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ABSTRÀCT

In order to improve our understanding of complex

boiling heat transfer, there has recently been an increased

interest in simulating boiling by barbotage systems

(bubbling of a gas into a liquid), as both phenomena are

known to promote heat transfer between a heat-transfer

surface and a liguid through the stirring of the boundary

layer. The present work, in yet further detail, examines

and compares bubble hydrodynamics in pool barbotage and

saturated pool boiling. The hydrodynamics referred to here

are bubble growth (R vs. t, where R is the bubble radius,

and t is the growth time), bubble growth rate (anr/at vs. t),
and bubble departure radius.

The present study concentrates exclusively on constant-

flow barbotage and nucleate pool boiling as it has been

found that certain aspects of bubble growth have more

similarities between constant-flow barbotage and boiting
bubbles rather than the other Iimiting case of constant-

pressure barbotage bubbles. The barbotage experiments

presented in this thesis v¡ere devised in which it nas

possible to compare the hydrodynamics of constant-fIow

barbotage bubbles with those of nucleate-boiling bubbles

reported by Cole and Shulman for the same liguids and the

same Iiquid temperatures. The flow rates for barbotage vrere

chosen to give growth curves (R vs. t) falling, for a

substantial portion of the growth time, between the

1 l-l-



uppermost and the lowest growth curves for boiling bubbles.

(ror any one set,of fixed boiling conditions, CoIe and

ShuLman show a number of bubble growth curves. ) Acetone,

methanol, carbon tetrachloride, dístitled naterr, ðDd toluene

(ttre same liquids employed by Cole and Shulman) were used as

the experiment,al liquids and air as the injected gas.

Bubble growth and departure radii were determined by high-

speed cine photography for all tested liquids and conditions
(air flow rates, Iiquid temperatures and orifice diameters).

The experinental results yrere then guantitively compared

with the constant-flow barbotage theories and nucleate

boiling.

The comparisons between the experimental results and

the barbotage theories showed:

(i) The experimental growth results nere in excellent

agreement with the constant-flow bubble growth equation.

Thus, it could be concluded that the present apparatus

genuinely generated constant-flow barbotage bubbles.

(ii) Bubb1e departure radii were found to be in good

agreement with predictions from the Iiterature with a

maximum deviation of gLruo in toluene.

For barbotage and boiling, the comparisons indicated:
(i) The bubble growth curves (R vs. t) of the present

barbotage experiments had shapes similar to (but not

identical to) the boiling results for the same butl liquid
temperatures.

(ii) The bubble growth rates (anr/at VS. t) of

l_v



barbotage bubbles had similar shapes and magnitudes to those

of lower boiling bubbles'

(íii) The bubble departure radii of barbotage bubbles

fell within the range of those for the boiling bubbles.
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CHAPTER 1

I NTRODUCTI ON

1.1 Backqround

Pool barbotage is the bubbling of a gas through an

immersed orifice or porous surface into a pooL of initially

statíonary Iiquid. Pool boiling is boiling on a heater

surface submerged in a pool of initially stationary liquid.

One commom type of poot boiling is nucleate boiling which is
characterized by the growth of bubbles in a liquid at

specfic points on an immersed hot solid surface with the

temperature sufficiently greater than the saturation
temperature of the liquid. The relation between boiling and

barbotage is of great interest as both phenomena are known

to promote heat transfer between a heat-transfer surface and

a Iiquid through a bubble-stirred boundary layer.

In general, there are two limiting types of flow in

barbotage systems. One case, commonly referred to as the

"constant-flow" case, pertains to bubble formation in which

the rate of gas flow into a bubble is essentially constant.

The other limiting case, referred to as the "constant-
pressure" case, pertains to bubble formation at an orifice
which is supplied with gas from an ante-chamber at constant

pressure. À more detailed discussion of these two-limiting
cases will be given in ChapÈer 2t Literature Review.

Barbotage systems are attractive for the study of
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bubble-stirred boundary layers because, in contrast with

boiling, the generation rate of a barbotage system is

índependent of the rate of heat transfer and can be

accuratety controlled and measured. Further, in boiling,

there are heat transfer mechanisms involving Uotf, latent

heat and agitation effects while in barbotage only agitation

effects are present. Agitation effects in both barbotage

and boiling are related to bubble hydrodynamics: generally

speaking, the phenomena associated with bubble growth and

departure. Since only agitation effects are present in

barbotage systems, this can be an advantageous simplication;

thus barbot,age studies should help to improve the

understanding of heat transfer across bubble-stirred

boundary layers and hopefully shed additional light on the

mechanisms in boiling.

When simulating nucleate boiling by barbotage, the

aspects considered may be purely hydrodynamic ' or may

include heat transfer. As regards hydrodynamics, the

similaríties in appearence of flow regimes in barbotage and

saturated nucleate boiling have been notedl43,44,+9Ji the

similarities of bubble formation with time have also been

pointed out[ 37,437. Some Ínvestigatorslz,35,44] have used

barbotage to simulate the critical heat flux. with respect

to heat transfer, the average heat-transfer coefficients in

both boiling and barbotage have been compared[2,50r51 ].
Barakat and Sims[4,5] have compared the instantan*ou" heat-

transfer coefficients and liquid flow patterns in pool

boiling and pool barbotage, commenting on the similarities
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and dissimilarities. They have also shown, through the

examination of bubble growth behavior that there is more

simiiarity between boiling bubbles and barbotage bubbles

under constant-flow conditions rather than constant-pressure

conditions. It should be noted that the constant-flow

barbotage bubbles generated by Barakat and Sims[5] for the

heat transfer comparison ¡tere at very small gas flow rates

(< 1.0 "^l/suc); the departure sizes of the barbotage

bubbles h'ere considerably smaller than the specific boiling

bubbles in the comparison and the barbotage bubble growth

times were longer. The liquid under consideration was

toluene.

The present work attempted to answer the question:

"How well can the hydrodynamics of boiling bubbles be

simulated by barbotage bubbles using a simple system, namely

constant-flow barbotage?" The hydrodynamic phenomena

studied here v¡ere bubble growth (R vs. t, where R is the

bubble radius, and t is the bubble growth time), bubble

growth rate (dn/dt vs. t), and bubble departure radius.

These are no doubt important in determining agitation

effects. The approach was to find boiling results in

saturated nucleate pool boiling which would allow for the

operation of the barbotage system at atmosphere pressure.

(rt was desired to run at the same liquid temperatures as

those for boiling in order to obtain similar liquid
properties). An excellent set of boiling results-was

available in the work of CoIe and Shulmanl6] who showed a

number of bubbles for nominally the same conditions in
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different Iiquids; for each bubble they also showed a

complete growth curve (R vs. t) from bubble initiation to

bubble break-off radius. Their results were generally at

sub-atmospheric pressures, allowing in a number of cases, by

virture of the low saturation temperatures, the

corresponding barbotage systems to be run at room

temperature or some degrees above room temperature at

atmospheric pressure.

For the longer term, if the hydrodynamics of boiling
bubbles can be more closely simulated by barbotage systems,

heat transfer experiments similar to those of Barakat and

Sims[5] could be repeated.

1 .2 Purpose and Scope

The present study concentrates exclusively on

constant-flow barbotage and nucleate boiling. The

objectives of the study were:

(i) to conduct experiments in different Ìiquids to

determine the bubble growth and bubble departure radii of

constant-flow barbotage under conditions such as to compare

with certain of the boiling results reported by CoIe and

Shulman[6],

(ii) to compare the above barbotage experimental

results with the bubble growth equation and theoretical
predictions of bubble departure radii based on the model of
Kumar and Kuloor1227,

For comparison of the hydrodynamics between boiling



5

and the present barbotage results, gas flow rates, based on

the barbotage bubble growth equation, were chosen to give

growth curves (R vs. t) falling, for most of the growth

time, roughly mid-way between the uppermost and the lowest

bubble growth curves for the boiling results of äo1e ana

Shulman[5]. (ft should be kept in mind that Cole and

Shulman indicate a large variation in bubble growth, R vs. t

for a fixed set of conditions.) The liquids used etere

acetone, methanol, carbon tetrachloride, distitled water,

and toluene. The temperatures of the Iiquids used in the

present investigation were essential.ty the same as the

saturation temperatures corresponding to the pressures

stated by CoIe and Shulman, thereby obtaining sinilar liquid

properties for both barbotage and boiling. Air vtas used as

the bubbling gas. Orif ice diameters of 0.3 clllr 0.4 cnr and

0.6 cm ¡rere used.

1.3 Lavout of Thesis

- A Iiterature review on bubble hydrodynamics in pool

barbotage and nucleate pool boiling is presented in Chapter

2. Chapter 3 gives details of the experimental apparatus,

and photographic equipment while Chapter 4 covers the

experimental procedures and conditions. Chapter 5 includes

the results and discussion and is divided into three main

parts as follows:
(i) Bubble behavior,

(ii) Bubble growth and departure size t

(iii) Comparison of present barbot,age and nucleate-
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boiling bubble hydrodynamics.

The summary and concLusions are presented in Chapter 6.

Repeatability tests, calibration of the rotameter, physical

properties of experimental Iiquids, calculatíon of bubble

volume, calculation of actual flow rate at the orrrr"., and

bubble identification and tabulated data are presented in

oppendices.

The general behavior of barbotage bubbles is shown in

Figs.5.1 and 5.2i the bubble type observed is summarÍzed in

Table 5.1. The bubble growth results in different Iiquids

and conditions are given in Figs. 5.3 through 5.11 while the

comparison of experimental results and bubble growth

equation is presented in Fígs. 5.12 Eo 5.20. Table 5.3

summarizes the comparison of experimental bubble departure

radii with theoretical predictions from the literature.

Figures 5.21 to 5.30 and Table 5.4 give comparisons the

hydrodynamics between the present barbotage and boiling
bubbles in terms of the bubble growth (n vs.t), bubble

growth rate (anr/at VS. t), and bubble departure radius.
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CHAPTER 2

REVTEW OF THE LITERÀTURE
t

2.1 Barbotaqe Dvnamics

2.1.1 Introductory remarks

As a barbotage bubble is formed by the flow of a gas

through an upward-facing orifice above a gas chamber

(sometimes also calIed an ante-chamber), the pressure within

the bubble changes with time. If the pressure beneath the

orifice is constant, the gas flow rate will vary with time.

If there is a high pressure drop restriction, such as a very

long thin capillary, between the orifice and gas chamber,

the pressure fluctuations due to the forming bubbles are

much smaller than the pressure drop between the orifice and

the gas chamber. In this case, the gas flow rate can be

treated as a constant, a limiting case. If the volume of

the gas chamber upstream of the orifice is very large by

comparison with the volume of bubble being formed and if the

pressure drop across the orifice is small, the situation
corresponds to the other limiting case of bubble formation

under constant-pressure-supply conditions. For conditions
intermediate between the Iimits of constant flow rate and

constant pressure, the chamber volume must be takerl into
account. The phenomenon of bubble formation under these

various conditions vras first reported by Hughes et al.[19]
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and later thoroughly reviewed by Park126l, and by Kumar and

Kuloorl22l. The following review keeps the emphasis more on

barbotage bubble formation under constant-flow-rate

conditions than on barbotage under constant-pru"",rre-supply

and intermediate conditions. The review is made under two

separate headings, namely, 'bubble growth rate' and 'bubble

departure size'.

2.1 .2 Bubble growth rate

Bubble formation from a submerged orifice under

constant-flow-rate conditions can be. achieved by passing the

gas through a long thin capillary in line with the orifice

or through a porous plate attached to the underside of the

orifice plate. The pressure drop across the capillary or

porous plate is very large so that the pressure fluctuations

within the bubbles due to changes in the radius of curvature

have a negligible effect on the gas flow rate. Since the gas

flow in this case is constant, the bubble growth is,

theref ore, sirnply expressed as

dv/dt Q, z.t

where V=volume of the bubble,

t-t ime ,

Q=gas flow rate.

I f the bubble volume throughout the

assumed to be of a spherical shape,

written as

fu,þ*')=Q

period of

then Eqn.

growth is
2.1 çan be

72
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rhere R is the radius of the bubble. Rearranging Eqn. 2-2

gives

dRa
ãT = 4trR'

1he integration. of Egn. 2.3 with R=0 at t=0 as intial

condition would YieId

2.3

#

$| = o. ,ouai î?

t/,
f,= t 2.4

Substitution of R from this eguation in Egn. 2.3 gives

2.5

Equations 2.4 and 2.5 are to be used to compare with the

present investigation of constant-flow barbotage in the five
different liquids mentioned earlier in Chapter 1.

For the other limiting case of bubble formation under

constant-pressure conditions, bubble growth is more

complicated as compared with bubble growth under constant-

flow conditions. In the constant-pressure case, the small

pressure drop across the orifice, coupled with the changing

pressure in the bubble and t,he constant plenum chamber

pressure, results in a changing gas flow rate during the

entire period of bubble growth.

