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ABSTRACT

Due to the simirarities between boiring heat transfer
and barbotage systems, there has been an increased interest
in sj-mulating boiling by barbotage. The author believes
this is the first time that in pool barbotage, bubbl_e

growth under the combined effects of constant pressure and

constant flow in paratlel has been investigated. using
high-speed cine photography, bubble radi-i as a function of
time \^/ere obtaj-ned with water as the liquid, air as the
gas and over a range of plenum-chamber pressures and

constant-flow rates. This type of apparatus appears to give
additj-onal scope, compared. with pure constant-pressure or
pure constant-flow barbotage, in obtainj_ng control over the
shape of the bubble growth curves.

A simpre theoretical analysis of the problem was per-
formed; key rerations were the Rayreigh equation and the
orifice equation. The theoretically predicted bubble
growth curves were found to be in good agreemenL with the
experimental data.
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NOMENCLATURE

A Àrea m2 or cmz

C - Coefficient of discharge
(1

D Diameter m or cm

E Dimens j-onless parameter (Eqn' 2 '6)-

E' Dimensionless parameter (Eqn' 5'71

F Dimensionless constant flow rate

g Gravitational acceleration m/sec' or cmfsecz

H- Latent heat of vaporization J/kg
tg

Ja Jacob number (Eqn' 2 '7 )

K Flow coefficient

tir Mass flow rate kg/sec

N Plenum chamber parameter (Eqn' 2'41
c

P Pressure N/m'

^p* 
DÍmensionless pressure drop (Eqn. 5'71

o Volumetric air fIOW rate m3,/sec or cm3/sec

R Radius m or cm

R Outer radius of annular orifice m or cm
o

R* Dimensionless radius (Eqn. 5'7)

Re- Orifice Reynolds number (Eqn. 4.4)
o

t Time sec

t* Dimensionless time (Eqn. 5.7)

T TemPerature oC or K

V Volume of bubble m3 or cmt

xfv



Greek Symbols

p Density kg /mt

o Surface tension N/m or dynes/cm

æ At a large distance

o Thermal diffusivity of liquid mz /sec
U Dynamic visosity kg/m sec

Subscript

a Annular

act Actual

b Bubble

d Departure

c Constant-flow rate conditi_on

f Indi_cated air flow rate
1 Liquid.

m Þletering conditions

o Orifice
p Constant-pressure conditions

t Ante-chamber

tot Total

sat Saturation temperature of liquid
vrvap Vapor

w Wall or surface

xv



CHAPTER 1

ÏNTRODUCTION

I.1 Background

Boiling heat transfer is a mode of heat transfer that
occurs with a change in phase from riquid to vapour. since

the heat transfer rate in boiling is usuarly high, boiling
has been used to cool devices requiring high heat-transfer
rates such as rocket motors and nuclear reactors. However,

boiling is a complex phenomenon. The complexity arises out

of the fact that boiling is a process in which several inter-
dependent phenomena occur simultaneously. Thus, bubble

growth depends on heat transfer, while the heat transfer
depends among other things, ofl agitation due to bubble growth

and motion. rn addition, the process depends on such sto-
chastic factors as nucleation, distribution of bubbring sites,
and their condition at the start of boiling.

fn order to improve the understanding of the boiling
process, "barbotage" systems are used to simulate the

boili-ng process. The term "barbotage" as used here is
defined as the bubbling of a gas through a drilred or porous

surface into a liquid in which the gas is essentj_al1y

insoluble. It is important itself in many operations

involving the transfer of heat or mass in chemicar processes.

In addition, it is attractive for the study of bubble-



stirred boundary layers as the bubble generation rate is

independent of the rate of heat transfer and can be

accurately controlled and measured"

when considering barbotage as an analog of boiling'

various aspects may be examined' These may be purely

hydrodynamic or may include heat transfer. some investig-

ators [e.g. 2, 45] have concentrated on heat-transfer

coefficients, comparing these coefficients in boiling and

barbotage. As regards the hydrodynamics, the similarities

in appearance of the bubbting flow regimes in barbotage

and saturated nucleated boiling have been noted 154, 55, 601;

the similarities of j-nitiation and of growth rate and growth

tj_mes have been pointed out [e.g. 48, 54]. In F.ef . [48] '

the constant-pressure barbotage data was used to obtain the

growth exponent n in an equation of the form R vs. tn; they

Suggestedthetimeexponentnofnucleateboilingdatawas

'sandwiched' between the constant-flow and constant-pressure

conditions. cheung t7l simulated the bubble growth of

nucleate boiling bubbles using constant-flow barbotage and

of course, by the nature of constant-flow barbotage, was

limited to a growth exponent of L/3'

