3
65

03
72

66
B

0 
35

81
5 

0
85

0 
0

86
60

R
*

H 'Þ ,È



T
ab

le
 E

. 
1

S
ym

bo
l, 

F
ra

m
e 

N
um

be
r

Id
en

tif
i- 

(c
ou

nt
ed

 f
ro

m
ca

ti-
on

 C
od

e 
ze

ro
 t

im
e)

w
-M

-2
v

(c
on

tin
ue

d)

0
10 20 30 40 50 60 70

->
 7

5 aq 97

0 9
1B 27 36 =

J 54 63 72
+

82 92 L0
2

11
6

'-L
'l-

m
e

+
.

se
c 

x 
lu

-

W
-M

-3

o

A
-l_

r 
¡ 
ro

w
 .

b(
ac

e 
Jz

. 
)

B
ub

bl
e

V
ol

-u
m

e
?

cm
-

0 5 I1 16 22 27 33 Jt
t

4L 47 53

U 5
10 I5 20 25 30 35 40 À

-

51 56 64

55
0

11
0

68
0

¿
U

U
75

0
30

0
85

0
60

0
20

0
90

0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

60
0

r0
0

60
0

50
0

.*
37

=
." B

ub
bl

e 
E

qu
iv

.
R

ad
iu

s
cm

0 0 0 0 0 0 I 1 2 2 2

00
 4

4
02

57
0B

 4
9

28
32

s3
53

97
25

37
73

T
B

O
B

00
03

1 
4q

7
38

73

00
27

00
81

02
L2

07
 3

4
20

29
4L

4T
69

97
98

65
33

60
7 

26
3

87
 0

6
0 

89
1

75
38

U U U 0 0 0 0 0 0 n n

10
 1

4
1B

 3
1

27
27

40
7 

4
50

37
6L

46
69

02
75

L9
7 

8T
6

81
5 

0
83

30

08
64

12
44

T
7 

L6
25

97
36

 4
5

+
o¿

Lt
55

07
6L

75
68

32
7 

44
2

7 
6s

0
79

40
87

20

0 0 0 U 0 0 0 I 1 1 I 2 2

!+ L^

0 1.
07

2.
L4

3.
2I

4.
¿

A
s.

 3
5

o.
4¿

I 
.4

9
ö.

v¿
9.

10
10

.4
0

U U 0 rì U 0 n 0 0 U 0 0 0

R
*

0 1 2 /1 = /1 = 5 6 6 6 6

B
1

46 Iö 26 U
J

Y
¿ 52 01 25 50 66

F È (t
l



T
ab

le
 

E
.1

 
(c

on
tiu

ed
)

S
ym

bo
l, 

F
ra

m
e 

N
um

be
r

Id
en

tif
i- 

(c
ou

nt
ed

 f
ro

m
ca

tio
n 

C
od

e 
ze

ro
 l'

im
c)

W
-H

-I

E
I

0 9
1B 27 36 45 54 63

->
 7

r
B

1
91 96

0 9
1B 27 36 À

F 54 O
J

->
 6

7 7l B
7

97
10

1

A
l-r

se
c 

x 
10

3

W
-H

-2

v

0 q

10 t\ 20 25 30 35 39 44 51 53

U 5
10 15 20 25 30 35 37 4? 4B 56

F
lo

w
 R

at
e 

60
.5

B
ub

bf
e

V
ol

-u
m

e
3

cm

05
0

10
0

1s
0

20
0

2s
0

30
0

3s
0

90
0

90
0

00
0

90
0

cm
-ls

ec

B
ub

bl
_e

 E
qu

iv
.

R
ad

iu
s

cm

0.
01

40
0.

05
81

0 
.2

49
 4

0.
67

05
I.2

23
4

1.
80

35
2.

37
32

05
0

10
0

ls
0

20
0

25
0

30
0

35
0

60
0

25
0

75
0

50
0

60
0

2.
9L

08
J.

 +
¿

O
Y

ñ 0 0 0 0 0 U U 0 0 0 0

3.
49

01
3"

71
93

L4
9s

24
03

39
05

tr
/ 

2n

66
35

15
5L

82
7 

5
aa

qT
93

53
9 

43
5

96
40

98
70

18
0 

5
28

7 
4

43
03

57
 6

0
67

 8
5

76
75

B
 3

75
B

B
32

A
O

O
/'l

90
 5

0
9 

45
0

99
 6

0
05

00

4.
00

56

0 0 U 0 I f -L z 2 3 3 3 4 A

02
46

09
9 

4
33

31
B

0 
05

30
86

B
9 

35
46

07
B

86
4

04
77

07
96

s1
44

L3
12

57
44

t¡
b

0 0 I 2 3 ¿
I 5 6 1

v/ O
A 91 B
B

B
5

ó¿ 79 66 62 B
O 35

0 0 0 0 n U 0 0 0 0 0 ^ t

R
*

1 I 3 4 5 6 6 .7 - 7 7

B 9
IO

20 Y
Z T
2

30 30 04 o¿ t0 50 70 90

H È



T
ab

le

S
ym

bo
l,

Id
en

tif
i-

ca
tio

n 
C

od
e

w
-t

l- 
J

o

8"
1 

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 fr
om

ze
ro

 t
im

e)