Subash and Sisrs[37] formulated a bubble growth_eguation

under constant-pressure conditions by combining thè equation

of motion for an expanding bubble (tt¡e Rayleigh equation

l29l) with the orifice equation. The result of the
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fornulat r on

relat ion:

,rbere ¡*

g*

R*

is given in the following dimensionless

R*ä* + 1.5R* 2 + 8ER* 
t+¡* z 2

J--='R* 2 AP* 2.6

R
Ro

dR*=-- dt*
d=-- dt*

dR*
AF

t*

^P*=Uft= %
20

=.[6_,i*
Ip P

1ÞqE =6rzt,
R=radius of the bubble'

Ro=radius of the orifice'

t(= or i f ice constant '
P, -Pressure in the Plenum chamber '

P-=pressureata}argedistancefromthebubbleatthe
level of the orifice,

t-t ime r

s¡Surfacc tension,

. Pg'9aS. density'

Þ1-Iíquid densitY'

The solütion of Egn. 2,6 can be carried out by numerical

integration, using the fourth order Runge-Kutta fcrrnula with

conditions at time t-0,

R* (o)-1



l1

ir*( o ) =o

The bubble growth rates predicted by Eqn. 2.6 have been

found to be in good agreement ¡rith the experimental data for

water, acetone, and hexane. The complete derivation of Eqn.

2.6 is contained in Subash and SimsIf21.

À survey of barbotage Iiterature indicated that, so

tar, the analytical solution to bubble growth under

intermediate conditions has not yet been available.

2.1.3 Bubble departure size

The determination of bubble departure voLume (aIso

called the 'terminal bubble volume') is strongly dependent

on the gas flow rate in the constant-flow-rate case. In

addition t otifice size, surface tension, liquid density, and

liquid viscosity have been found to be the most important

factors influencing the bubble departure size. A good

review of the Iiterature on the above-mentioned factors
which influence the bubbte departure size was presented by

Kumar and Kuloorl,22f. The theoretical predictions of bubble

departure size under const,ant-flow-rate conditions are

briefly discussed below.

Since the liquids involved in
have small viscosities (< 1.0 cp),
on the theoretical predictions of

inviscid liquids while for viscous

referred to Refs. [10,22J.

the present investigation

emphasis wiIl be placed

bubble departure- size for

liquids, the reader is
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At very srnall flow rates (-< 1.0 "^?/t..1 |ZZ,23J, the

þubble departure volume can be determined when the upward

buoyant force is balanced by the downward force due to

surface tension. The balance of these two static forces,

therefore, directly gives the departure bubble vblume as

rD o cosO
o )1

e(p 1

$here Vd E bubbLe departure volume,

Do È orifice diameter,

$ s contact angle,

g E gravitational acceleration

The contact angle here is defined as the angle between the

vertical and the stretched interface at the base of the

bubble.

As the flow rate is increased, the liquid inertial
force which is associated with the gas flow rate becomes

significant. For smaIl orifice sizes, Davidson and

Schüler[11], assuming the bubble to be forming at a point

source where the gas is supplied, have developed a sirrple

theoreticaf equation considering only buoyant and liquid
inertial forces. This equation is given by

ua 1.378 I
6t

3tt5
2.8

g

where V¿ is the bubble departure volume and Q

flow raÈe. Eqn. 2.8 has been used to verify
departure volumes obtained for flow rates up

and orifice radií from 0.0143 to 0.0334 cn.

is the gas

bubble

o)g
vd=

to 3.0 cm

Davidson

3 /t."
and
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SctrüIer[11] find that theory and experiment agree

excellently only in the flow range of 1.5 to 3.0 "^?¡t"..
For larger orif ices, Davidson and Schüler have als.o

developed anott¡er equation which takes into 
"onsid"tation

the residual bubbLe that forms the nucleus of thå succeeding

bubble. Hoïever, this eguation has been compared witþ their

experimental values obtained for larger orifices (0.15 to

0.25 cm in radii) and found to have considerable deviation

for flow rates beyond 20.0 .^3¡t"".

Kurnar and Kuloorl,22l assume bubbl.e formation t.akes

place in t¡ro stages' namely, the expansion stage and

detachment stage. The bubble is assumed to stay at the

orifice in the first stage, whereas in the second stage it
is assusred to travel away from the orifice until it detaches

itsel.f. Àn idealized seguence of bubble formation according

to the theoretical prediction of Kumar and Kuloorl22l is

shown in Fig.2.1. At the end of the expansion stage' they

consider that the bubble volume is determined by the balance

between the upward buoyancy and the downward surface tension

and inertial forces, for this situation, the bubbLe volume

is expressed as

2 /s tD ocosO1lQ vfb o 2.9'/sL92n( 3lat ) E
9tB

2

vfb

where V*r -volume of

stage, and the other

During the detachnent

bubble at the end of the expansion

synbols are

Etage, the

as introduced earlier.
bubble moves upward whíIe
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grovring and attaches to the orifice by a neck as shown in

Fig. 2.1i the bubble detaches when its base has moved a

distance equal to the radius (n6) of the bubble volume at

the end of the expansion stage. From the Newton,'s second

law of motion, they obtain the equation of the final bubble

volume at the end of the detachment stage. The equation is

giveç as

'r,. - ëtui'3 - v )

+ 3NV
r/s

(1nV,

il', -{cur-ulru=frru;-u

- tt;',]* å ["u'o
1n

fb

uro ) 2.10fb

where - 16epe =1f6,
16nD ocos0

oJ=E
1 lQpr

o

L2r(3/4r)
2/t

Þ=final bubble volume,

Rro=radius of bubble at the end of the expanison

stage.

It shouLd be noted that the gas density in both Eqns.

2.9 and 2.10 does not appear since it is assumed to be

negligible in comparison with the Iiquid density (i.e.

From Eqn. 2.10, the final bubble volume¡ Vp can be

calculated by iteration. The value of Rçb Èo be used in

Egn. 2,10 is evaluated from the expansion stage, i.e' from

Egn. 2.9 with cosO taken as unitY.

The above equations have been verified by Kumar and

N=Ë t
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xuloor[22] with their ovrn experiments and with experimental

data including those experiments of Davidson and SchüIer[11]

and Datta et al.Ig]; the theoretical values of bubble

departure diameter are in good agreement with the

experimental data. Equation 2.10, with Rçb fro* 
"nn 

. 2.g

wiIl be used for comparison with the experimental results in

the present investigation.

2.2 Nucleate Boilinq Dvnamics

2.2.1 Introductory remarks

Nucleate pool boiling occurs when a heater is submerged

in a pool of initially stationary Iiquid. When the surface

temperature of the heater sufficiently exceeds the

saturation temperature of the Iiquid, vapor bubbles grovr

rapidly in the superheated liquid layer next to the surface

until they depart and move out into the bulk liquid while

rising as the result of buoyancy. If the bulk liquid is
subcooled the bubbles collapse. Thus in nucleate boiling a

complex fluid motion around the heater is initiat,ed and

maintained by the nucleation, growth , departure and

collapse of bubbles as well to some degree by natural
convection.

Good reviews of boiling bubble dynamics

in Refs. [18,30,40,42J. The bubble growth rate
pool boiling is briefly discussed bel.ow.

can be found

of -nucleaLe
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2.2.2 Bubb1e growth rate

The bubble growth period can be divided into three

regions, namery the dynamicarly controlled region ¡¡hich

occurs in the very early stage of bubble growth, the

thermaLLy controlred region in the later stage of bubble

growth and the transition region shere both dynarnic and

thermal effects can be important. The notion in the

dynamically controlled region can be described by the

Rayleigh solution[29]. The classical analyses t

e. g. f,12 ,13 ,27 ) , have as a result f or the thernatly
controlled region in a uniformry superheated liquid of
infinite extent, that the bubbre radius increases with the
square rooÈ of time The equation is of the form

R = 2CJaJE 2. TT

where C - growth constant,

. q, r thernal diffusivity of the liguid,

,^-Cppl(Tr-T".t)"- _l;F;_,
Cp- specific heat at constant pressure,

T*- walr tenperature at superheated conditions,
T"rÈ r saturation temperature of the liquid,
Htg - latcnt heat of vaporization of the liguid.

The values of the growth constant, c given by Fritz and

Ende[13J' Forster and zuberllzl, and plesset and zwickl2T!
are [Ç ,W, and ffi respectively. of special inreresr
in the current investigation, Cole and Shulman[6J correlated
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their experimental data for water and organic liquids at a

heat transfer surface in saturated nucleate pool boiling by

the expression

3t-
R = 2.5Ja / qJ 0t I 't,

In most practical

bubble life is in

situations, by far the major portion of

the thermally controlled region.

As regards experimental data, especially for bubble

growth at a heating surface, besides the radius increasing

with a time exponent of 1/2, one sees other values of this
exponent as well. Westwater et aI.[46], fitting their
bubble growth results in the form R - tñ for pentane and

ether, found that the mean time exponent, n, varied from

0.190 to 0.525. Àkiyama et al.[1] studied the effect of

system pressure on the growth characteristics of an isolated
vapor bubble using water, ethanol and carbon tetrachloride.
They found that in the large pressure region (1.0 to 30.0

atm.), the time exponent decreased roughly from 0.5 to
nearly 0. 1 f or ¡rat,er, whi le in the low pressure region ( 0.4

to 1.0 atm.), the time exponents for the three liquids
ranged from 0.4 to 1.0. Subash and Sims[37] used a least-
squares analysis to obtain the time exponents for some

experimental bubble growth data published by various

investigators[ 1 S,1 6,21 , 36,41) for saturated nucleate

boiling of water at atmospheric pressure. They found that

the time exponents ranged from 0.33 to 0.64.

It is understood that there are some situations,
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especially in the boiling of Iiquid metals, where the

transition region (both dynamic and thermal effects need to

be considered) is important. glork such as that of Mikic et

u1.125) and Theofanous et aI.[38] pay special attention to

this region.

2.3 Barbotaqe as an Ànaloq of BoíIinq

In this section the existing literature comparing the

bubble gronth rates in barbotage and boiling wiII be briefly
discussed. zuber[49] considered Davidson and Àmick's[9]

description of the appearance of barbotage bubbles forming

at an orifice under constant flow rate conditions and noted

that the description fitted weII the formation in Yamagata

and Nishikawa's[48J experiments in nucleate boiling.
Wallis[43] compared the bubble growth rate of Siemes and

Kauffmann[33] for the constant-flow-rate case in barbotage

to Stanizewski's[36] UoiLing growth rate results for water

at atmospheric pressure; he concluded that the (volumetric)

growth process in both cases was Iínear in nature during the

major part of a bubble's history. Subash and Sins[37]

indicated that the experimental bubble growth rate results
in boiling appeared to faIl between the growth rate results
determined for the two limiting cases of barbotage, viz, the

constant-flow case and constant-pressure case. RecentIy,
garakat[3] has compared barbotage with the boiling data of

Cooper and Lloyd[7] for toluene and iLlustrated the

similarity of the bubble growth behavior between boiling
bubbles and constant-flow barbot,age bubbLes.
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CHÀPTER 3

ÀPPARATUS

3.1 I ntroducto rv Remarks

The experimental apparatus used in the present work was

designed to measure the growth of barbotage bubbles formed

at submerged orifices of different sizes under constant flow

conditions for different air-liquid systems. The apparatus

can be divided into three major components, namely, the test

section, air-supply system, and photographic equipment.

3,2 Test Section

The test section essentially consisted of an orifice
plate, capillary tube and bubbling tank. The orifice plate

arrangements are shown in Fig. 3.'1 . Three identical

circular plates were made of stainless stee], each with a

diameter of 16.8 cm and a thickness of 1.0 cm. Àn orifice

$ras drilled in the centre of each plate. The orifice

diameters of the three plates were 0.3 crl,0.4 ch, and 0'6

cm. For orifice diameters of 0.3 cm and 0.4 cm with lower

gas flow rates, the capillary was divided into two sections.

The upper section of the capiÌlary that was directly glued

to the plate in line with the orifice and had the same

internal diameter as the orifice, while the lower section of

the capillary had an internal diameter smaller than the

orifice to ensure a large pressure drop for obtaining

constant-flow-rate conditions. The arrangement for the
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j
1.0 cm

T

*ll-- O.3 cm

O.3cm lD Copillory

5.O cm long

O.l cm lD Copillory

7.O cm long

(Ð O.3 cm Orifice plate

*l l-- O.4 cm

1.0 cm

O.4 cm lD Copillory

lO cm long

l
I

O.l cm lD Copillory

lO cm long

(B) O.4 cm Orifice plate

Flg. 3.1 Orifice Plate Arrangements.
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*l þ- 0.6 cm

O.58 cm lD Copillory

8.O cm long

Gloss Powder
Pocking

O.lcm lD Copillory

8.O cm long

(C) 0.6 cm Orifice Plate

Fig. 3. 1- (Cont..) Oriflce Plate Arrangements .
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Larger orifice diameter of 0.6 cm with higher gas flow rates

yras basically the same as those for the smaller orifices

except the upper section of the capillary was packed with

glass powder to make certain that a large pressure drop was

achieved. The complete test section is shown in Fig. 3.2.

The bubbling tank was made by bonding four glass plates of

identical dimensions to the four sides of a 0.48 cm thick

brass plate which formed the bottom of the tank The inside

dimensions of the tank were 25 cm x 25 cm x 20 cm. The

hollow stainless steel cylinder served as a support for the

bubbling tank and accommodation for the capillary tubes.

For experimental runs at liquid temperatures higher than

room temperature, the whole bubbling unit $¡as immersed in a

water bath tank which was a glass tank,40.5 cm x 38.1 cm x

30.5 cm with a brass base. The left and right sides of the

water bath vrere insulated to minimize the heat loss from the

water bath to the surroundings while the rear and front vlere

left uninsulated for photographic purposes.