Because of

simulation of

of the Present

could be made

this very considerable j-nterest shown in the

boiling by barbotage systems, one of the goals

work was to j-nvesti-gate whether improvements

in the simulation process. The study concen-



trated exclusively on 'pool ' barbotage "

I"2 Purpose and Scope

The present investigation can be grouped j-nto four
main parts:

(1) As mentioned earlj-er, barbotage systems "-" o. used to
simulate boiling bubbles. For constant-pressure barbotage,

subash and sims t48l indicated that, over the life of the

bubbres, the growth exponents v¡ere larger than the å asso-

ciated with the crassic boiring case. cheung 17l indicated
the constant-frow barbotage generally agreed welr with
boiling bubbres. But, due to the nature of constant-frow
barbotage, the time exponent is fi-xed at L/3. rn the pre-
sent work combined constant-flow and constant-pressure

barbotage was investigated to try to determine whether some

additionar contror courd be gained over the growth exponent,

with special attention being paid to an exponent of å.

(21 l"luch barbotage literature 1.4, 7, L2, 13, 26, 4Bl indi-
cated that two extreme cases of poor barbotage, namery the

"constant-flow-rate case" and "constant-pressure case" had

arready been examined, but the "combined" case of constant-
flow and constant-pressure had not been investigated
(neither experimentally nor theoretically) . Therefore, it
was decided to conduct experiments for this case to determine

the bubbre growth curves. Distirted water with air as the

injected gas were the fluids used. Experiments Ì¡Jere con-



ducted with different combinations of pressure inside an

ante-chamber and constant-flow rate to determine the bubble

' growth"

(3) A simple theoretical analysis was performed to predict

the bubble growth for the aforesaÍd "combined" constant-

flow and constant-Pressure case '

(4 ) The experimental data were compared with the theoretical

values. The flow coefficient which appears in the formula-

tion of the theory was determined experimentally for the

present annular orifice -

I"3 Lavout of Thesis

chapter 2 includes a literature review on barbotage

dynamics and nucleate boiling dynamics. A detailed descrip-

tion of the experimental apparatus and photographic equip-

ment is given in chapter 3, while chapter 4 covers the

experimental procedures and conditions. chapter 5 outlines

a theoretical approach to solve the present problem of bubble

gro\üth. Results and discussion are presented in chapter 6

which includes the comparison between experimental and

theoretical results. Bubble behaviour and discussion of the

time exponent of bubble growth in barbotage are also presented

in this chapter. Figures 5.2 through 5.13 show the theoret-

ical results of bubble growth. Figures 6'3 through 6'13 show

the experimenÈa1 results while Figures 6.L4 through 6 '24 give



the comparison between experimental and theoretical results.
Table 6.3 indicates the time exponent of present bubbre

' growth. The summary and conclusion are presented in Chapter

7. The appendices incl_ude:

(A) Determination of flow coeffici-ent for the annular orifice
in the present work.

(B) Calculation of actual constant-flow rate at the orifice.
(C) Calculation of bubble volume.

(D) Computer program for calculation of R* vs. to.
(E) Bubble identification and tabulated data.
(F) Bubble growth data for 0.3-cm diameter orifice prate.