0 B

16 24 32 40 4B 56 b4
_>

 6
g 79 B
9

99

A
ir 

F
lo

w
 R

at
e 

60
.5

.T
'IM

E

I

se
c 

x 
10

3

0 4 9
13 1B 22 27 31 36 ?R 44 50 55

50
0

00
0

s0
0

00
0

50
0

00
0

50
0

00
0

90
0

50
0

00
0

60
0

"*
37

"u
"

B
ub

bI
e

V
ol

-u
m

e
?

cm
-

0 0 0 0 0 'l I 2 2 2 3 3 A a

02
23

0 
87

0
23

98
50

09
B

B
T

9
3l

-2
0

77
L9

29
 4

L
7 

s8
7

82
45

09
96

56
 4

L
20

86

B
ub

bl
e 

E
qu

iv
.

R
ad

iu
s

0.
L7

46
0 

.2
7 

48
0.

 3
85

4
0 

.4
92

7
0.

59
49

0 
.6

79
l-

0"
7s

07
0.

81
32

0.
87

00
0 

.8
7 

69
0 

" 
90

68
0.

94
90

t.0
00

0

t*
R

)t

F È -J



T
ab

le
 8

.2
 "

S
ym

bo
l,

Iq
en

t'a
 r

a-
ca

tio
n 

C
od

e

A
-L

-1
tr

B
ub

bl
e

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 fr
om

za
ro

 
J-

 i 
m

oì

0 5
10 t_

5
20 25 30 35 40 ^- AJ

->
5 

0
55 60 o¿

0 6
L2 1B ¿
+

30 36 42
->

4 
I

50 53 56 59

gr
ow

th
 d

at
a

A
ir

'I'
l_

m
e

E
l

se
c 

x 
l-0

3

0 4.
68

0
9.

36
0

L4
 .

0 
40

l-8
.7

20
23

.4
00

28
.0

80
-ô

 
na

^
J¿

. 
I 

O
U

37
.4

40
42

. 
I2

0
46

.8
00

51
 .

4 
B

0
56

.1
60

58
.0

00

0 5.
63

0
IL

.2
60

16
.8

90
ô^ ¿

¿
. )

¿
u

28
.1

50
33

. 
78

0
39

.4
10

44
.L

00
46

.9
00

49
.6

00
52

.5
00

55
.4

00

fo
r 

ac
et

on
e

T
\_

 
JJ

- 
¿

v

F
lo

w
 R

at
e 

8.
64

B
ub

bl
_e

V
ol

_u
m

e
cm

-

.*
37

".
"

B
ub

bl
-e

 E
qu

iv
.

R
ad

iu
s

cm

0.
1I

35
0.

13
38

0.
14

38
0.

15
57

0.
L9

25
0.

23
86

0.
29

57
0 

.3
7 

44
0.

43
86

0 
. 
s0

11
0.

55
16

0.
 5

 8
00

0 
. 
61

60
0.

6s
40

0.
 1

18
2

0 
.L

44
7

0 
. 
L7

2L
0.

20
86

0.
26

36
0.

33
94

0.
11

70
0 

.4
92

4
0 

" 
53

85
0 

.5
47

 0
0.

s6
60

0.
 s

90
0

0.
60

90

0 0 0 0 0 0 rì 0 U 0 0 0 0 I

00
61

01
0 

0
0I

24
0l

s 
B

02
99

05
69

10
83

2L
9B

35
33

52
72

70
 3

1
B

 1
14

96
94

17
00

0 0 U 0 U 0 0 0 0 0 0 0

00
69

0L
27

02
L3

03
80

07
 6

7
16

33
30

38
50

02
65

 4
0

69
00

7 
63

0
86

20
95

00

t*
R

*

n n I 2 2 A = A = 5 5 6 6 1

7L
4

42
8

L4
2

B
s6

57
0

28
4

99
8

58
0

95
0

30
0

oo
u

03
0

0.
95

1.
16

r.
37

r.
67

2.
L0

2 
"7

2

A
 

A
^

4.
40

4.
53

 H
À

 
a^

 
rÞ

.+
" 

l¿
 

C
o

4.
90



T
ab

le
 8

.2

S
ym

bo
l,

Id
en

tif
i-

ca
tio

n 
C

od
e

A
-L

- 
3

o

(c
on

tj¡
n:

ed
)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 f
ro

m
za

ro
 

È
i 

m
aì

-v
! 

v 
e+

¡¡
ru

/

0 6 I2 1B 24 30 36 42
->

 4
B 54 57

0 6
L2 1B ¿

+
30 36 42 4B

->
52 5B o+

¿
\l_

r 
I 

-L
O

V
J

L'
l_

m
e

+
.

se
c 

x 
10

3

A
-L

- 
4

0 5
11 L6 22 ¿

ó 33 39 41 50 53

63
0

¿
ou 89

0
3¿

U
15

0
78

0
4L

0
10

0
75

0
50

0

R
at

e 
8.