3.3 Air Supply Svstem

Figure 3.3 shows a schematic of the air supply system

which consisted of a pressure regulator, filter, dryer, flow

meter ( rotameter ) , pressure gauge, saturators and a heater
(used only for those experiments conducted at temperatures

higher than room temperature).

Àir hras supplied f rom the

operating between 80 psig (SSZ

and reduced in pressure to the

building air
kPa) and 100

exper imental

compressor

psig (690 kPa)

operating
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(Ð For Room-temperature Experiments
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l
j

condition in passing through the pressure regulator valve.

As the air passed through the filter and the gas dryer, oil

gat|icles, dust and moisture present in the air ltere

removed. Next, the air passed through the flow meter

(Brooks lnstrument Canada Ltd., Model No. '1560) which had a

built-in needle valve to control accurately the flow range
a.

up to 125 cmo/sec. The air was saturated with the vapor of

the Iiquid in passing through two saturators containing that

Iiquid. Finally, the air passed through the capillary and

orifice into the bubbling tank conÈaining the experimental

liquid. The Iine pressure between the flow meter and the

saturators yras measured by a pressure gauge for calculation

of the air f low rat,e at the f low meter to be corrected

subsequently for conditions at the orifice. For

experimental runs with Iiquid temperatures higher than room

temperature, a 50O-watt (at 115 volts) General Electric Hot

Point immersion heater was used, at variable voltage in the

water bath surrounding the bubbling unit (as shown in Fig.

3.3b), thus raising the air and the liquid pool temperature

to the required value.

The flot¡ meter nas calibrated before running the

experiments. The calibration method and procedure are

presented in Appendix B.

3.4 Photoqraphic Equipment

A

camera

used.

Hycam ModeI 41-0004 16mm high-speed motion picture

with a speed range of 10-11000 frames per second was

The air bubbles were photographed using as the
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objective lens a Cosmicar 4 in. focal length, f/2.5 with 30

fnm 'C' mount extension. The camera nas equipped with two

built-in timing lights. One light generating at^ 100

pulses/sec $tas used to obtain the frame speed. Tn. film

stock was Kodak 16mm, Ektachrome, Vl*Ix 430.7250, colour f iIm

in 100-ft rolls. The camera r¡as located at a distance from

the orifice plane, such that the field-of-view was slightly

Iarger than the size of the terminal bubbles forming at the

orifice. Before the filming began, the camera was focussed

on a wire placed in the centre of the orifice. Two 650 watt

(at 115 volÈs) lamps yrere used in conjunction with a ground

glass screen to provide illumination for the photography.

The light. arrangement resulting in sharply defined bubble

profiles is shown in Fig. 3.4, and was based on the

experience of Subash and Sims[37] and Barakat[3]. To choose

the correct combination of the film speed (eS¡ 400),f-stop,

and camera speed, a Pentax Spotmeter III was used.

In order to determine the true volume of a bubble from

a magnified image, a stainless steel rod whose actual

diameter yras known was suspended above the orifice
vertically, and its image recorded at 500 frames/sec. The

actuaL diameter of the rod was 0.955 cm.

The developed photographic films vrere projected frame

by frame on a PCD Model 2AE-3À tr'iewer equipped with a

digital X-Y reader which enabled the accurate measurement of

bubble volumes and bubble formation times. A Goodkin

projecÈor with an objective lens having a focal Iength of
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Bubbting Tank Ground Gtass
Screen

2-650 Watt
Lamp

50

50 cm

High Speed
Carnera

EI evat i on

r
3 cm

3 0
t

cm

50 cm

Pla n View

Fig. 3.4 Arrangement of PhotograPhic Equipment.
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150 mm was employed to enlarge the figures of boiling data

of. CoIe and Shulman[6] for the accurate measurement of their

bubble growth results which were to be used later to compare

with those of the present barbotage bubbles.
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CHÀPTER 4

PROCEDURE

4.1 Introductorv Remarks

Before running the experiments, some air flow rates

based on Eqn. 2.4 were chosen to generate growth curves (n

vs. t) which fell within the band of boiling results, for

fixed conditions, of CoIe and Shulman[6] while the others

were selected arbitrarily. High-speed cine photography was

used to record the detail of bubble formation. }lhile a

systematic study of orifice size yras not performed, in

general., the idea vtas to keep the orif ice size small

consistent with obtaining a sufficient number of analyzable

bubbles (typically 6 to 19 in approximately 3000 frames) i

the orifice sizes used were 0.3, 0.4, and 0.6 cm in

diameters.

4.2 Hioh-soeed Cin Phof ooranhv

Prior to each experimental run, the laboratory

ventilation system was turned on; the bubbJ.ing tank was

checked for leaks; and the inside compartment and objective

lens of the camera were cleaned to ensure they were free of

dust and foreign objects. The procedure before and during

the photographing of bubbles growing at the orifice was then

as follows ¡

(i) The bubbling tank was washed with ordinary soap

and rinsed t,horoughly with water. I t was then dried with a
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piece of clean cloth.
(ii) The two saturators vrere cleaned and filled to the

two-third 1evel with the experimental liquid.
(iii) The air supply system vras connected to the

bubbling unit and then turned on so that there *ås steady

flow through the orifice. This precaution was necessary to

prevent Iiguid leaking through the orifice while the tank

was being fiLled.
(iv) The bubbling tank was filled with the

experimental liquid to a depth of 12 cm above the orifice.
(v) The air f low rate h?as adjusted by means of the

flow meter needle valve to obtain the desired vaIue.

(vi) The camera was then focussed on the orifice plane

with a piece of stainless wire placed in the centre of the

orifice.
(vii) Two 650 watt lamps were turned on and the

illumination was checked with the Iight meter for the

correct combination of frame speed and aperture. The lamps

were turned on only during the periods of the illumination

check and photographing to prevent damage to the ground-

glass screen from overheating.

(viii ) ttre camera was loaded with f ilm. The timing

Iight was set at 100 pulses/sec and the aperture was

adjusted according to the exposure-meter reading. A rod

with known diameter was put in the plane of the orifice and

photographed at 500 frames/sec for 2 sec.

(ix) with the rod removed, the air flow rate was

rechecked to ensure the desired value and steady state
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conditions. Values of indicated flow rate, Iine pressure

downstream of the flow meter, and pool temperature were then

recorded.
(x) The frame speed was set at 2000 frames/sec, the

,aperture readjusted, and the bubble images photographed.

' For the experimental runs with Iiquid temperatures

higher than room temperature, the liquid was preheated to

approximatly two degree Celsius above the desired

temperature. The air was turned on. The heated liquid was

then slowly poured into the bubbling tank surrounded by the

water bath the temperature of which was being maintained by

the immersion heater. During these experiments the

saturators ltere in the water bath as well; the air to the

orifice would then be at the same temperature âsr and

saturated with the vapor of, the pool liquid. Once

equilibrium was established, the procedure in steps (v) to

(x) Yras then repeated.

4.3 l-a 1¡rr ¡l- 10I rì af f nc#¡ni-ana^rrc vrr'ì r rma aF À Elrrlrhl a

The developed photographic films recording the sequence

of the formation of each bubble were projected frame by

frame on a screen to obtain a two-dimensional picture of the

bubble. The screen, eguipped with an x-Y digital reader,

provided an easy way to measure bubble dimensions with an

accuracy of approximately O.01 cm in the aclual bubble. The

procedure for measuring and computing bubble volumes using

the method of L'Ecuyer and Murthy[23J is il]ustrated in

Appendix D.
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By assuming

egual volume, the

obtained from the

the measured volume equal to a sphere of

equivalent radius of the bubble, Reg Tras

following equation:

Íhe subscript "eq" in R"o is to

thesis while the implication of

4.1

be omitted later in the

equivalent radius remains.

R.q =F * vr""".,".u]t"

4.4 Experimental Conditions

The conditions under which the experiments l¡ere run are

summarized in TabLe 4.1. Since the calibration results of

the rotameter were in very good agreement with the

manufacturer's calibration curve (see Àppendix BI, thì
manufacturer's curve ¡ras, therefore, used to obtain the

indicated air flow rates corresponding to the rotameter

scale readings recorded during the experiments. The

indicated air flow rates nere corrected to actual metering

conditions according to the manufacturer's instructionsi
these flow rates in turn vrere then used to calculate the

actual flow rate (air saturated with vapour at the pool

temperature) at the orífice. The relevant calculations are
presented in Appendix E. The values of the actual flow
rates at the orifice were the ones used to determine the

theoretical growth rate in a later section.

The Iiguids used in the present investigation nere

acetone, methanol, carbon tetrachloride, distill.ed-water,
and toruene. The fírst four liquids were suppried by Fisher
chemical company and had a purity of gg.g percent whíre the
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fable 4.1 Experimental Conditions For the Bubble GrowLh Experinents.

tiquid
0rifice
Dia.

cm

Roorr
Tenp.

oc

Liquid
Temp.

oc

I ndicated
Àir Flow

Rate

atarls".

ActuaI
Flow Rate

at
0rifice

"^? 
/"",

Acetone
0.3

0.3

24.4

24.4

24,4

24,4

11.0

24.0

1 5.8

34.8

Methanol
0.3

0.4

23.3

25,6

23.3

25.6

3s.0

44.4

42.3

s6. 3

Carbon
Tetra-
chlor ide

0.3

0.3

23.3

23.3

3 1 1

3 1 1

'15.5

29,3

21,1

37 .9

Di st i lIed
Water

0.6

0.6

25. 5

¿3.¿

25.5

50.0

88.7

111.5

1i3.5

180. 1

Toluene 0.6 23,3 3s. 6 91 .9 130.'1
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ðístitled wat,er h'as readiJ.y available f rom the laboratory

stiIl. The liquid properties of the above liquids are

presented in ÀPPendix C.

The liquid temperatures nere controlled within

approximately one degree Celsius of the saturation

temperatures corresponding to the pressures used by CoIe and

shulman[6].



3B

CHÀPTER 5

RESULÎS ÀND DICUSSIONS

5 1 Bubble Behavior

There were three types of bubble

the films and they could be classified
formation observed in

as follows:
(a) Double bubbles,

(b) Series of three bubbles,

(c) Series of more than three bubbles.

The typical behavior of double-bubble formation is

shown in Fig. 5.1. The first bubble (sometimes referred as

the "leading bubble" ) started with a small meniscus at the

orifice. This small meniscus increased its size due to the

mass flow into the bubble and generally became somewhat

pear-shaped for the smaller orifices but more spherical for

the largest orifice. As the size of the first bubble

increased further, a stage was reached when the upward

forces acting upon the bubble had increased sufficiently to

start lifting the bubble off the orifice. À very short stem

st,arted forming and connected the first bubble to the

orifice. Às the first bubble travelled up further, the stem

either was broken clear or ended in a sharp neck. ln" lower

part of the stem at the orifice formed the second bubble

(sometimes referred as the "secondary bubble") which always

caught up to the first bubble staight avray. Às the second
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lst bubble
at orifíce

2nd bubble
at orifice

Clean break

^

Time

ô
ô

e)

Stem starts
forning

Clean break or
sharp neck

T

Fig. 5.1 Typical Behavior of Double Bubbles.
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bubble continued to grow, it protruded into the first

bubble, subsequently causing deformation of the top of the

first bubble. The size of the second bubble was smaller

than that of the first bubble and ended in a stem and clean

break. Àfter the second bubble had detached from the

orifice, it combined with the first, bubble and travelled up

in the tiquid column as a single unit.

Figure 5.2 shows the typical behavior of a three-

bubble series in which the first and second bubbles of the

series behaved tt¡e same as those of the double bubbles

described above. The third bubble in the series started

completely free aft,er the second bubble broke free at the

orifice. As the third bubble grevf at the orifice, it caught

up t,o the combination of the first and second bubbles.

During the later part of growth period, the third bubble fed

the preceding bubble (combination of first and second

bubbles) causing it to enlarge in size. The third bubble

usually ended in a stem and clean break or sharp neck giving

finally for the three bubbles a shape like that of a

mushroom. In a few cases, mainly in toluene, the first

bubble, for a small portion of its growth, overlapped the

bottom of the previous bubble, but with its outline clearly

visible such that its volume could be calculated; in this

case such a bubble was still considered as a first bubble.

For series of more than three bubbles, the behavior of

the first and second bubbles in the series Ìtas very similar

to that of double bubbles. IR fact, the bubble series of
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Ftg. 5.2 TypÍcal Behavlor of Three-bubble Series.
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this type could be broken down into: a number of double

bubbles, a number of three-bubble series, or some

combinaÈion of double bubbles and three-bubble series. The

bubble connecting these double bubbles and/ot thlee-bubble

series together was a "first-Iike" bubble which generally

acted like a first bubble, except this "first-Iike" bubble,

while at the orificercontacted the previous bubble for part

of. its growth period during which its volume could not be

measured. À "first-Iike" bubble was followed by a typical

second bubble.

Table 5.1 gives the summary of the bubble types for

different liquids and conditions. It nas always first

bubbles which were analyzed in terms of bubble vol-ume

against time.

2 h =ñ ,A Flanqrlrrra Cì oo5 Þrrhlrl a êraul-

5.2.1 Presentation of results

Figures 5.3 through 5.11 show plots of bubble

equivalent radius against time for all liquids (ttre

subscript, "eg" in Raq is dropped in the figures). The

tabulated bubble growth data and bubble identification are

given in Appendix F. The bubbte departure time, td , and

bubbLe departure radius, Rd ' are presented in Table 5.2.