CHAPTER 2

REVIEW OF THE LITERATURE

2.I Barbotage DYnamics

Theinjectionofgasintoaliquidthroughasubmerged

orifice is an important phenomenon in connection with dis-

tillation, absorption, and mass and energy transfer processes'

The formati-On of such bubbles under certain conditions has

been studied extensively. If there is a high pressure-drop

restriction between the orifice and gas chamber (such as a

long thin capillary tube), 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; this is referred

to as the ,,constant-f10w-rate" conditi-on. If the volume of

thegaschamberupstreamoftheorificeisverylargeby

comparison with the volume of the bubble being formed, and

if the pressure drop across the orifice is small, the situa-

tj-on corresponds to the "constant-pressure" condition' For

conditions intermediate between these two limits, the chamber

volume must be taken into account' The phenomenon of

bubble formatiorf under various conditions was reported in an

early paper by Hughes et aI' [23], then a theory for the

mechanism of bubble formation was proposed by Davidson and

*of the extensive llterature, only the most important papers

related to this study are mentioned here and elsewhere '



SchüIer lL2, 131" McCann and Prince t3f1 used potential-
flow theory to describe the flow of gas from an ante-chamber

into a spherical bubble growing at the orifice; they also

estimated the weeping rate after the bubble detachment. A

full review was done later by Park t3a1 and by Kumar and

Kul-oor 1,26) . The followj-ng review on the bubble growth rate
keeps emphasis on the two limiting cases, that is constant

flow and constant pressure.

Bubble growth rate

BubbIe f ormati-on, can, in
governed by the fluid dynamics

due to:

general, be considered to be

and interfacial forces [4E]

1.

2.

3.

Momentum of the injected gas stream,

Inertia of the displaced liquid,
Drag on the interface associated with the motion of

the liquid relative to the bubble,

Buoyancy, and

Surface tension.

4.

q

Davidson et aI. ll-2, 131 and Kumar and Kul-oor 126l

proposed their theories of bubble formation to determine

the break-off diameter based on the various forces acting
on the bubble which related to the liquid and gas physical

properties and the gas fÌow rate " Aspects of the bubble-

forming device such as geometry, material of construction,



chamber volume and depth of the liquid above the orifice

also affect the bubble sizes. The thickness of orifice
' pIate may also affect the bubble síze. The effect has been

reported to become signifj-cant if the thickness is equal to

or greater than 100 times the value of orifice diameter 1231.

Constant-f low-rate case

As mentioned earlier, bubble formation at the tip of a

long capillary tube can be treated as the constant-flow

condition. Since the gas flow is constant, the bubble growth

is simply expressed as

dv_^

where

V = volume of the bubble,

t = timer

Q = gas flow rate.

If the bubble volume is assumed to be of a spherical

shape, then Eqn. 2.I can be written as

d.4
ãE (jnn') = Q Q'2)

where R is the radius of the bubble. Rearranging and

integrating Eqn . 2 "2 with the initial condition as R - 0

att-0gj-ves



3 .r/3 ar/3 tL/z Q.tlft = (ãr)

Equations2.Land2.2aretobeusedaspartofthe

theoretical derivation given in Chapter 5 '

Constant-Pressure case

The bubble formation at an orifj-ce which is supplied

with gas from an ante-chamber at constant pressure' is

referred to as the constant-pressure condition. The rate

of gas flow for such a system has been found to vary through-

out the formation period as the result of a variation of the

pressure drop across the orifice which is a result of the

varying pressure within the bubble' The system is approxi-

mated in practice when an orifice is supplied with gas by a

largeante-chamber.Hughesetal.[23]havederiveda

dimensionless group which characterj-zes the effect of the

ante-chamberonbubbleformationasfollows:

N = s (Pr Pg)vt
ü :-a 

o -E-
og

(2 .41

where

g = acceleration due to gravitY,
PI = Iiquid densitY,
þg = gas density,

Va = the ante-chamber volume,

Ao = orifice cross-sectional area'

c = the velocitY of sound in the gas'
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Values of the ante-chamber volume which make N"

approximate the condition of the constant-flow'rate case

whereas those which make N.

of constant pressure. Equatj-on 2"4 rtras used to determine

the size of the ante-chamber volume in the present work

(N = r00).

Subash and Sims t48l formulated a bubble growth equation

under the constant-pressure condition by combining the

RayleJ-gh equation and the orifice equation. The result of

the formulation is given in the following dimensionless

relation:

R* + r.5 d*' + BE R*u d*' 2 AP* (2.s1

where

2'R*

R*=

Rr. =

}(rr =

+=

^P* =

R=

Ro=

R

%'
dR*
_l
dto

.. dRn
v [-]dt*'dt*'

LrO'lL tF-..._s-l
"1 ^o

DD't - ^æ

ã-,
R
o

IPo
K2 p1 ,

Radius of

Radius of

(2.61

the

the

bubble,

circular orifice,
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K = Flow coefficient,

Pt = Pressure in t.he plenum chamber,

P* = Pressure at a large distance from the bubble at
the level of the orifice,

t = time,

o = Surface tension,

P_ = Gas density,g

01 = Liquid density.