64

B
ub

bl
-e

V
oI

um
e

cm
'

.*
37

...

0 0 0 0 0 0 0 0 0 1 I 1

00
72

01
6 

3
U

JJ
J

07
78

l-2
95

25
2L

45
82

69
96

80
63

09
89

L9
7 

7

0 5
11 16 22 ¿
ó 33 39 49 60

B
ub

bl
e 

E
qu

iv
.

R
ad

iu
s

am

63
0

¿
ou 89
0

2¿
U

l_
5 

0
78

0
4L

0
10

0
00

0
70

0
50

0

0 0 0 0 0 0 0 0 0 0 U

11
9 

B

L5
7 

4
L9

96
¿

o 
4ó

31
3 

9
3 

91
9

+
 /

 Õ
J

55
07

57
7 

4
64

20
66

00

0 0 0 U 0 0 0 0 0 1 1 I

00
2L

00
68

02
9 

4
0 

81
6

L9
72

37
 3

6
58

7 
9

84
43

07
 4

L
L¿

Ó
)

30
97

t,t

0 U 0 n 0 0 n tl U 0 0 U

07
96

Ll
-7

 7
1 

O
'l 

/l
LJ

 
L=

26
9I

3 
61

1
44

68
5l

-9
7

58
63

O
J)

J
65

00
68

00

R
,k

H È \o



T
ab

le
 8

.2

sy
m

bo
l,

Iil
en

tif
i-

ca
tio

n 
C

od
.e

A
-M

-1
tr

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 f
ro

m
zo

rn
 

J-
i 

m
a\

qe
!v

 
e¡

lrr
e/

6 I2 1B 24 JU 36 42
+

48 60

U 6
L2 1B ¿

4 30 36 42
->

 4
B Í^

Á
\].

r 
.E

',L
O

\.{

'r'
rm

e
E

,
S

E
C

 X
 I

U
-

A
- 

rv
l- 

¿

v

0 J

11 T
7

23 ¿
Y 35 4T À
a +
t

53 59

0 5
11 L7 ¿

5
¿

Y 35 4I 53 O
J

R
at

e 
19

.6
5 

cm
3/

se
c

B
ub

bl
e 

B
ub

bl
e 

E
qu

iv
.

V
ol

um
e 

R
ad

iu
s

cm
3 

cm
 

t*

93
0

86
0

79
0

72
0

of
u

sB
0

51
0

44
0

37
0

30
0

93
0

86
0

79
0

72
0

65
0

58
0

s1
0

44
0

37
0

30
0

0 0 0 0 0 \J 0 0 1 I I

00
20

00
55

0L
29

05
38

l-4
46

29
86

54
04

7B
B

1
04

r2
07

94
L6

9 
6

00
49

00
59

0 
14

5
0 

61
1

17
1B

36
8s

59
23

85
41

19
85

31
0 

5
53

03

n 0 0 0 0 U U 0 0 0 0

.0
77

7
.r

09
4

. 
L4

56
.¿

J+
¿

0 0 0 0 U 0 0 I I I

32
56

+
L+

O
s0

53
s7

30
62

87
63

80
65

40

0 0 U 0 U 0 U U 0 0

10
60

LL
z3

L5
L2

24
 4

4
34

49
44

47
52

L0
5B

B
6

65
89

68
00

71
5 

0

R
)t

0 0 I 2 3 3 q 5 6 6 B

76 52 2B 04 80 56 O
B

B
4

11

0 0 .L 1 2 J = /1 5 5 5

B
9

90 20 96 76 55 20 70 30 44 72

H LN



T
ab

le
 8

.2

S
ym

bo
l, 

F
ra

m
e 

N
um

be
r

Id
en

tif
i- 

(c
ou

nt
ed

 fr
om

ca
tio

n 
C

od
e 

ze
ro

 t
im

e)