Às mentioned

reported here are

Þrevious section.

earlier, the bubble growth resulþs

for "first bubbles", as described in the

The zero tine for bubbles was taken
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Continued on next page.

Table 5.1 Sunurary of Bubble Type Observed in Dif ferent fiõiAs
and Conditions. -

Filn No.
Liquid

and
Conclitions

Frane Nos.
Ànalyzed

Bubble Type
0bserved

3À11

Àcetone i
0rifice Dia., 0.3 cur;

Àctua1 Flow Rate,
15.8 cn3rlsec;

tiquid Tenp. , 2L.4oc,

0 3000
15 Double Bubbles;
4 S-Bubble Series"

3A24

Àcetone i
Orifice Dia., 0.3 cni

Àctual Flow Rate,
34.8 cn3,/sec;

tiquid Temp. , 24.4"C.

29 3072

5 Double Bubbles;
1 4-Bubble Series;
3 S-Bubble Series;
2 6-Bubb]e Series;
i 12-Bubb1e Series.

3M35

Methanol;
0rifice Dia., 0.3 cmi

Actual Flow Rate,
42.3 cn?/sec¡

tiquid Temp. , 2i,3oc.

84 - 2854

7 Double Bubbles;
1 4-Bubble Seriesi
1 6-Bubble Series;
1 11-Bubble Series;
1 12-Bubble Series.

41ri44,4

Methanol;
0rifice Dia., 0.

Àctua1 Flow Ra
56.3 cmTsec;

4 cn;
tê,

tiquid Teurp. , 25,6
o
c.

16 3s40

1 Double Bubble;
1 4-Bubble Series;
1 7-Bubble Series;
1 8-Bubble Series;
1 18-Bubble Series;
1 14-Bubble Series.

3c1 6. 5

Carbon
Tetrachlor ide ;

0rif ice Dia., 0.3 c¡ri
Àctual Flow Rate,

21,1 cnt/sec¡
tiquid reurp., 3i.1oc.

16 - 2834

13 Double Bubbles;
1 3-Bubble Series;
1 S-Bubble Series;
1 6-Bubble Series;
1 9-Bubble Series.
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Table 5.1 - (Cont.) Summary of Bubb1e Type Observed in Different
tiquids and Conditions.

Film No.
tiquid

and
Conditions

Frame Nos.
Ànalyzed

Bubble Type
Observed

3C29,3

Carbon
Tetrachlor ide;

0rifice Dia., 0.3 cm;
Àctua1 Flow Rate,

37 .9 cnrSrlsec ;
Liquid Temp. , 31 .1oC.

12 301 1

I Doub1e Bubbles;
'1 S-Bubble Series;
1 6-Bubble Seriesi
2 7-Bubble Series;

6t.l88.7

Di st i 11ed l,iater i
0rif ice Dia., 0.6 cut;

Actual F19w Rate,
1 1 3.5 cn? /sec'

tiquid Temp. , 25'.5oc.

2 2995
1 Double Bubble;
5 3-Bubble Series;
2 4-Bubble Series;
2 S-Bubble Series.

6I.11 
'1 1 .5

Distilled Water;
0rifice Dia., 0.6 cm;

Àctual Flow Rate,
180. 1 cm3,/sec i

tiquid Tenp., 50.0oC.

49 2918
6 Double BubbLes;
5 3-Bubble Series;
1 4-Bubble Series;
1 S-Bubble Series.

6191.9

Toluene i
0rifice Dia., 0.6 cm;

Àctual Flow Rate,
130.1 cnr3,/sec;

Liquid Temp., 35.6oc.

s6 - 3166
6 3-Bubble Series;
'1 4-Bubb1e Series;
3 5-Bubble Series.
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Acetone
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Bubble Growth Data l.n Acetone.FÍg. s.3
(Actual Flow Rate at Orifice, 15)'8 "rt/sec).
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5.4 Bubble Growth Data in Acetone.Fig
(Actual Flow Rate at Orifice, 34.8 cm3/sec.)
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Methanol
Q nuuute 3M35-8oo

l\ suUUte 3M35-]-749

I nuuute 3M35-2640

tiquid Ternp = 23.3oC
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o.o ?o 30
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40 50roo

Fig.5.5 Bubble Growth Data in Methanol.
(AcÈual Flow Rate at Orifice, 42.3 cm3/sec.)
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Methanol
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(Actual Flow Rate at Orifice, 56.3 cn3/sec.)
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Carbon Tetrachloride
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Fig.5.8 Bubble Growth Data in Carbon Tetrachloride.
(Actual Flor^r RaÈe at OrifLce, 37.9 cm3/sec).
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Distilled Water
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Distilled Water
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Toluene
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I
i
I

I

l

l

tiquid Bubble
Identification

0rifice
Dia.

c¡n

Àctual
Flow rate

cn!/sec

Bubble
Departqre
Time, t¿

ms

BubbIe
DeparLure
Radius, R¿

cm

Àcetone

3A11-sþ7
3A11-123'1
3A1 1 -1 382

3A24-481
3A24-1111
3A24-1228

0.3

0.3

1 5.8

34 .8

34,2
39. 1

35. 0

37.5
37 ,4
36.8

0.507
0. s'10
0.503

(¡ve.:0.507)
0.689
0.684
0.680

(¡ve.:0.684)

Methanol

3M3 5-8 0 0

3M3s-1 749
3M3 5-2 64 0

4!n44.4-452
41t44,4-1004
41444,4-2652

0.3

0.4

42.3

56. 3

37,9
38,2
41 ,4

42,9
40.0
41 ,4

0
0

0

0

0

759
760
747
0.7ss )( Ave

ve

.807

.788

.810
:0 .802 )( À

0.510
0. 600
0. 590

(¡ve.:0.600)
0.687
0.670
0. 657

(Àve.:0.671 )

Carbon
Tetra-
chlor ide

3c1 6. 5-1829
3c1 6.5-1 931
3C',l 6.5-2033

3c29 ,3-i 945
3C29.3-2558
3c29.3-2839

0.3

0.3

21 .1

37.9

37 .0
37 ,9
37,3

38. 5
33. 3

37 ,1

Di st i 11ed
llater

6w88.7-1404
6w88.7-1729
6w88 . 7 -2611

5u111.5-1833
6I{111.5-1994
6I.11 1 1 .5-2300

0.6

0.6

113.5

180.1

55. 5
56. 0
51 .9

57. 0
51,2
48. 1

1.130
1.188
1.174

(¡ve. ¡ 1 .1 64 )

1 .35'l
1,352
1.283

(Àve. ¡ 1 .329)

Toluene
6T91 .9-293
6T91 .9-2461
6191 .9-2694

0.6 130.'1
54.9
54,4
55.8

1,248
1.266
1,265

(Àve. t1 ,260ll

Table 5.2 Bubble Departure Times and Radii
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corresponding to the frame when the first bubble appeared as

a meniscus which was left behind at the orifice by the

preceding bubble and had a finite radius. For the three

bubbles reported for toluene, each bubble was in 'contact

with the preceding bubble for typically four frames (of a

bubble life of approxirnately 130 frames) during which time

it was sti11 possible to calculate the bubbLe volume as the

outline was still clear in the small overlap area. The

bubble departure time, td, and departure radius, Rd ' were

taken corresponding to the frame when it showed a clean

break or sharp neck between the first and the second

bubbles.

For each experimental condition (liquid temperature,

orifice diameter, and air flow rate), three sets of bubble

growth data were analyzed in order to check íf they r¡ere

similar. It is seen from Figs. 5.3 to 5.11 that the bubble

growth results for the three bubbles analysed in each case

faII close to one another for the same conditions.

Repeatability tests were performed on methanol and distilled

water and the results are presented in Appendix A. The

bubble growth results of the repeatability tests for both

Ìiguids are in good agreement with those of the original

experiment.s (see Àppendix A for quantitative discussion).

5 .2 .2 Compar i son of

growth

experimental and theoretical bubble

Figures 5.12 through 5.20 show experimental growth
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Fig. 5,72 Comparison of Experimental Results and Bubble

Growth Eqn. 2.4 fot Acetone - Actual Flow Rate'
f5..8 crn3/sec.
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Comparison of Experiuental Results and Bubble
Growth Eqn. 2.4 for Acetone - Actual Flow Rate,
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Methanol
O Bubble 3M35-800

^ 
Bubbre 3M35-1749

n Bubbre 3M35-2640

Eqn. 2.4

r,iquid Temp = 23.3oC
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o.4

o.?

o.o
40 50ro ?o 30
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Fig. 5.14 Comparison of Experimental Results and Bubble
Growth Eqn. 2,4 for lufethanol - Actual Flow
Rate, 42.3 cmsfsec.

o
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Methanol
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Fig. 5.15 Comparison of Experinental Results and Bubble

Growth Eqn. 2.4 for Methanol - Actual Flow
Rate, 56.3 c¡n3 /sec.
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Fig. 5.16 Comparison of Experimental Results and Bubble
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Distilled Water
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Distilled Water
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Fig. 5.20 Comparison of Experlmental Results and Bubble
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results obtained in the present work, along with the

corresponding theoretical curves from Eqn. 2.4, i.e.

n=(3Q/4ù'A t7. It can be seen that the experimental

results are in excellent agreement with the theoÈetical

curves for the entire period of growth in all liquids except

at zero time when the experimental results have a finite

radius. However, it can be concluded that the present

apparatus genuinely operated under constant-flow conditions.

5,2.3 Comparison of experimental and theoretical bubble

departure size

Table 5.3 gives the present experimental departure

radii for al-l test liquids as well as the departure radii

predicted by the theory of Kumar and Kuloorl2?). The

experimental value for each air flow rate is the average of

the three bubbles analyzed for the same conditions (see

Table 5.2). It yras pointed out in Sec. 2.4 that Kumar and

Kuloor have proposed a model by assuming the bubble

formation to take place in two stages, namely, the expansion

stage and the detachment stage. During the first stage, the

bubble expands while its base remains attached to the

orifice whereas in the detachment stage the bubble base

moves avray from the orifice and remains in contact with the

orifice through a stem. fhis idealized model of bubble

formation is quite similar to the behavior of forming a

present first bubble. It is seen that the results presented

in Table 5.3 show good agreement between the theoretical
predictions and experimental values with a maximum deviation
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{R¿ shown is the average of the three values presented in Table 5.2
for each actual flow rate.

Table 5.3 Comparison of Experiurental Bubb1e Departure Radii with
Predictions of Kumar and Kuloor[19]

tiquid
0rifice
Dia.

cn

Actual
Flow Rate
at 0rifice

cnr3rlsec

Bubble Departure Radius, R¿, cm

{ Present
Expe r iment

Theofy Exper inent
Theory

Acetone 0.3

0.3

1 s.8

34 .8

0. 507

0. 684

0.5'13

0.666

0 .99

1 .03

Methanol 0.3

0.4

42.3

56. 3

0.755

0.802

0.724

4.829

1 .04

0.98

Carbon
Tetra-
chor i de

0.3

0.3

21 ,1

37 .9

0.600

0,671

0. 556

0.704

'l .08

0.95

Di st i 1Ied
llater

0.6

0.6

113.5

180. 1

1.164

1,329

'l .100

1,320

1 .06

1 .01

Toluene 0.5 130.1 1.260 1.150 1.10
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oÍ. 9
I
2 eo in toluene.

5.3

The quantitative comparison of bubble growth curves

(R vs. t) between the present constant flow barbotage and

nucleate boiling bubbles of cole and shulman[6] are

presented in Figs. 5.21 to 5.25 for essentially the same

bulk Iiquid temperatures. The saturation temperatures quoted

in the figures for various liquids at the pressures stated

by CoIe and Shulman were obt.ained f rom Ref s.ll+,20,39) and

are given to an accuracy of approximately half a degree

Celsius to accommodate the discrepancy among the sources for

the same conditions. CoIe and Shulman indicated that bubble

growth results varied in a statistical fashion for

apparently the same conditions. In the figures, only the

two boiling bubbles represented by the two extreme bubble

growth curves (the uppermost and the lowest curves) are

replotted for comparison with the present barbotage bubbles.

Here it could be mentioned again that barbotage flow rates

lrere chosen to give growth curves fa11in9, for most of the

growth- time, roughly mid-way between the extremes of the

growth curves for the boiling bubbles. The barbotage

bubbles shown in the figures be}ong, in each case, to the

bubble whose growth result lies t,he closest to the bubble

growth Egn. 2.4 among the three bubbles analyzed for the

same conditions. Figures 5.26 to 5.30 give the buUUle

growth rates (anr/at vs. l, or ñ vs. t) of the boiting and

barbotage bubbles. The growth rates were obtained for both

Comoarison of Present Barbotaqe and Nucleate Boilinq
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boiling and barbotage by measuring the slope , aA/aL, between

lwo consecutive R vs. t data points and plotting this at the

fnean of the time of the two data points. Along with the

barbotage bubbles, Eqn. 2.5 for constant-flow bafbotage

bubble growth rates. is shovrn. The following observations

can be made regarding these figures:

(i) The growth curves (R vs. t) of barbotage bubbles

are slightly higher than those of the two boiling bubbles

during the early part of the growth period and bave shapes

similar to those of the boiling bubbles for most of the

growth time. CoIe and Shulman[5] indicated that the bubble

growth shapes (R vs. t) of their boiling results were best

described by the square root of time variation whereas the

shapes of the present barbotage bubbles growth vary with the

cube root of time as indicated in Egn. 2.4 and the previous

sec. 5.2.2. Further, in boiling, the bubble growth depends

on the fluid properties and superheat conditions while in

constant-fIow barbotage, the bubble growth is simply

controlled bY the gas flow rate.