The solution of Eqn. 2.5 can be carried out by numerical

integration, using fourth-order Runge-Kutta formula with the

initial condi-tion at time t - 0 as

R* (0) = I

É,n (o) = Q

The bubble growth rates predJ-cted by Eqn. 2.5 have been

found to be in good agreement with the experimental data for
water, acetone, and hexane by Subash and Sims t481. In this
thesis a theoretical analysis is presented for the bubble

formation under the combined effects of constant-flow and

constant-pressure conditions; this is in Chapter 5.

2.2 Nucleate Boiling Dynamics

The phenomenon of nucleate boiling has attracted great

attention because of j-ts unusually high heat-transfer rates.
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It is especially bubble growth which interests here" Bubble

growbh is a combined problem of dynamics and heat transfer.

Dynamic considerations control the early part of bubble

growth while heat transfer controls the later part; gen-

erally, the heat-transfer-controlled portj-on is of a much

Ionger duration compared with the dynamically controlled

portion. The classical analyses [e.g. 14, L6, 35] have as

a result in the thermally controlled region and for growth

in a uniformly superheated liquid, that the radius varies

as the square root of time. Of special interest, because

of its use in an earlier study of boiling simulation, is

the work of CoIe and Shulman t8l which involved bubble

growth at a heat transfer surface in saturated nucleate pool

boiling using a number of liquids. The empirical equation

describing their extensive results is

')./L
ft=2.5J¿I¿ a

(2.7\

where

c p_ (T - T=.t)nl\^tlJa

cx

cp

T
\^/

Tsat
H-Ig

H- pIgV
thermal diffusivity of the liquid,

specific heat at constant pressure,

waII temperature at superheated conditions,

saturation temperature of the liquj-d,

latent heat of vaporj-zation of the 1iquid.
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Concerning other exPerimental data for bubble growth at

a heating surface, besides the time exponent ! discussed

above, one see other values. A discussion appears in

cheung l7l, where the quoted rangie of the exponent of time

varies from approximately 0.1 to 1.0.

Good reviews of boiling bubble dynamics can be found

in Refs. [22, 5I, 53] .

2.3 Analogy Bet\^/een Barbotâge and Nucleate Boiling

Much research concerning nucleate boiling [8, 9, 19, 35]

has been conducted during the past Several years in order to

determine the heat-transfer mechanisms. Broadly speaking,

the mechanisms can be grouped into two main categories:

(i) convective or agitation effects characterized by heat

transfer associated with the movement of, and molecular

diffusion through the liquid phase; (ii) Iatent-heat effect'

characterj-zed by heat transfer due to the formation and trans-

port of the vapour phase. In order to establish the

importance of the bubble-induced agitation mechanism, âD

examination of the bubble behaviour is essential. Zuber t60l

hTas among the first to note the similarity in appearance of

the bubbling flow regimes in barbotage and saturated nucleate

pool boiling. He considered Davidson and Amick's t11l des-

crj-ption of the appearance of barbotage bubbles forming under

constant-flow-rate conditions and noted that the description

fitted well the bubble formation in Yamagata and Nishikawa's

l59l experiments in nucleate boiling. WaIlis t54l compared
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staniszewski's l47l data for bubbre growth rate in boiling
to Siemes and Kauffmannrs t43l constant-flow barbotage and

pointed out that the equations they derived had the same

basic form"

Barakat t4] compared constant-pressure and constant-

flow barbotage bubbles with the boiling bubble from Han

and Griffith tle1 for water and illustrated that the bubble

growth rates showed more similarity between boiling and the

constant-flow barbotage bubbles rather than the constant-

pressure bubble. Barakat and Sims t6l compared the toluene

boiling results of Cooper and Lloyd t9l with constant-flow

barbotage bubbles which revealed some sj-milarities in the

heat-transfer coeffici-ent between them. They also compared

l5l the flow pattern about thej-r owh.barbotage b'ubbles and

the boiling bubbles reported by Kutateladze and Itlamontova l27l

Subash and Sims t48l showed the boiling growth raLe

results feIl between the results of the two extreme cases

of barbotage systems, namely constant-flow-rate and constant-

pressure conditions. They pointed out the bubble departure

sizes j-n barbotage and boiling were comparable in magnitude

in the static regime. They also compared the dependence of

frequency of breakoff diameter in boiling and barbotage and

showed the trend of lowering frequency as the bubble depar-

ture diameter increased"