A
-M

- 
3

o

lr.
nn

#i
nr

ro
¡1

 
\

\v
v¡

¡e
¿

¡¡
se

s/

0 6 B

A
ir 

F
l_

ow

'r'
l-m

e
f

se
c 

x 
10

3

1 24 30 36 42 4B
+

 5
0 55 60 66

0

11 L7 23 29 35 4I 47 49 54 59 65

A
-H

-1
tr

R
at

e 
l-9

.6
5 

cm
3/

se
c

B
ub

bl
-e

 
B

ub
b1

e 
E

qu
iv

.
V

ol
um

e 
R

ad
iu

s
cm

3 
cm

93
0

86
0

79
0

72
0

6s
0

58
0

s1
0

44
0

40
0

40
0

30
0

23
0

0 B

16 24 J¿ 40 4B 56
76

+ 6B 76 B
9

0 0 0 0 0 0 0 1 1 I 1 I.0
06

8
.0

08
9

.0
13

8
.0

 4
28

.T
2T

2
.2

7 
83

" 
53

26
.7

50
3

.0
7 

07
.r

76
5

.2
55

0
.5

00
0

.6
53

0

32
.4

 c
m

? 
/s

ec
.0

10
6

.0
52

0
1 

a'
>

 A

" 
26

L2
.4

31
0

. 
O

¿
T

 IJ
.9

18
0

. 
L9

23
.5

0 
42

.s
80

0
.7

s0
0

.0
90

0

n 5
11 L6 22 27 33 44 47 52 61

A
ir

0 0 0 U 0 0 0 U 0 0 0 rì U

55
0

10
0

55
0

20
0

7s
0

30
0

85
0

40
0

30
0

80
0

75
0

IL
17

L¿
ó 

/
14

B
B

2l
-6

9
30

70
40

50
50

28
56

37
63

 4
6

65
49

b 
/U

U
71

0 
0

7 
32

0

F
l-o

w
 R

at
e 0 0 U 0 0 0 0 1 I I I 2

t*

0 0 0 U 0 0 ñ 0 0 0 0 0

R
*

L3
64

23
l-6

3L
62

39
66

+
b 

öb
53

50
60

29
65

7 
B

71
0 

B

72
40

7 
49

0
79

40
F ul ts



T
ab

le
 8

.2

S
ym

bo
l,

Id
en

tif
i-

ca
ti-

on
 C

od
e

A
-H

-2
V

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 fr
om

za
rn

 
.l-

im
a\

0 B

t_
6

24 5Z 40 4B 56
-+

 6
4

1A B
4

92 96

0 B

16 24 40 4B 56
'>

 6
4 70 79 90

f 
f,l

tL
g

I

se
c 

x 
10

3

A
-H

- 
3

o

A
ir 

F
l-o

w
 R

at
e 

32
.4

 c
m

3/
se

c

B
ub

bl
_e

V
ol

_u
m

e
' 

cm
"

0 5
11 I6 22 27 33 38 44 51 5B 66

5s
0

10
0

55
0

20
0

7s
0

30
0

85
0

40
0

30
0

40
0

90
0

s0
0

0 0 0 U 0 0 0 0 1 I l ¿ t 1 I

00
75

01
8 

3

l_
38

0
29

85
53

7 
7

7 
85

7
98

43
25

58
s1

9 
5

)¿
U

ó
7 

88
6

90
7 

6

0 
13

0
02

97
06

80
17

 3
5

32
7 

0
s5

92
B

O
9B

01
 3

1
26

7 
0

44
Ls

51
7 

B

84
0 

4

0 q

11 16 22 27 33 3B 44 4B J= 62

B
ub

bl
e 

E
qu

iv
.

R
ad

i_
us

cm

55
0

10
0

55
0

20
0

75
0

30
0

B
s0

40
0

60
0

75
0

s0
0

U U 0 U 0 U 0 n 0 0 0

T
2L

4
16

36
23

T
L

32
05

4r
46

50
 4

4
57

24
61

7L
66

93
71

5 
0

7 
31

0
75

50
77

20

0 0 U 1 0 0 0 1 f I 1 I

t,t

0 0 n U 0 U 0 0 U 0 0

L4
59

L9
20

25
32

J4
þU

42
7 

4
5r

 1
0

57
 8

2
0¿

5u
67

l-3
70

08
71

 3
0

7 
63

0

R
*

0 U 1 a z 2 { 4 5 5 6 6 B

72 44 l_
6

B
B

O
U

5¿ 04 t6 30 90 11

'l ¿ 2 3 t+ 4 4 5 5 5 6

I7 ç.
4

02 '7
 '7 42 44 63 qe JI 61 70 10

H N
)



't'
âh

 
tô

 
h'

 
<

S
ym

bo
l,

Id
en

tif
i-

ca
tio

n 
C

od
e

H
-L

-1
E

I

B
ub

bl
e 

qr
ow

th
 d

at
a 

fo
r 

he
xa

ne

F
ra

fie
 N

um
be

r
(C

ou
nt

ed
 f

ro
m

za
rn

 
fì 

m
al

.J
v 

av
 

e¿
¡t

lv
 

/

0 3 6 g

L2 15 1B
->

2L ¿
+ 27 30

n J 6 9
L2 15

-+
20 ¿
5

26

A
]-

T
 

T
'.L

O
\,V

r 
!r

ttg t,
S

ec
 x

 l
-0

H
-L

_2 v

Þ
¡]