(ii) The plots of the bubble growth rates (n vs. t)

show that the growth rates of barbotage bubbles appear to

have shapes quite similar to those of the two boiling

bubbtes with the magnitudes approximately the same as the

lower boiling bubble except in toluene where the barbotage

bubble shows rather lower growth rates than the boiling

bubbles.
(iii) Table 5.4 gives a comparison of bubble departure

radii between the present barbotage and boiling bubbles
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* Àverage for the three bubbles analyzed for any set of conditions
(see Tabte 5.2 ).

Table 5.4 Comparison of Bubble Departure Radii between the
Present Barbolage and Boiling Bubbles

tiquid

Boiling
(cole and Shulnan)

Range of Bubble Departure
Radiusr R¿ ¡ cuì

Barbotage
( Present )

Bubble Departure
Radius, R¿t, cm

Acetone

Melhanol

Carbon
Tetrachlor ide

Di st i 1led
Water

Toluene

0.48

0.80

0. 95

1 .09

0 .53 0.84

0. 9s

1.15

1 .88

1 ,79

0.59

0.80

0. 60

1 .33

1.26
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presented in Figs. 5.21 to 5.25. The bubble departure radii

for barbotage bubbles are the average of the three bubbles

analyzed for each set of conditions (see Table 5.2). It is

seen that the departure radii of barbotage bubbles faII

within the range of those for the boiling bubbles at

nominally the same conditions.

The above observations of bubble growth curves (n vs. t)

and bubble growth rates (an/at vs.t) reveal that there are

some similarities between the present barbot'age and boiling

bubbles regarding both the shape and magnitude of these

curves. The present barbotage bubbles also give a

reasonably good "combination" of R vs. t and å vs. t in

comparison with boiling bubbles. For the same liquid

properties in boiling and barbotage, the combination

referred to means: a bubble growth curve (R vs. t) for

barbotage roughly mid-way between the extremes of the

boiling data for a substantial portion of the growth time;

and barbotage growth rates (ñ vs. t) which fall close to the

lower boiling data.

As regards constant-flow barbotage as a simulation of

nucleate pool boiling, it should be noted that there is a

limitation on the exponent in R-tn As mentioned earlier'

CoIe and Shulman used

v\
R = 2.5Ja /æ

to correlate their boiling data, oF R^{t. The simple
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barbotage system used here results in R - t in which the

time exponent is different from that in boiling. (ft should

be noted that, however, aS pointed out in Sec. 2.2.2, a wide

range of n in R.^tn have been reported for boiling.)

Further, if it is desired to use barbotage systems

convenientty for the simulation of particular boiling

conditions (i.e., the Iiquid temperature to be the same as

the saturation temperature in boiling), the boiling

saturation temperature must be low enough to allow for the

operation of barbotage systems at atmospheric pressure (tt¡e

most convenient pressure for operation); this often implies

Iow-pressure boiling conditions.

The departure radii in boiling and barbotage as

obtained here are similar (see Tab1e 5.4), i'e' the

barbotage results falt within the range of the boiling

results.
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CHÀPTER 6

ST'MMARY AND CONCLUSIONS

(1 ) Barbotage experiments under constant-flow conditions

were devised in which it was possible to compare the

hydrodynamics of the present barbotage bubbles with nucleate

boiling results of CoIe and Shulman[6] for essentially the

same bulk liquid properties. The hydrodynamics referred to
here were bubble growth (R vs. t), bubble growth rate (anr/at

vs. t), and bubble departure radius. A barbotage flow rate,

in each condition, was chosen to give the growth curve (n

vs.t) tatling within the two extremes of the growth curves

(tt¡e uppermost and the lowest curves) of boiling bubbles for
most of the growth time. The experiments were performed in

acetone, methanol, carbon tetrachloride, distilled water,

and toluene (ttre same liquids as used by Cole and Shulman).

Air was used as the injected gas. High-speed photography

y¡as employed to record the sequence of bubble formation.

The volume of a bubble at any instant during formation was

determined from the frames of the trigh speed motion picture

in the manner described by L'Ecuyer and Murthy[231.

Q) Three types of bubble formation lrere distinguished in
the present study. They nere the formation of double

bubbLes, three-bubble series, and series of more than three

bubbles. In general, the bubble formation of the last type,

long bubble series, could be broken down into: a number of

double bubbles, three-bubble seriesr oE combinations of some
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double bubbles and

of the three types

the bubble volumes

three-bubble series. The first bubbles

vrere chosen to be analyzed for measuring

against time.

(3) The bubble growth Eqn. 2.4 for constant-flpw barbotage

is presented in Chapter 2, Literature Review. The comparison

of barbotage R vs. t results with Egn. 2.4 indicated that

the apparatus indeed generated constant-flow bubbles.

(4) The measured bubble departure radii of the present

work y¡ere compared with the theoretical predictions based on

the modet of Kumar and KuIoorl22J. The theoretically

predicted bubble departure radii were found to be in good

agreement with the experimental results with a maximum

deviation of 9Èr" ín toluene.

(s)

the

and

5.4

(i)

Quantitative comparisons of the hydrodynamics between

present barbotage bubbfes and boiling bubbles of Cole

Shulman are presented in Figs. 5.22 to 5.31 and Table

The conclusions drawn are as folLows:

The growth curves (R vs. t) of barbotage bubbles are

slightly higher than those of the two boiling bubbles

during the early part of the growth period' but then

lie roughly mid-way between the extremes of the

boiting results for the najor portion of the grovtth

t ime.

Considering the scatter in the actuaL å vs. t results
(rigs. 26 to 30), the barbotage and the loweÌ boiling

results lie very close together except for toluene

where the barbotage results are distinguishably lower

(ii)
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than the boiling results.
(iii) The departure radii of barbotage bubbles fal} within

the range of those for boiling at nominally the same

condi t ions .



85

2

3. Barakat, S.À., FIow platterns and heat

barbotage, Ph.D. Thesis, University

Winnipeg, Canada (1977).

4. Barakat, S.À. and G.E. Sims,

barbotage bubbles, Int. J.

(1977 ) .
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APPENDIX A

REPEÀTABILITY TESTS

Repeatability tests yrere perf ormed on rnethanol and

distilled water with essentially the same flow tår"",

orifice diameters and liquid bulk temperatures as those

employed in the experiments with the same liquids reported

in the body of this thesis. Figures À.1 and 4.2 show the

comparison of bubble growth results (n vs.t) betv¡een the

repeatabitity tests and the original experimental work. It

is seen that the bubble growth results of the repeatability

tests for both liguids are in good agreement h'ith those of

original experiments. A quantitative measure of the

repeatability is given below where the experimental R vs. t

data are compared with Eqn. 2.4 for the original

experimental conditions; the algebraic mean deviation, ã- and

root mean square deviat ion rãrms are given in each case:

Distilled vrater

Original

experiment:

Repeatabi I i ty
test:
Methanol

Original

experiment ¡

5w1 1 1 .5R-1276

691111 .5R-2038

A= 1.Qvo,

f = 0 .79o,

ëIrrns =5. 29o

Elrms =1 .59o

Bubble

Bubble

BubbIe

6f,r11 1

6w11 1

6w111

.5-1 833

.5-1994

.5-2300

d= 5 . 59o,

ð= 5.3eo,

-6=-9 . gzo,

fl¡¡¡g =8 .79o

ðrts =7 .09o

ã-rms =5. 0''¿

Bubble

Bubble

Bubble

BubbIe

Bubble

3M3 5-8 0 0

3M3 5- 17 49

3M35-2640

d= 1 .69o,

A= 2,4eo,

Ei'=- 1 . geo,

ãrms =4.09o

õrms =3.59o

d-rrrns =7. -1 
9o
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Repeatability Bubble 3M35R-2814 ld= 2.Oeo, ãcms =6'yeo
I

test: Bubble 3M35R- 1784 I a: O 

"leo' 
ã-t'ns =2 'Leo

It can be seen that all the original and repeatability data

fall with an algebraic mean deviation in the ranqe of -1'8
'to 5.5eo and a root meam square deviation in the range of 1'5

to 8.7e".

Table À.1 and À.2 gives the tabulated results of the

repeatability tests for both distilled water and methanoL

respectively. The Ietter rrRrr right af ter the indicated air

flow rate in the bubble identification numbers (see Àppendix

F for explanation) shown in both tables and figures

indicates a repeatability test. These repeatability tests

yrere run af ter the main experimental program, i 'e ' ' af ter

obtaining the data reported in the body of the thesis.
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Distilled tlate

I 6

1.rr

Ap dâco
1 2 Æ

e

"ä

o

1 0 .Æ

E(,
t

É.

0.8

0.6 d
0.4

0.2

0.0
0 10 20 30 40 50 60

t, ms
Flg. A.l Couparison of the Bubb1e Gror¿th Curves between

the Repeatabtltty Test and the Original E:rperlmental
Results for Distilled Water.

Repeatabi)-íty TeetOriginal ExperÍment

Experinental
Conditions Bubble No. Experimental

'CondÍtlonsBubble No.

! owrll.sR-r226

Àor¡t rr.5R-2038

Orifice Dia=
0.6 cn'

Qact=

t8o. o .r3 /",
Liquid TemP=

50.0 0c

Qowrrl.5-t833

Aowtrr.5-1994

E 6lJrlr.5-2300

Oriflce Dia =
0.6 cm,

O='act
180.1 cr3/",

Liquid Tenp=
50. o 0c
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Me thanol

1.0

0.8

d.PÆP
fr'n

0.6 4 G^
d

0.rr
æ

0.2

0.0
0 10 20

t, m's

30 40 50

Fíg. 4.2 Cornparfson of the Bubble Growth Curves between
the Repeatabiltty Test and the Orlgi.nal Experimental
Results for Methanol

Orígfnal ExperÍment RepeatqÞility Test

Bubble No. Experinental
CondiÈions Bubble No. Experinental

,Conditions
Q:u:s-eoo

l\ turs-r zas
a

E 3M3s-2640

Orifice Dia=
0. 3 cu,

O='act
42. 3 cn3/s,

Liquid Temp=
23.30 C

!:u:sn-rzaa

I sru:sn-zar+

Orifice Dia=
0. 3 cm,

0='act
42. I cu3/s 

'Ltqutd Temp=
22,90i
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Table À.1 Repeatability Test:Bubble Glowth Data for Distilled tfater
(¡êtuat FIow Rate, 180.0 cur3/sec).

0rifice diameter:
tiquid tenperature:
Room temperature:
tiquid height above the orifice¡
Indicated air flow rate:

0.5 éur

50.0 " C

23.0 0 c
1 2.0 cur

111 .5 cn!/sec

Bubble Identif ícation No.
(time/trame, 4.167 x 10-T

Frane No. Time Bubble

6111 11 .5R-1276
sec/f raure )

ns
Vo

cn3
lume
x 10

-3

Bubble Equiv.
Rad i us

cn

127 6
1 280
1287
1296
1 306
1316
1 330
1 345
1 350
1 375
1 390
i 405
1410

0.0
1,7
4.6
8.3

12.5
16.7
22.5
28 .8
35.0
41.3
47 .5
53.8
55.8

18.1s
491 .50
890.05

1592.84
2240,85
2995.00
4067 .53
501 4.50
6038.28
7251,93
81 34.60
9080. 1 6
9397.43

0. 153
0 .490
0. 597
0.724
0.81 2
0 .894
0.990
1,062
1.129
1.201
1,248
1,294
1.309

Bubble Identif ication No.
(tiure/f rame, 4 .762 x 10-

6I.11 
'1 1 .5R-2038

+ secrlf raure )

2 038
2042
20 50
2050
2075
2 085
2100
2115
2130
2145
2155

0.0
1.9
5,7

10.5
17 ,6
22,4
29,5
36,7
43.8
5'1 .0
56.2

12,76
384,21

i 00s.04
1951,22
3'1 52.10
3860. 54
5333.57
6711,12
81 39. 51

9408.04
1 0204. 91

0.145
0.451
0,632
0,777
0.910
0. 973
1 .084
1.170
1,248
1 .310
1 .340
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Table À.2 Repeatabilíty Test:Bubble Ç
(¡ðtuat Flow Rate, 42.'l cm3

0rifice diameter:
tiquid temperature:
Roon Èenperature:
tiquid height above the orifice¡
Inilicated air flow rate:

rowth DaLa for Methanol
/secl .