Recently Cheung l,7l compared the hydrodynamics of

constant-flow barbotage bubbles with boiling results of
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CoIe and Shulman t8l for different lÍquids" He showed that
the bubble growth (R vs. t) was in good agreement wÍth the

boiling results except very close to zero time. He also

showed the growth rate t$f v=. tt of the barbotage was close

to the Iower limit of boil-ing results reported by Cole and

Shulman t8l. He compared the departure radii in boiling
and barbotage and found quite satisfactory agreement.
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CHAPTER 3

APPARÀ,TUS

3"1 General Description

The schematic arrangement of the apparatus is
illustrated in Fig. 3.1. Air from the ai-r compressor

which operated between 552 kpa (BO psig) and 690 kpa (100

psig) was reduced to the experimental operating condition
by means of the pressure regulator. The air then passed

through a filter and a gas dryer which removed the con-

taminants such as oil particles, dust and moj-sture present

in the ai-r. Then the air line branched to two flow
meters. Both contained a built-in needle valve; one of
them for the constant-fIow stream was used to measure the

flow rate, the other for the constant-pressure stream,

was used to control the pressure insj-de the ante-chamber.

Both air streams were saturated with distilred water at pool

temperature by passing through the saturators. Finarly, one

of the saturated air streams entered the capilrary tube

which was situated in the centre of the orifice. (The word

"orifice" with the prefix "circular" means the hole dril_Ied

in the centre of the orifice plate, while with prefix

"annular" means the annular opening formed when the tube is
situated at the centre of the circular orifi-ce. rn cases

with no prefix, the context shourd make the meaning clear.)
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For the constant-flow stream, the line pressure between

the flow meter and the saturator was measured by a pressure

gauge for the calculation of constant air flow rate (Details

of this calculation are presented in Appendix B.) " The other

air stream entered a SO-Iitre drum (the ante-chamber) from

which it passed through the annular orifice into Lhe

bubbling tank containing the distilled water.

Details of the assembly comprising the container, the

coIlar and the ante-chamber are shown in Fig. 3.2.

3.2 Orifice Plate

The orifice plater âs shown in Fig. 3.3, wâs made of

stainless steeI. The plate was 13.50 cm (5.32 in.) in

dj-ameter and the thickness l¡¡as 1.15 cm (0.45 in.) , machined

as shown, and with a circular orifice drilled at the centre.

The orif ice \,vas 0 . 50 2 cm (0 .19 in. ) in diameter " The size

$/as chosen as most barbotage investigations fell between

0.2 cm to 0.6 cm. A long stainless steel capillary of

0.27 7 cm (0.f 1 in.) O.D. \4¡as held at the centre of the

circular orifice by the "Unislide" assembly as the passage

for the constant-flow stream. The constant-pressure flow

passed from the ante-chamber through the annular orifice
j-nto the liquid bath.

Another combination of circular orifice and capillary
tubing (smaller sizes) was used to take some, but not a

complete set of data. The orifice and results are described

j-n Appendix F together wj-th the reasons for appearing in an
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Orifice
Centre

O-Ring

BoIt
Line

Gasket

Drum

Fig. 3.2 Details of Container Assembly

30"5 x 30"5 x 30.5 cm
Glass Tank
Centre Tubing
Orifice Plate
0.63 cm Di-ameter BoIt

Supporting Plate
Gasket
0.63 cm Stainless
Steel Plate
Gasket
Silicone Bond

I' 15 cm

Collar

0.95 cm

il

tre50-Li

,l

Fig. 3.3 Orifice Plate
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appendix.