-a
 

R
 

1 
n^

3/
-o

n

B
ub

bl
-e

V
ol

um
e

33
cm

0 6
L2 1B 24 30 36 42 4B \4 60

0 6
L2 Iö ^ÀzL

+

30 40 46 52

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

0 0 0 0 0 n 0 0 U U 0

00
40

00
73

02
45

0 
48

4
lO

B
B

¿
¿

 3
4

38
39

6L
9 

B

75
93

85
47

00
79

00
9 

4
04

48
l-3

44
23

00
3B

B
9

75
79

7 
64

r
0 

31
9

B
ub

bl
-e

 E
qu

iv
.

R
ad

iu
s

cm

0 U 0 U U 0 0 0 tl 0

09
87

Lz
O

I
LB

O
2

22
60

29
62

37
 6

4
45

08
51

5 
7

52
89

56
7 

0
59

7 
0

L2
34

I3
11

22
02

3I
77

38
01

45
28

56
56

51
0 

0
62

80

il 0 0 0 0 U 0 0 1

t*

0 0 tJ 0 U U U 0 n

R
)k

H (¡



T
ab

le
 E

.3

S
ym

bo
l,

Id
en

ti 
fi-

ca
tio

n 
C

od
e

H
-L

- 
3

o

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 f
ro

m
za

ra
 

fim
al

0 3 6 9
L2 15 IB

-+
20 23 ^a¿
t U 3 o 9

72 15 1B
->

2L ¿
4

)1 JU

A
lr

+

S
ec

 x
 l

-0
3

U 6
L2 1B ¿

+ 30 36 40 46 J=

0 6
L2 1B 24 30 36 4¿ 4B tr

,4

O
U

F
lo

w
 R

at
e 

8.
1

B
ub

bl
_e

V
ol

um
e

J
cm

0.
00

85
0 

. 
01

13
0.

03
17

0.
08

99
0.

20
43

0 
" 

39
22

0.
60

63
0 

"7
54

3
0.

86
43

1.
13

00

0 0.
00

30
0.

00
70

0 
.0

29
5

0.
09

01
0 

.2
0 

47
0 

.3
48

2
0.

s3
70

0.
70

73
0 

.7
92

5
0 

.9
0 

47

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

"*
37

"u
. B

ub
bl

e 
E

qu
iv

.
R

ad
iu

s
cm

0 0 0 0 0 tl 0 U 0 U

L2
66

13
 9

1
19

64
27

79
36

5 
4

45
 4

L
52

50
56

47
59

00
6 

40
0

08
93

11
8 

7
L9

T
7

27
 B

I
36

56
43

6 
4

50
 4

2
55

27
57

 4
0

60
00

t*

U 0.
72

L.
44

2.
16

¿
.ó

ó
3.

60
4.

32
4.

 B
0

5 
.5

2
o.

+
ó

0 U n 0 0 n U 0 0 ô

R
*

1.
01

3
1.

11
3

1.
57

1
2.

22
3

2.
92

0
3"

63
0

4 
.2

00
4 

"5
20

4.
72

0
5.

L2
0

H LN rÀ



i.'
aÞ

Ie
 

.t;
 . 

J

S
ym

bo
l, 

F
ra

rn
e 

N
um

be
r

Id
en

tr
fi-

 
(c

ou
nt

ed
 f,

ro
m

ca
tio

n 
C

od
e 

ze
ro

 t
im

e)

H
-M

_1 tr

(c
on

tin
ue

d)

0 9
1B 27 36 ^- =

J 54
+

 6
3

IL B
1 U a

1B ¿
t

36 A
J

-+
 6

3 7I B
1

'l'
rm

e

^ 
.^

3
se

c 
x 

-L
U

Í7
- 

Lv
r-

 ¿

V

A
rr

 F
lo

w
 R

at
e 

l-5
 .6

B
ub

bl
-e

V
ol

um
e

cm
-

0 5
10 15 20 25 30 35 39 4\ n 5
10 t5 20 25 30 35 39 44 4B

00
0

00
0

00
0

00
0

00
0

00
0

00
0

50
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

s0
0

00
0

40
0

?
C

m
-,

/S
eC

B
ub

bl
e 

E
qu

iv
.