0.3
22,8
22.8
12.0
35.0

cn
1g
oc

cn
cn?/sec

Bubble Identification No. 3M35R-1784
('Tiure/frame, 4.545 x 10-\sec,/frame)

Frame No. Time Bubble
Volune

cur3 x 1o-t

Bubble Equiv.
Radius

cmm5

1784
1787
1 790
1796
1 802
1810
1 820
1 830
1 840
1 8s0
1 860
1 868

0.0
1.4
2.7
EÊ

9,2
11.8
16.4
20.9
25. 5
30.0
34.5
38.2

3.85
52.19

121,70
248.97
377 ,38
534.18
7 41 ,48
848.93

1132,86
1 325. 38
1478.55
1 53'1 . 55

0. 097
0.232
0. 307
0. 390
0.448
0.503
0.551
0. 587
0,647
0.681
0.707
0 .730

Bubble IdenLif ication No..
(Time,/f rame, 4.348 x 10-r

3r.f35R-2814
secrlf rane )

2814
2816
2820
282s
2834
2844
2854
2864
287 4
2884
2894
2904
2909

0.0
0.9
2.6
4.8
8,7

1 3.0
17 .4
21.7
26.1
31 .4
34. 5
39. 1

41,3

2.45
61,23

145.87
239,45
31 2.08
572.09
727.86
874.03

1 090.75
1260.45
1481.90
1 603. 57
1641,75

0.084
0.245
0,327
0.385
0.421
0.515
0.558
0.593
0.639
0.670
0,707
0.726
0.732
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ÀPPENDIX B

CALIBRATION OF THE ROTAMETER

The rotameter (Brook Instrument Co., Model 1560, Tube

,No. 2-2-25e) was calibrated using a gas meter manufactured

by Precison Scientific Co., USA. The arrangement of the

calibration apparatus is given in Fig. 8.1. The wet gas

meter was filled with distitled water to the required level

before the calibration. The compressed air passing through

Lhe pressure regulator valve reduced in pressure to the

operating condition. The air then passed through a filter,

gas dryer and rotameter. Finally, the air entered the wet

gas meter where the volumetric flow rate of the air which

was saturated with water vapor was measured. The line

pressure between the rotameter and the wet gas meter was

recorded; room temperature' wet gaS meter temperature' and

barometric pressure were also recorded before and after the

calibration process. The measured saturated air flow rate

lras corrected for vapor content, then corrected to standard

conditions (1+.1 psia and 70 or) as described below for

comparison with the manufacturer's calibration curve for the

rotameter. Calculations¡ êtc.¡ in this appendix are in

Imperial units since the manufacturer's materials vtere in

these units.

Determination of the drv air flow rate at the wet qas meter

Since the air

saturated with water

through the wet gas

it, nas necessary to

meter hras

correct the

pass lng

vapor,



Therm ometer

PRV

Air

Fitter

To

Atmoshpere

Dryer

Manometer
(Containing

Meriam
LlquldrS'G=0'827)

Wet Gas Meter

Ftow Meter

Fig 8.1 Calibration Apparatus Arrangement for Rotameter.

\o
\o
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measured flow rate to dry air conditions. It is well known

from thermodynamics that in a nixture of ideal gases, the

volume fraction of one component is equal to the ratio of

the partial pressure of that component at the temperature of

,the mixture to the total pressure of the mixture. That is

a.g=
Qri*

Pvap
P.,tot

Q.rUo _o +0'vap 'alr
8. L

where Q"i, , Qy"p , and Qnix are the volumetric flow rates

of air, water vapor and nixture (vapor +air), respectively.

"l"o 
is the partial pressure of the vapor and P.o. is the

total pressure of the rnixture. Thus, the dry air flow rate,

Qaír can be obtained from Eqn. 8.1 with known values of the

mixture fIow rate, temperature and pressures (tr"n

and P.o. ).

Correction of the air flow rate at the wet meter to air flow

rate at rotameter ooeratinq cond itions

The air flow rate at the

rate at rotameter

wet meter

the air flow conditions
T

%i, is related to
through

B'Z
P

I{e t met.er x m
o
'm Pr * Tt"t meter

0x'alr

uhere Q, = Àir f Low rat'e at rotameter conditions,

Tm = Temperature at rotamet,er '
Pm = Pressure at rotameter t

Q"ir = Air f low rate at wet gas rneter conditiOns,

Twer neter = Temperature at wet gas meter,

Pwer mete t = Pressure at wet gas meter



l0-1

In the present case, the pressures at the rotameter and in

the wet gas rneter are essentially the same' as are the

temperatures, i.e. P, = Pwet meter and Tn = Tr¿et meter . we

therefore have

a am aar

Correction of air flow rate at rotamete r ooeratino

conditions t,o standard conditions

For comparison with the nanufacturer's calibration

curve a further correction is necessary Ig.frB.2! through

S.G.x(70.0+459.7)xP m 8.3
Qn 1.0xT xI4.7

m
ai

where Q', is the volumetric air f low rate at standard

conditions (14.7 psia and 70 F) for the same float height.

In this eguation P- would be in psia and Ç ín oR.

Example

Indicated rotameter air flow rate (scale)

Measured f low rate at wet meter, %i*
Ptot ( Pwet meter + Patm )

Temperature at wet gas meter, T".a meter

Water vapor at 65 F r Pvap

Temperature at rotameter (room temp. ), Tr_

Specific Aravity of air, S.G.

and P
vap

=3cm
= 1.84 f,ê /ht
= 14.19 psia

= 65.0 "F

= 0.31 psia

= 65.2"î

= 1.0

in Eqn. 8.1,Substituing the values of Qnr* Ptot

*Equation quoted requires additional development ín order to obtain
Eqn. 8.3
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r¡e have

5*
o'm1x

0.31
.19r4

5.oo +0-vap 'aar
= 0.0218+

Therefore,

Q.r"n

Thus, the air flow r¿rte is

Q.f, = %i* - Q.r"o = r'84 - o'04

= 1. 8o f.ts /hr

As indicated

Substituting

- 0.0218 * %i* = 0.0218 x 1.84

= 0.04 ft3lhr

earlier, in the present case essentially Qm =Qoir'

Q- into Eqn. 8.3, we obtain

.19 x .o + 459.7
1. 80 1.0 x 14.7 x (65.2 + 459;7)

t.7g fts lht

Table 8.1 summarizes the operating conditions and

calibration results for ten values of air flow rate' The

corrected values of air flow rate at standard conditions are

plotted on the manufacturer's calibration curve and are

sho}rninFig.B.2,Itisseenthatthecalibrationresu}ts
are in excellent agreement with the manufacturer's curve'

Therefore,themanufacturer'scurvewasusedtoobtainthe
indicated air fl,ow rates for the the present barbotage

exper iments.

I 0
ai
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Rotameter cal ibrated : Brook lnstrument, ilodel
Tube No. R'2-25'C

: Precision Scientific Co.

: Start ì&.tB psia; End

: start 65.zori End

: 70.0 
cF and t4./ psia

r 560

blet gas neter

Barometrfsil PlêSSUrê

Room temperature

Standard condi tions

14.18 psia

65 .2o Í

Temperature at wet gas mêter 65.o:'F

Table B.l operating conditions and cal ibration Results

Rotameter llet gas meter

A¡r tlow rate-
cm scale

ÁPwct rneter

in. of I iquid
(s.G.- o.827)

Q mlr

Vao.*a i r
(r i3lnr)

ai
at

standard
conditions

3

¡t

5

6

9

12

r5

r9

22

25

0.20

o.25

o.25

0.30

0.35

0.40

0 .45

0.60

0.70

0.80

t .8lr

2.52

3. l8

3.85

5.8It

7 .86

9.95

12.68

14.69

16.52

I .78

2.\\

3.07

3.72

5.6\

7.59

9.60

12.2\

ì4.t8

15.96
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oI

,o
k
L'
o
EI

T{
t,
É
o()

5

0

7.5 10.0
fro.¡.

Manufacturer.rs curve
O Calíbration results (present)

Brooks Instrument Canada Ltd.
Rotameter Model No. l560
Tube : R-2-25-C
Float : Stainless Steel

Fig. ¡.2 Comparison of Calibration Results withManufacturert s Curve fof Rotaiueter.

0.0 2.5 5'0
SCFH aír at 70oF and. 14.7 psia

t2 .5 15. 0 t7 .5
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References for dix B

1 Brooks Instruments General Catalog, p.50,
(tdentification on back cover 1171-B-sM-B)

2 VÀRIABLE AREA FLOWMETER HANDBOOK: ;

vol' 1, BAsrc R''ÀMETER pRrNcrpl's, Fisher and
Porter catarog 10A 1021 (1970); Vor. 2, ROTAMETER

cALcuLÀTroNs, Fisher and porter catolog 10À 1022
(1969).
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APPENDIX C

PHYSICAL PROPERTIES oF THE ExPERIMENTÀL LIQUIDs

The properties of the liquids used in the present
experiments are listed in Table c.r.. The properti". for
acetone' methanol, carbon tetrachl0ride and toluene were
taken from Ref.[c.].r while those for distilled water from
Ref ' l'c '21 rne l iguid propert ies l i sted correspond to the
present experimental conditions.

Referen ces for Appendix c
c.1 Gallant, R.w.' p'ysrc^L pRopERTrEs oF HyDRocÀRBoNs,

VoL. I and Vol. 2., Gulf publíshing Co. (1974,).

HANDB''K oF cHEMrsTRy AND p'ysrcÀt , 6znð Edition,
CRC press (t9gl-lgg}).

c.2
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Liquid Temp.

oc

Dens i ty

gn/cc

Sur face
Tens i on

dynes/cm

Boi I i ng Poi nt
at Atmospher ic

Pressure
Or

t

Acetone 2\.\ 0.78 22.8 56.o

l,lethano I
23.3

25.6

o.79

0.79

22.3

22.3

65.0

Carbon
Tetrachloride

31.3 I .58 25.\ 77 .o

Disti I led
Water

25.o

50.0

I .00

0.99

72.o

67 .9

100.0

Tol uene
20 .0

35.6

0 .87

0.86

28 .4

26.6

il 1.0

Table c.l Physicar properties of the Experimentar Liquids.
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ÀPPENDIA D

CÀLCULATION OF BUBBLE VOLT,}íE

The volume of a bubble (at any instant during
fornation) was deternined from the frames of high-speed
¡totion pictures and ¡vas based on the carculation method of
L'Ecuyer and Murthy[o.1J. À description of the procedure is
as follows:
l' The picture frame with the rod inage whose actual

diameter nas known was projected on a screen eguipped
with a digital x-y reader.

2. The scare of the digitar x-y reader was adjusted to the
actuar diameter of the rod corresponding to the diameter
of the projected inage. This wourd give the scare
factor with a L:l ratio.

3. À picture frame of the same film fron¡ which the bubbre
volume was to be car.curated rvas then projected on the
screen,

4. The enlarged outrine of the bubbre image was divided
into a series of truncated cones by neans of horizontal
lines. Figure D.1 ir.rustrates one such outrine. The
volume of a bubbre was then computed from the forlowing
eguat i on :

n-l
v = $ nl{rnr-nr)+: 1T

I Hrta?+ di*r* d2 idi*t) p.r

* ä rr(d2+ d2*r+ dr,9r,+l)
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H¡
I

2
3

T. Hz

l_
-r -n n+l

-H3

FÍg. D.1 Enlarged Bubble Outline for Voh:me
Calculatlon.
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5. The true bubble

measured values

calculator.

voLume was directly
from Egn. D.1 using

calculated with the

a progranmable

Reference for Appendix D

D.1 LrEcuyer, M.R. and S.N.B. Murthy, Energy transfer from

a liquid to gas bubbles forming at a submerged

orifice, NASÀ Report TND-2547 (1965).
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APPENDIX E

CALCULATION OF ÀCTUAL FLOW RATE ÀT ORIFICE

Before attempting to determine the actuar flow rate
(riquid vapor + air) at the orifice, two corrections for air
fLow rates have to be made, i.e., the indicated air frow
rate obtained frorn the calibration curve is first converted
from standard conditions (ra.7 psia and 70oF, oE 26 cm Hg

and 21.1"c) to metering conditions; next, the air frow rate
at metering conditions is converted to the bubbring
conditions immediatery downstrean of the orifice.

The indicated air flow rate can be corrected using
Eqn. 8.3 given in Appendix B. Equation 8.3, rearranged and
expressed in S.I. unit, is

Qr=Qr 1.0 x 76.0 x T
m

S.G x P* x (zL.I +273.2) 8.1

where Q, = Air flow rate at metering conditions
Qr= t standard conditions,.2) K),
T, = Temperature at metering conditions,
Pn = Pressure at metering conditions.

Assuming air as an ideal gâs, the air f10w rate at
netering conditions is then corrected to the bubbling
conditions using the idear. gas raw which is given by

Qrtr Qut¡ 8.2T =-f]_
mb

where Q6 is the air frow rate at the orifice, ?b is the

fLow rate a(21.1 + 273
I ndicat
(76 cm

ed air
Hg and



temperature of the pool, and $ is the pressure in the planeof
tlíe orif ice. Finally, the actuar f low rate at the orif ice
htas determined by Eqn. 8.1 presented in Àppendix B assuming
both air and liquid vapor behave as ideat gases. with some

changes in symbols, Egn. B.l is rewritten as folrows:

þ?o = =$t+- = l'"o E.3%r* Qu * Q.r"p P.o.

¡vhere Qr"o , Qa, and Qni* are the vorumetric frow rates of
liquid vapor, air and nixture respectively. prrn is the
partial pressure of the liquid vapor 

"nd 
p.o, is the total

pressure of the mixture. p.o. is also equal to the pressure
of Pb which is the sum of liquid head above the orifice and
the atmospheric pressure.

Example (acetone )

,4.

t::tI2 .
:L

t:

li

,:a

l

:

'i

a:

.:

:

l
.:

a:,

.)