3.3 Ante-Chamber

The bubbling tank with the orifice plate was fastened

to the ante-chamber top through a coLlar. Inside the 50-

Iitre ante-chamber, the "Unj-s1ide assembly" was located

beneath the orifice holding the capillary in the desired

position. The capillary connected via flexibl-e tubing to
one fitting in the ante-chamber waIl which in turn connected

to the air supply. The pressure inside the ante-chamber was

measured by using a vertical U-tube lÍquid manometer, con-

taini-ng Meriam oil ( sp . gr . 0 .7 841 . Figure 3 .4 shows details
of the ante-chamber.

3.4 Unislide Assembly

The position of the capillary tubing inside the orifice
for the constant-flow supply was controlled by a combinatj-on

of three Unislide assemblies (VeImex, Inc.). The general

arrangement is shown in Fig. 3.4. The component assemblies

vrere of two Series A Model 1503D for the Y- and Z- direction
and one Seri-es A l"lodel 2504D for the X-direction. The

three components together will be called the "Unislide
assembly". It all-owed for accurate and quick placement of

the capillary tubing by giving control of movement in three

directions.
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3.5 Photographic Apparatus

The bubble formation process at the Ieve1 of the orifice
was recorded by means of a 16 mm high-speed motion picture
camera; this was a Hycam ir[ode1 4I-0004, camera operating for
the present experiments in the range of 500 to 25oo frames

per second, using Kodak 16 Írm, Ektachrome, vNx 430.7250

colour film in 30.5-m (I00-ft) rolls. The frame speed

courd be accurately obtained from a timer right arrangement

(Series 100) inside the camera (LED operating at I00 ]hertz
driven by a miniaturized crystal-controlled generator) which

placed markers along the firm outsi-de the frames. The

camera \^¿as placed at a distance from the orif ice plane r so

that the terminar bubble forming at the orifice could be

completely captured on film. Two smith-victor 65O-watt

(at 115 volts) lamps were used with a glass diffusing screen

to provide optimum illumination for photography. The light
arrangement resulting in sharply defined bubble profiles is
shown in Fig. 3.5 and was based on the experience of cheung

17) and others [4, 48] . A Pentax Spotmeter IfI light meter

was used to determine the correct combination of film speed

(ASA 400), f-stop, and camera speed. Before photographing

Lhe bubbles, a stainless steer rod of known diameter (0.95

cm) was suspended verti-cal]y above the orifice, and its
image was recorded at 500 frames/second. The ratio of the

actual diameter to its image, acted as a "scare factor', so

that the true volume of a bubbre could be determined from



23

Bubbling Tank

Camera

iffusing Screen

ELEVAT I ON

PLAf,ü

Arrangement

Camera

K
| 45cm I

Fr

Fig" 3.5 of Photographic Equipment
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its magnif ied image. A motion pi_cture analyser (LW model

900) was used to project frame-by-frame photographs on a

' PCD viewer (mode1 2AÈ-3Ä,) equipped wj-th a digital X-y

reader. The equipment allowed for the measurement of
bubble dimensions with an accuracy of approximately 0.01

cm in the actual bubble.



25

CHAPTER 4

PROCEDURE

4 "I Introductory Remarks

This chapter describes the procedure used in the

experiments. The procedure of setting up the apparatus is
presented in Sectj-on 4.2¡ this includes how to determine

the capillary tube position relative to the centre of the

circular orifice. section 4.3 then describes the procedure

of photographing the bubbtes at the level of the orifice.
A brÍef descrJ-ption of calcurating the instantaneous vo't ume

of a bubble is presented in Section 4.4 while the computa-

tion of the bubble volume is illustrated in detail in
Appendix C.

4.2 Apparatus Set Up

Prior to running the apparatus, eertain preparations

had to be made before starting the experiment. The

procedure was as foll-ows:

The bubbling tank was washed with ordinary soap and

rinsed thoroughly with distilled water. It was then

dried with a piece of clean cloth.

The four saturators \^¡ere cleaned and filled to the

two-thirds leve1 with distilled water.

1.

2.



26

3. The orifice plate was put into the correct position and

fastened.

4. The Unislide assembly with the capillary tube was

put inside the ante-chamber through the 12 cm diameter

door.

5. The capillary tube was connected to the air supply

system through one of the fittings in the drum.

6. The capillary tube outlet end was first brought to the

same level as the top of the orifice plate by adjusting

the Z-direction of the Unislide assembly.