R
ad

iu
s

cm

0 0 0 0 tl 0 0 U 0 I

00
7 

4
02

00
04

03
L0

49
20

29
38

04
6L

46
B

62
B

9 
06

7
11

 B
9

01
0 

B

02
97

06
45

11
2 

0
22

55
39

 3
3

6l
-5

4
90

26
10

63
16

00
34

00

0 0 0 n 0 0 0 0 0 0

12
O

B
t_

oö
J

2T
2B

¿
J 

¿
O

36
45

A
 /

1 
A

q

52
7 

4
s9

06
O

U
¿

66
0

L3
72

T
92

I
24

B
B

29
90

37
76

A
J=

J

52
7 

7
59

95
o4

 z
u

65
20

68
60

0 0 0 0 0 0 n 0 I I 1

t* 0 0 1 a I 2 3 3 A = 4 5

0 U 0 n U 0 0 0 n U 0

60 20 B
O 40 00 bU 20 74 40

R
*

0.
96

6
1.

 3
s0

1.
70

0
¿

. 
J+

U
2.

91
6

3.
60

0
4.

22
0

4.
72

0
4 

.8
20

5.
30

0

ts L¡



T
ab

Ie

S
ym

bo
l,

fd
en

tif
i-

ca
tio

n 
C

od
e

H
-M

- 
3

o

E
" 
3 

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(C
ou

nt
ed

 f
ro

m
ze

ro
 t

im
e)

0 9
1B 27 36 A

F

J=

_+
6 

3
oð 77 B

6

A
ir 

F
lo

w
 R

at
e

r 
¿

tu
e

S
ec

 x
 1

03

H
-H

-1

E

0 5
10 15 20 25 30 35 37 42 47

3,
r)

.o
 

cm
 /s

ec
B

ub
bl

e
V

ol
-u

m
e 1

cm
-

0.
00

51
0 

. 
01

32
0 

.0
40

2
0 

.0
92

L
0.

20
43

0 
.3

7 
49

0 
.5

92
8

0 
.8

26
0

0.
86

32
0"

92
58

L.
15

22

00
0

00
0

00
0

00
0

00
0

00
0

00
0

80
0

80
0

80
0

U B

16 ¿
4 32 40 4B 56 64

->
7 

0
76 B

4 o)

Á
\a

r U 5
10 I5 ¿
U 25 30 35 40 43 /1
 1

=
I 52 57

B
ub

bl
-e

 E
qu

iv
.

R
ad

iu
s

cm

0.
10

66
0.

14
64

0.
2L

26
0"

28
0r

0.
36

54
0.

44
73

0 
.5

2L
I

0.
 s

82
1

0.
59

20
0.

60
60

0.
6s

20

F
lo

w
 R

at
e 

30
.4

 c
m

00
0

00
0

00
0

00
0

00
0

00
0

00
0

00
0

80
0

50
0

50
0

50
0

U U 0 0 0 U U 0 0 I 1 I 1

vv
¿

o
O

T
2I

03
43

0 
80

1
16

0 
9

29
9 

B

4 
51

8
69

 6
0

91
36

04
77

L2
6B

24
90

40
 0

9

t*

0.
08

s1
0.

I4
24

0.
20

15
0 

.2
67

 4
0 

.3
37

 4
0 

.4
L5

2
0.

47
60

0.
54

97
0.

60
19

0.
63

01
0 

.6
 4

40
0.

66
80

0.
69

40

R
*

ts ul



T
ab

le
 E

" 
3

S
ym

bo
l,

Id
en

tif
i-

ca
tio

n 
C

od
.e

H
-H

-2
o

(c
on

tin
ue

d)

F
ra

m
e 

N
um

be
r

(c
ou

nt
ed

 fr
om

za
rn

 
{-

ì 
m

al
-v

*v
 

u¿
¿

Lr
e/

0 B

16 z+ 32 40 4A qÁ o4
-1

67 75 Q
?

91 L0
2 n B

16 ¿
4 32 40 4B 56 64

->
7 

0
7B B

6
92

'l'
am

e

E
,

S
ec

 x
 

10
3

A
Lr

 F
lo

w
 R

at
e 

30
.4

B
ub

bl
_e

V
ol

um
e

?
cm

-

0 5.
00

0
l_

0.
00

0
15

.0
00

20
.0

00
¿

f,.
U

U
U

30
.0

00
35

.0
00

40
.0

00
42

.0
00

46
 .9

00
52

.0
00

57
.0

00
63

.6
00

U 5.
00

0
10

.0
00

15
.0

00
20

.0
00

25
.0

00
30

.0
00

35
.0

00
40

.0
00

43
.9

00
48

.8
00

s3
" 