:;

:

:

Indicated air flow rate , e t
Temperature at metering conditions,
Pressure at metering conditions, p,

Temperature of pool liguid, To

P.o. = Pb at orif ic", 
%å!:l9l + 76.0

Prrp, Iiquid vapor pressure at 24.4 C

S.G. of air

T

â
= 11.0 cm'/sec

= 24.40c

= 3.6 cm Hg

= 24.4oc

= 76.7 cm Hg

= 22.2 cm Hg

= 1.0

m

( gauge )

Substituting the values of er and P, in Eqn. E.l, wêT
m

have
,

1.0x76.0x(24. 4 + 273.2\
1.0 x (3.6 + 76.0) x (21.1 + 273.2)

qm = 11.0

- 10.8 cn3/sec
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Then the air flow rate at bubbring conditions ( or orÍfice
conditions) is calculated from Eqn. 8.2. Thus,

.6 +76.0 x 24.4 +2
QO = 10.8 x 76.7 x 4,4 +273,2)

= ll . 2 cm3 /sec

Finally, the values of eb , p*r"o , "nd 
p.o, are

substituted in Eqn.8.3 to sorve for the actuar flow rate
(liquid vapor + air) at the orifice:

&*
%i"

22.2
= ñl = o.zgg

Q.rrn

a = oZ89x0-l/aP vap
= 4.6 

"rt/"""

%"o
11.2 +

Therefore,

+ 11.2 x o.zgg

Thus, the actual flow rate at orifice is

Q""t=%i*=%"p+Q6

= 4.6 +'11.2

= 15.Él cu3/s"c

Table 8.1 summarizes the calculation resurts of the actuar
frow rates for all liquids and the corresponding
experimentar conditions. The liquid vapor pressures were

obtained from Ref s.[8.1,8,2!.
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Qact
(vap .*air)

cm3/sec

Is. 8

34. I
42.3

56. 3

2I.L
37 .9

113. s

180. r

130.1

Qb

cn3/sec

17.2

24.7

36. 3

47 .6

17 .3

37.2

109.8

159.5

722.0

o
'm

cm 3,/ sec

10. 8

23.4

33.7

47.7

l6 .0

28.0

7 r.9
84 .6

71.9

QI

cm3/sec

11 .0

24.0

35.0

44 .4

16. 5

29.3

BB. 7

11i .5

97.9

P
m

cm Hg

3.6

5.2

6.5

11.6

7.8

10. 3

41.4

56,9

49.t

T
b

oc

24.4

24.4

23,3

25.6

31. I
31. I

25 .5

50.0

35. 6

T
m

oc

24 .4

24.4

23.3

25 .6

23.3

23.3

25 .5

23.2

23.3

Orifice
Dia.

cm

0.3

0.3

0.3

0.4

0.3

0.3

0.6

0.6

0.6

Liquid

Acetone

Methanol

Carbon Tetra-
èhloride

Distilled
I.Iater

Toluene

Table E. I calculation Results of the Actuar F10w Rates for All TestedLiquids and Corresponding Experimental Conditions.

þ
Fil
â'
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References f.or Appendix E

1 Gallant, R.w., PHYSIcÀL pRopERTTES oF HyDRocARBoNs,

VoI. 1 and 2, GuIf publishing Co. (1974).

8.2 Keenan, J.H., F.G. Keyes, p.G. HilI and J.G. Moore,

STEAM TÀBLES, Witey (1969).
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ÀPPENDIX F

BUBBLE INDENTIFICATION ÀND TÀBULATED DÀTÀ

Each bubble analyzed is identified by a code in which
Èhe first number refers to the orifice diameter i;
nillimetres. The second letter in the code refers to the
name of the liquid tested. The third number is the
indicated air flow rate which is given as cubic centimetre
per second. Following the indicated air flow rate is a dash
and then the picture frame number at which the bubble taken
to be analyzed started to forn at the orifice. The frame
number for each fihn was set to zero r¡hen a completely blank
frame ¡ras seen on the screen just before the bubble images
appeared following the filming of the rod. should this be

reguired for later review, the frame number in the code
serves as a means of l0cating the analyzed bubbre in the
film. Tbe following example ilLustrates the appricaÈion of
the code. Let 3A1'l-s97 be the identification of a bubble
analyzed. The first number(3) refers to the orifice
diasreter of 3 r¡sri the letter(À) refers to the liguid as
acetonei the second number(11) refers to the indicated air
flow rate of 11.0 crS/"." rhire the last number(sgz) is the
frame number which gives the Location of the start of the
bubble f orr¡at ion .

The tabulated data for the bubble growth obtained
during the experirnental investigation are presented-in
Tables F.1 to F.9. Three "first bubbres,, (see sec. 5.1)
lrere analyzed' 9enerally at random, for each set of conditions.
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Table F.1 Bubble Growth Data for
1 5.8 cnj,/sec ) .

0rifice diameter:
tiquid temperature:
Roour lemperature:
tiquid height above the orifice¡
Indicated air flow rate:

Àcetone( ¡ctual Flow Rate,

cm
oc
oc

cm

0.3
24,4
24.4
12,0
11.0 çn

Bubble Equiv.
Radi us

cn

0. 090
0. 190
0.269
0.332
0. 379
0.405
0.428
0.480
0. 507

0. 075
0. 109
0. 148
0.208
0,267
0.324
0.361
0. 397
0,422
0.451
0.499
0.510

0.065
0,120
0.239
0.277
0.343
0.390
0.436
0. 470
0. 503

3/r""

Bubble. Identif ication No" 3À1 1-S97(Time,/frame, 4.1G7 * lO=4sé-i/trãme)

Bubble
Volu¡re

cm3 x 10-j

Frane No.

597
601
610
620
630
640
6s0
670
679

1237
1238
1241
1244
1250
1259
1269
1279
1289
1299
1317
1328

1382
1 385
1 389
1397
1407
1419
1434
1444
1 459

0. 0 2.15
1 ,7 24.40
5.4 90.639.6 1 53.3513.9 226,24

17 .g 279,2620.9 329,4130.4 463 ,2534.2 S4S.70

Bubble. Identif ication No. 3A11-1237(riure,/f rame, 4. 348 x lO:4 sli/trane )

Time,
t
ns

22,
26,
34.
39.

1.75
s. 38

13. 5g
37.80
79.34

142,49
196,92
261,75
313.92
385.06
520,46
554.17

BubbLe. Identification No. 3À1 1-13g2(Tine,/f ranre, 4.545 r IO:,is"ä /trane)
1 .'15
8. s2

37 ,62
89.96

169,43
248.43
347 ,04
434.90
532. 05

0
4
3

6
2

1

5

I
2

5
3

1

0.
0.
1.
2.
tr

o

13.
17.

0.0
4.4
3.2
5.9

13.6
1 5.8
23.6
29,2
35. 0
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Table F.2 Bubble Growth Data for Àcetone( ¡ctual Flow Rate,
34.8 cn3/sec ) .

0rifice dianeter:
tiquid tenperature:
Room tenperature!
tiquid heiqht above the orifice:
Indicated air flow rate:

3 c¡r
40c
40C
0cr¡^
0 cnt/sec

0.

Bubble. Identification No.. 3À24-491(time,/frame, 4.167 x 10-ts../irur")

24.
24,
12.
24.

0.115
0.192
0,292
0.353
0.355
0.405

Frame No. Time,
t
m5

Bubble
VoIune

cn3 x 10-3

5.59
32,57
94. 35

197.82
305.92
41 0.51
549.14
670.42
799.73
950. 29

1 09s. 61
1247 .66
1 353.09

Bubble. Identification No. 3A24-1111
(Time,/f raure, 4.348 x 10-t seãrlirame)

3 ,71
21,90
80.97

172 .7 3
236.23
356.67
449.95
571 .09
702,93
838.83

1 00s. 98
1 1 74.83
1342.34

Bubble. Identif ication No. 3AZ4-iZZg(Time,/frane, 4.54S x 10-t r"ãr1irur"i

Bubble Equiv.
Radi us

cm

0.i10
0.199
0,292
0.351
0.418
0.461
0. s08
0. 543
0. 576
0.610
0. 640
0. 668
0.699

0.096
0.174
0.269
0.345
0.393
0.440
0.475
0.5'1 5
0.552
0.595
0,522
0.655
0.694

481
483
486
492
499
507
s16
526
s35
546
556
s66
571

0.0
0.9
2.1
4.6
7.5

11 .0
14,6
18.9
22.9
27 .1
31 .3
35.4
37. 5

0.0
0.9
2.2
3.9
6.1
9,7

11 .7
15.7
20. 0
24.3
28.7
33. 0

37 .4

1111
1113
1116
1120
1125
i 131
1 138
1147
1157
1167
1 177
1 187
1197

1228
1230
1 233
1236
1239
1243

0.0
0.9
2,3
3.6
5.0
6.9

6,37
29,69

1 03. g1

184,07
204.29
279,69



Table F.2 - Cont'd

1248
1254
1261
1268
1277
1287
1297
1 309

rr9

9.1
11.9
15.0
18.2
22.3
26.9
31 .4
36.8

353.47
449,91
55? ,21
6s6.33
821.22
979,73

1105.50
13i5.49

0.443
0.475
0.51 1

0.539
0. 591
0.616 ;

0.641
0. 680
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Table F.3 Bubble Growth Data for Methanol( ¡ctual FJ.ow Rate,
+2.3 cn3/sec).

Orifice dianeier:
tiquid temperature:
Room tenperature¡
tiquid heighÈ above the orifice:
IndicaÈed air flow rate¡ cn3/sec

Bubble. Identification No. 3M35-900(rine/trame, 4,16? x IO-+sec,/irãme)

0.3
23,3
23.3
12.0
35.0

cm
oc

"c
cm

Frane No. Time,
t
ns

0.0
0.8
1,7
2,5
3.3
4.2
5.0
8.3

12.s
16.7
20.9
25.0
29,1
33. 3
37 .9

Bubble
VoIume

cn3 x 10-å

800
802
804
806
808
810
812
820
830
840
850
860
870
880
891

2.06
25,74
69.60

125.14
158.30
200.24
216.50
384 .52
557.94
752.61
935.90

1129.50
1 302.80
1 s28 .30
1829.70

Bubble. Identif ication No. 3U3S-1749
ftíne/f.rame, 4.545 x I O-+ sec,/irur.i

0.0 3.592,3 g0 . 173.5 1 96.43
5.0 226.16
6.3 3.14.957,7 345.19
9,1 401 .3913.6 627,4419,2 902.4222,7 i 067. 1627,3 1210.00

31.9 1305.90
39.2 1937 ,24

Bubble. Identif ication No. 3M3S-2640
(riurer/f rame, 4. 545 x lO'+ sei/irãme )

Bubb1e Equiv.
Rad i us

cn

0.079
0. 183
0.255
0.31 0

0.343
0. 363
0,372
0.451
0. s1 '1

0. 5s6
0. 607
0. 625
0.678
0.715
0.759

0. 095
0.278
0.354
0.378
0,422
0.435
0.459
0.531
0. 578
0.634
0.662
0.678
0.750

17 49
1754
1757
17 60
17 63
17 66
17 69
1779
1789
1799
1 809
181 9
1 833

2640
2642
2644
2646

0.0
0.9
1.9
2,7

1 .56
1 5.94
66,21

114.19

0,072
0. 159
0.251
0.301
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Table F.3 Conttd

2648
2650
2660
2570
2680
2590
2700
2710
2720
2731

3.6
4.5
9.1

1 3.6
18,2
22.7
27 ,3
31.9
36,4
41,4

'137.09

1 65.63
375,44
627 ,66
833.55

1051 .77
1237 ,42
1406.96
1624.63
17 47 .96

0.320
0.341
0.447
0.531
0. 584
0.631'
0.567
0.695
0.729
0.7 47
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Table F.4 Bubble Growth
55.3 cn3/sec ) .

Orifice diameter:
tiquid tenperature:
Roorn temperature:
tiquid height above the orifice:
IndÍcated air flow rate:

1 004
1 005
1 009
1 014
1020
1027
1 03s
1044
1 054
1 054
107 4
1 084
1 094
1 100

Data for Methanol (¡ctual Flow Raüe,

Bubble Identif ication No.. 4tt44,4_4Sz
(Time/f rame, 4.167 x 10-¿t,../ii"r"i-

Frame No. Time, Bubble Bubb1e Equiv.t Volumrr, .r,¡-"''To-3 R"3å"t

452 0.0 ? .24 0. 120454 0.8 38.30 õ.zog457 2.1 1 39.64 õ. gl s450 3.3 218.78 o.ltl464 5.0 z7T.sg õ.¿oi470 7.5 414.7g o.¿g¡47G 1o.o s62.84 õ.slz496 14.2 800.21 õ. slo496 1 8.3 959. i ¿ õ. el ¿506 22,5 1 1 s8.20 õ. ssz516 26.7 1420.87 õ.sgz526 30.8 1593.95 õ'.lzs536 35.0 1772,59 õ. zsl546 39.2 2063.02 õ. zgo555 42.9 2203,81 õ. eoz

Bubble Identif ication No . 41i44.4_1004(Time/frane, 4.167 x 10-tr"./iiurãi-
7 ,24

32,19
129,13
256,97
423,39
555. 1 i
669,07
887 .42

1026.64
1265.63
1464 ,59
1 696.55
1 958.92
2047 ,49

0.4 cm
25.6 0c

25.6 0c

12.0 cn
44.4 cn3/sec

0,121
0.197
0.314
0.394
0.466
0. 510
0.542
0. 594
0.626
0.671
0.705
0.739
0.776
0. 788

0.0
0.9
2,1
4.2
6.7
9,6

12.9
16.7
20.9
25.0
29.2
33.3
37.5
40.0

2652
2654
2657

Bubble .Identif ication No. 4M44,4-2652(rime/fraure, 4.545 x 10-$sã./ir.r. j -

0.0 5.56
0. g 42.392,3 164.92

0.110
0.216
0. 340



I
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Table F.4 Conttd

2661
2666
2672
2679
2687
2706
2716
2726
2735
27 43

229.73
389. 1 g

562.99
744.93
942.00

1242.25
1 457.90
1940.90
2152.90
2229.90

0.390
0.453
0.512
0.562
0.609
0,667 ,

0. 703
0.751
0.801
0.810

4,
6,
g.

12.
15.
20.
24.

1

4

1

3

9

0

5
6
2
4

33.
38.
41,
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Table F.5

0rifice diameter:
tiquid temperaturel
Room temperature:
tiquid height above the orifice:
Indicated air flow rate:

Frame No.

Bubble Growth Data for Carbon Tetrachloride ( Àctua1 r'low
Rate, 21.1 cn!/sec ).

0.3
31.1
23,3
12,0
1 6.5

oc
oc

cm

cm

Bubble Identification No. 3C15.5-1829
(Tiure/frame, 5.000 x 10-tsec/frane)

çn3/sec

Bubble Equiv.
Radí us

cn

Time,
t
ns

Bubble
Vo

cm3
Iume
x 10- 3

1829
1 831
1 834
1 838
1 843
1 849
1 856
1 864
1 873
1 883
1 893
1 903

0.0
1.0
2,5
4.5
7,0

10.0
tJ.5
17.5
22,0
27 ,0
32.0
37 .0

1 .84
17 .94
50.89
99. 95

1 83. g1

257,41
331 .84
419 .7 6
492.80
622.53
801 .21
930. 34

0.760
0.160
0.240
0.290
0.350
0.400
0.430
0.460
0.490
0. s30
0. s80
0.610

1 931
1 933
1937
1942
1 948
1 956
1 965
1975
1 98s
1 99s
200 3

0.0
i.1
3,2
5.8
9.0

13,2
17 ,9
23.2
28,4
33.7
37 ,9

3.60
24,60
93,64

1 45 .41
217 .32
321.47
402.88
513.92
67 6 .16
820.02
927 .11

0.095
0. 180
0.280
0.330
0.370
0.430
0.450
0.500
0.540
0. 580
0.600

Bubb1e Identif ication No. 3C16.5-1931
(Tiure,/frame, 5.263 x'10-Tsec/frane)

Bubble Indentification No. 3C16.5-2033
(Tinre,/fraure, 4.878 x 10-Þsec,/frame)

203 3
2036
2039
2043
2048
2054
2051
2069
2078

0.0
1.5
2.9
4.9
7.3

10.2
13.7
17 ,6
22,0

5. 58
31 .90
67 .32

102,47
172.40
248,25
317 ,91
391 .94
472,31

0.110
0.200
0.250
0.290
0.350
0.390
0,420
0.4 50
0.480
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Table F.5 Cont'd

2088
2098
2110

26.8
31,7
37.3

576,02
714.41
841 .6s

0. 520
0. 550
0.590
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Table F.6

Frame No.

i:i:l"ri:;':i.il::,ror carbon rerrachroride (Àcruar Frow

0ri f ice dianreter:
,Lrgurd temperature:
Igom tenperaLure:

l]gyla. heighr above rhe orifice:rnorcated air flow rate:

Bubble-Identif ication No.. 3C2g.3_.194S(rime,/f raure, s.000 " lör{rãã7íiur.í-"

0.3 cur
23.3 "c
23,3 0c

12.0 cn
29,3 en!/sec

BubbIe
Volume

cm3 x 1 0-3

5. gg

35.55
112.25
163.08
237 .69
341 ,76
474,10
617 .82
766,42
930. 94

1070.27
1276,09
1 356.85

!¡rþble. Idenri f ication No.' 3C2g.3_255g(rinre,/frame, 4.76z i lô={.ãJ7íi"r.l

Tine,
t
ns

Bubble Equiv.
Radi us

cn
1945
1947
1 9s0
1 953
1957
1962
1969
1977
1987
1997
2007
2017
2022

0.119
0.204
0,299
0.339
0. 394
0.434
0.484
0. s28
0. s68
0.605
0.535
0.673
0.697

0.0
1.0
2,5
4,0
6.0
8.5

12.0
1 6.0
21 .0
26.0
31.0
36.0
38. s

2558
2s60
2564
2568
257 4
2581
2589
2598
2608
2618
2528

0.0
1.0
2,9
4.9
7,6

1i.0
14 ,g
19.0
23,9
29,6
33.3

2.23
17 ,63
86.26

149.02
294,44
395.19
533.93
665.99
856. 78
985. 05

1257 ,71

0. 091
0,162
0,274
0.329
0.41 3
0.451
0.503
0,542
0.599
0,617
0. 670

2839
2843
2846
2851
2856
2862
2870
2879

0.115
0.211
0.274
0.349
0.395
0.439
0.496
0. 526

Bubble. Identif ication No.. 3CZg.3_2g41(riure,/f rame, 4 .t ei- i'- tö:{rãã7íirr. I

6.37
39.53
86. 04

177 ,72
259.45
351.72
479,46
608.92

0
0
4
I
1

0
8
1

0.
1.
2,
4,
7,
0.
3.
8.

1

1

1
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Table F.6 Cont'd

2889
2900
2910
2919

29.
32,
37.

7 46.57
898.75

1 052. 51
1190.51

22.9
1

9

1

0. 563
0.599
0.63i
0,ó57
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Table F.7 Bubble G

1 13.5 cn

0rifice diameter¡
tiquid tenperaturel
Roon temperature¡
tiquid height above the orifice:Indicated air flow ratei

Bubble. rdentif icarion No. 6l{gg. 7_140a(Tine/frane, 4.54s x 10-{sec/tia 
"i-'

Frane No.

STlll,orra for Distilled t{arer (lcruat FIow Rare,

0.6 cm
25.5'c
25.5 0c

12.0 cm
88.7 an?/sec

Tine,
t
ms

Bubble
lume
x l0

Vo
cm3 -7

Bubble Equiv.
Rad i us

c¡n

1404
1 406
'1408

1 411
1415
1420
1 427
1436
1 445
1 456
1466
147 6
1487
1497
1513
1526

0.120
0.350
0.445
0.470
0.530
0.600
0.670
0.740
0.810
0 .860
0.910
0. 950
0. gg0

1 .030
1 .090
1.130

7 ,24
177 .83
370.32
434.88
632,52
909. 0g

1 275. 05
1697.90
2219.67
2620,43
31 31 .87
3558.42
4092.22
461 4,34
5400.61
6069.07

Bubble. Identifícation No.. 6lvgg. 7-1729(time,/fraure, 5.000 x 10:'isÀ./ii"rul

10.31
122.35
447,56
620.95

1 009.56
1 488.56
2041,62
2653,14
3304.70
3 900.9 1

4613,29
5391.49
617 0 ,04
7029,56

Bubble. Identification No. 6Wgg. 7-2611(Tiure,/frane, 4,762 x 1O:{r"./iiur.i '

0.0 5.gg
1 . g 254.25

0.0
1.0
1.9
3.2
5.0
7.3

10.5
14 .5
19. 1

23.6
28.2
32.7
37 .7
42,3
49. 5
55. 5

1729
1731
1 735
1739
17 45
1 753
17 63
1773
1 783
1793
1 803
1813
1823
1841

0.13s
0. 309
0.475
0. 529
0,622
0.709
0.787
0.959
0.924
0,977
1 .033
1.087
1.139
1.199

0
0

0
0

0

0

0

0

0

0

0
0

0

0

0.
1.
3.
5.
g.

12.
17.
22.
27,
32.
37.
42,
47.
56.

2611
2615 0,112

0.393
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Table F.7 -Cont'd

2620
2638
2648
2660
2675
2690
2710
2720

4.3
12.9
17 .6
23,3
30. 5
37,6
47 ,1
51 .9

877 .91
1499.21
2177.00
2906. 1 5
37 64,19
4494,52
5605. 75
6777 .85

0. 594
0.710
0.804
0.975
0. 965
1 .023,
1,102
1.174
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Table F.8

0rifice diameter¡
tiquid temperature:
Room temperature¡
tiquid height above the orifice:
Indicated air flow rate:

Frane No. Tine,
t
NS

Bubble Grocth Data for Distilled water (Actual Flow Rate,
180.i cm3/sec).

0.5 cgl

50.0 0c

23,2 "C
12.0 cn

111.5 cn 3/sec

Bubble Identification No,. 6I.11'11.5-1g33
(Tiure/frame, 5.000 x 10-tsec/tråme)

1 833
1 83s
1 837
184'1
1 848
1858
1 858
1 878
i 888
1898
1 908
1918
1928
1947

22,
27,
32.
37.
42,
47.
57.

0.
1,
2.

7̂.
12.
17.

0.
0.
2,
5.
9.

0.0
1.0
1.9
3.8
7,1

11.0

0

0

0

0

5
5

5

5
5
5

5
5

5
0

0

I
I
6
3

0

6
3

2

2

I
2

Bubble
Volume

cn3 x 10
-3

. 6I{1 i 1 .5-1 994
I secrlf rame )

Bubble Equiv.
Rad i us

cm

0. 146
0.413
0. 534
0.51 5

0.745
0.856
0. 936
1 .00s
1.074
1 .135
1.179
1,226
1,256
1 .3s1

0. 156
0.395
0. 548
0. 669
0. 765
0.873
0. 954
1,021
1 ,111
1.196
1.263
1 .3s2

13.06
294.52
639. 35
973. gg

1730.75
2628.73
3436. 1 1

4251,94
51 91 .8s
6124.98
6857.08
7721 .95
8330. s3

10331.15

15.91
260,25
690.81

1252.20
1 873.35
2790,45
3640.83
4454.33
57 45.28
7164,37
8444.12

1 0357.98

Bubble Identif icalion No
(rimer/trame, 4.651 x 10-

1 994
1 996
2000
2006
2014
2024
2034
2044
2059
2074
2086
2104

14,
18.
23.
30.
37,
42.
s1.

Bubb1e IdentificaLion No. 6I.t111.5-2300
(time/frane, 4,762 x 10-l- sec/frame)

.141
922

0

0

0

0
0

0

.422

2300
2302
2304
2308
2315
2323

11.74
1 04.80
314 . 81
713,21

1297 .29
2059. 53

.554

.67'l

.789
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Table F.9

Frame No.

!*Ul. Grorvth Data for Toluene (¡ctual Flow Rate,
1 30. 1 cn3/sec ) .

0rifice diaureter:
tiquid temperature:
Roon temperature:
tiquid height above the orifice¡Indicated air flow rate:

0.5
35.6
23.3
12,0
91 .9

cn
oc
oc

cn
.m 3/s".

Bubble Identification No. 6T9'1. g-Zg3
(Time,/f rane, 4.255 x 10-+sec /tranJ-

Tine,
t
ms

Bubble
Vol

cn3
une
x 10

8.18
177 .84
493,41
7? 6 ,75

1 355. s5
1 961 .49
2541.19
2886.72
3844. i 6
4412,02
51 03.46
6084.20
7105.02
8147,77

Bubble Equiv.
Radius

c¡n

0.125
0.349
0.490
0.570
0.687
0,777
0,847
0.883
0,972
1,017
1.068
1,132
'1 . 193
1.248

0.115
0. 320
0.435
0.559
0.665
0,771
0.859
0.926
1.023
1.103
1.165
1,266

-3

293
296
300
30s
314
324
334
344
3s4
354
374
389
404
422

30.
34.
40.
47.
54.

0
3
0
1

0
¿

4
7

0

2

9
2

9

0.
1.
3.
5.
9.

13.
17.
21.
26,

2461
2463
2465
2470
2478
2488
2498
2513
2 s30
2545
2560
2578

Bubble. Identification No. 6T91. 9-2461(tine,/frane, 4.651 x 10:'i."./tiår"l
0.0 6.370.9 137 ,25
1 ,g 346.304.2 733.097.9 1230,62

12,6 1922,92
17.2 2741,0924,2 3323,77
32.1 4478.63
39.1 5580.1s46.1 6529.0954.4 8508. 1 7

Bubble. Identification No. 5T91 .9-2694(Tine/frame, 4.651 x 10-Tseã/tiåne) 
-

9.20
365.94
704.05
927,45

1544,77
2181.71

2694
2700
2705
2708
27 19
2729

0.0
2.9
5.1
5.5

11.6
15.3

0.130
0.444
0 .552
0. 605
0,717
0.805
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Table F.9 - Cont'd

2739
27 49
2759
2774
2790
2804
2814

20.9
25.6
30,2
37 .2
44.7
51.2
55.9

2701.65
3371 . gg

4026,07
5137 .21
61 04.53
7290.47
8482.92

0.864
0.930
0.987
1.070
1.134
1,203,
1,265