80
0

57
.5

00

H
_H

- 
3

V

cm
3/

se
c B

ub
bl

e 
E

qu
iv

.
R

ad
iu

s
cm

0 0 0 U 0 0 0 1 1 I 1 I I

00
67

03
L2

07
2L

15
08

27
 3

0
42

67
sB

71
B

 3
41

0 
47

l-
15

78
22

75
29

9 
4

4 
31

3
)q

¿
¿

+

00
s3

00
75

01
 7

1
O

4B
B

10
23

2L
65

53
 ¿

O

5 
41

5
71

5 
B

90
97

9 
44

6
15

 3
6

20
10

0 0 0 0 0 0 n 0 U rì 0 0 0

IL
72

19
5 

3

25
82

55
U

¿
40

24
46

7 
0

sl
-g

 4
58

39
62

99
65

l-4
66

60
67

 B
0

70
00

7t
B

0

0 0 0 U U U 0 U 0 0 0 1 l- I

t*

0 0 'ì I I 2 3 3 A = 4 5 5 6 6 a

O
U

20 B
O 40 00 60 20 B
O ^^U+ 63 ¿
+

B
4

0 ^ 0 0 0 U 0 n 0 0 0 0 0

R
rt

10
 B

2
L2

I7
15

99
22

66
¿

Y
U

 ¿
37

25
43

82
50

56

O
U

II
61

0 
0

6 
51

0
66

 3
0

0 l- 2 2 I 4 5 5 5 5 5 5

A
/1 56 U
O 64 22 74 15 ol 04 2L 33 42 60 '7
4

F Lt
r {



158

2o

/\
l/ì\¡

\_--'

ró

()

\,/ôÒ00

r _)3þ:!-
5c,u

NOTE: Numbers on top of
profiles indicate frame
nurlbers from zero time.

Growth profiles for bubble W-L-3rig.8"1



ÕÒ

45

ööoo

,\

\

\

)

I
I

I

i
I
I

\

I
¿ Growth profiles for bubble W-M-3rig. E.



160

OÕ

Fig. 8.3 Growth profiles for bubble W-H-3



161

O

/\
/\
/\
(ì\/\,'V'

Fig. 8.4 Growth profiles for bubbl-e A-L-2



L62

^6r\ 1ì[_l \-J \-/

/-\

¡4 r-l/ \
/-ì { \( )

\_/ \_-,'\_,/

l.¿6 cYrl

Fig. E".5 Growth profiles for bubble A-14-3.

t6

t\\i



r63

l6

^11 
(\

IJ \--l \-J

s2

[_J

Z------>tt\t\

3.{

d)

\
\
\
i

\
\

)

,/,/
).-
\)

fig. 8.6 Growth profiles for bubble A-H-l



164

ls

/\
l\\it\-/

Fig. 8"7 Growth profiles for bubble H-L-2

I /z--\
(\

\--,; \-'--ti

r\li
/\t\tiwi)

\__-¿

6

tlr-qr rf

/--\../\t\lttlt\
tlll\t

U

/\/\
/\
,\
()\./
\ ,./\t\_l

rB

,,--='\,/\
/\
t\
\)
\./

\-/



r65

3(,

o9/'\ a--\LJ \-__/

17 r-\ö O \-./

"B

. l'Zb cst

S CALE

Growth profiles for bubble H-M-3Fig" E



L66

så

1\i\1\tltl
\)

--r'.---''-

F'ig. 8.9 Growth profiles for bubble H-H-3



APPENDIX F

FURTHER DISCUSSION ON BUBBLE GROWTH RÀTES

fn Sec. 3.4.4 it was observed that a bubble

appearing at the orifice after a definite 'waiting period'
has a growth curve essentially the same as that of a

bubbl-e that begins its life period as an approximatery

hemispherical interface (waiting period equal to zero).
ft was also pointed out that there is no significant
variation in the shapes of the growth curves of any

particular bubble plotted according to the followi-ng
two different criteria with reoard Èo 1-he end of the

formation period:

1. The l_ife cycle of a bubbl_e ends with the
formation of a neck (see Fig. 3.6) just prior to the
appearance of a secondary bubble.

2. The life cycle ends when the bubble (primary

plus secondary) just. severs its connection with the

orifice and departs.

This append.ix presents evidence for the above obser-
vations in the form of Figs. F.l through F.6" Fígures F.l
through F.3 are basicalry reproductions of Figs. 3.10, 3.13

and 3.16 giving typical growth cuïves for bubbles startinq

r67
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with a zero waiting time (at the flow rates quoted therein),
but superimposed on these graphs are the growth curves of
bubbles that ¡r'ia'in:+- a :fra¡ a waiting period" The end

point for these curves again corresponds Lo the 'necking,
point. A growth ptot of one such bubble is given for each

liquid and it is readily evident that the growth curves of

the l-atter show no significant variation when compared i,üith

the rest.

Figures F.4 to F.6 presenL the growth curves of

typical bubbles, each plotted according to the two different

criteria above for the end of the life period of a bubble.

It is apparent that differences in t.he growth curves arising

from these two different criteria are not significant,

especially when one considers the stochastic nature of

bubble grov/th as evidenced, for instance, in Figs" 3.l0,

3.13 and 3.16. Table F.Ì gives the values of growth

exponent n (method described in Sec. 3.4.4) for the two

cases. It. is seen that the va]ues are veïv close



Table F.1. Values
the two

for bubbl-e growth
cases discussed

exponenLs 'n t f.or
in Appendjr F.

Bubble Growth
Flxnonont t n t

L75

Ti11
Detachment

0.7r

0.82

0.60

Liquid

\^/atej.

aceLone

hexane

Ar-r ï J-ow ¡(ate
^*3 t^^^urrr / Þcr,

32.50

I q h\

'ìq Ân

TilI 'Neck'
Formation

0.75

0.83

0 .62
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APPENDIX G

GROWTH EeUATION R* = 0t USp¡

FOR BARBOTAGE DATA

It was stated in Sec. 3.4.4 that in order to
compare barbotage and boiling growth rate data, the barbotaqe

daLa was recast to fit a growth equation of the form
-nRr = 0--, where R* = R/RU, 0 = t/La, and. n is the growth

exponent

No\n/, the above equation implies that the R* vs 0

curve passes through the point (0,0) in rectangular co-

ordinates, whereas the bubble growth curves in Figs. 3.10

through 3.18 are seen to possess finite ordinate values at
zero time. An estimate of the error introduced in the

average growtir exponent n due to this discrepancy was

determined in the following manner.

Let Vo be the volume of the bubbte at zero time and

v the vol-ume at any time t during the growt.h period. v-vo

then gives the increase in vorume in time t-to (=t) and if
one \Á/ere to plot the equivalent radius corresponding to
V-V^ vs t over the whole growth time in rer-:fancrular r-o-o r- - -'---

ordinat.es, one obtains a curve that passes through (0,0).
A best fit growth equation of the form R = atn or R* = 0n
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(in the non-dimensional form) can then be applied 'wi-th
rigour' to describe the data. Applying this procedure

together with the least squares fit, values of growth

exponent n \dere obtained for one bubble for each l-iquid

for each flow rate and compared with the n val_ues

obtained originally (i.e., without any modification to
data as described above and given in Table 3.5). Tabre G.l
compares these values of n obtained with and without

recasting the data as described above. The worst case

seems to be that of hexane at the lowest flow rate, where

the percentage variation is 28. However, consídering the

statistical vari-ation of about 20 per cent existing in t.he

growth rate of indívidual bubbles for any one flow rate,

the above variation is not considered. to be significant.
Further, in spite of the individual variations existing in

the two methods described, it is noteworthy that no varue

of n obtained by the method described in this appendix farls

outside the range of n given in Table 3 " 5 for t.he barbotage

data. rn view of the above considerations it was decided

to retain application of the equation R* = 0n to barbotaqe

data obtained in t.he present work in its originar form.
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APPENDIX H

EQUATION OF MOTION FOR AN EXPANDING BUBBLE

The equation of motion for an expanding spherical
bubble boundary can be derived by considering the motion

of the liquid surrounding the bubble. consider a spherj_cal

bubble in an incompressibre riquid of infinite extent and

let the origin of co-ordinates be at the bubble centre
which is at rest. The radius of the bubble at any time
t is R, and r' is the radius to any point in the l_iquid.
Then, if in addition it is assumed. that the liquid frow
is irrotational, the velocity of the liquid can be derived
from a vel-ocity potentiat S gíven by

ó = R'È7t' (H. 1)

and the Bernoull-i integral of the motion is,

* |cv6l, . +3 = p_/pL

where * = ät p(r') is the pressure at r' and

pressure at a large distance from the bubbl_e"

Eqn. H.1,

(vö)2 = R4f7z4t'+

(u ? \
\ ¿¡ . a /

p is the-æ

a I c^ tr^ñ, !rv¡Lr

l-79

(H.3)
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a0 I
ãE - F, (2RR2 + R2ä) (H.a¡

Equation H.4 will be apptied at r'= R so that the equation
of motion for the bubble radius is determined. Now,

Equation H.7 is the generar equation of motion for a

spherical bubble in a liquid and v¡ith the pressure at the
bubble boundary p (R) . Ñow, the instantaneous pressure
pb(t.) of the gas in the bubble can be obtained from Eqn. H.7

by accounting for the íncrease in pressure across the sas-
liquid interface due to the surface tension alons the
interface. That is,

lyO)i,=R = È

so that Eqn. H.2 becomes

pb(t, - åo = p(R)

Substituting Eqn. H.B into Eqn. H.7 one obtains

Pb - P- 
= Rä * _1nz * 2o

PL 2" pr_R

(H.6)

(H.7)

trl.ó/
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This equation is used further in Chapter 5 
"