7. The capillary was adjusted as closely as possible to

the centre of the circular orj-fice by eye. In order

to estimate the error, this process was repeated

several times in a separate test and each time a

photograph of the orifice (plan view) tras taken by a

35 mm camera (Nikon FE); then the error was measured

from enlarged photographs. The typical error (:) was

of the order of 4 58 where e and r are shown in

Fig. 4 .I.

8. The door of the ante-chamber was tightly closed.
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4 "3 Bubble Image Photography

Photographic records of bubble growth were obtained

using distilled water as the liquid and air as the

injected gas. An experimental run was conducted as

follows:

1- The air supply system was connected to the bubbling

unit and then turned on for a while to ensure steady

flow to the capillary and the ante-chamber. This

precaution was necessary to prevent liquid leaking
through the orifice while the container \^ras being

fiIled.

2 - The grass tank was firred with distilred water to a

depth of 12.7 cm above the orifice.

3. The constant-f low rate \Ä/as measured by the f low

meter.

4. The pressure inside the ante-chamber was set to any

desired value by means of the needte va1ve.

5- Allowing some time to ensure steady-state operation,
the values of the constant-f1ow rate, ante-chamber

pressure, line pressure downstream of flow meter,

the atmospheric pressure, the room temperature and

the pool temperature were recorded.
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6 " The correct combination of frame speed and aperture

was determined.

7 . A sta j-nIess steel rod of 0. 95 cm diameter was put in

the plane of the orifice and photographed at 500

frames per second for two seconds.

8. With the rod removed, the experimental conditions

were rechecked.

9. The frame speed was set at 2000 frames per second,

the aperture adjusted and the bubble image was

photographed.

4.4 Calculation of Instantaneous Vo1ume of Bubb1e

The high speed photography provided an effective way

to measure the volume of a bubble by projecting it frame-

by-frame on a screen equipped with an X-Y digital reader.

The volume of the bubble was calculated from the two-

dimensional profile obtained by photography. The pro-

cedure for computing the volume of a bubble is illustrated
in detail in Appendix C. By assuming the measured

volume equal to a sphere of equal volume, the equivalent

radius of the bubble Ruq *rs obtained from the following

equation:
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3vmeasured---_i--=-J L/3
4r

where

V_^_ - = volume measured from the film.mea surec[

4.5 Test Conditions

The conditions under which the experiments \^¡ere

performed are summarized in Table 4.1. The constant-flow
rate through the central tubing was corrected to the

orifice conditions (air saturated with vapour at the pool

temperature and pressure at the level of orifice).
Detailed calculations are presented in Appendix B. The

val-ues of the actual flow rates in the orifice were

used to determine the F values ín Table 4.I*.

R=leq

*The symbols F, E' and

but are defined below
^P* 

are explained

for convenience:

' R4 - .r

= rT' o;1 '9.- Au- lRT 1., ,- a 'l-

in Sec. 5.2,

P'r rF = Q. (õ*+) 

" 
E'

o

Ð-D
'!L ¡

Læ
^pÀ = 

-

2o
F_o
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The flow coefficient (K) t3l through the annular

orifice was determined by measurement. The procedure j_s

described in Appendix A. An average value of 0.69 was

used to d.etermine the E' values in Table 4.L.
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Pool-: Open to atmosphere
Gas: Air

Liquid: Dist j-Iled I¡trater
Depth of Liquid: 12"7 cm above the orifice' Atmospheric Pressure: 75.50 77.30 cm Hg (precise values

Room and pool , ;ï.ånt'rË10". (precise values j-n
App. E) _e _?E': .U.tt x 10 ' - 5.17 x 10 ' (precise
ualues in App. E)

Orif ice dimensi-ons:
Circular orifice diameter = 0.502 cm
Capillary tube I.D. = 0.216 cm

O.D.= 0.27 7 cm

Film
fdentification AP*

Actual Constant
Flow Rate at

Orifice
cmt /sec F

A

r.24

0.00 0.00

B 10 .98 L0.29

c T7 74 l-6.64

D 24 I6 22 -64

E 31.56 29.58

F 37.83 35.4s

(J

2.04

0.00 0 .00

H L7 .77 16.66

I 27.98 26.24

J
2 -44

0.00 0.00

K 17 .77 16.66

Table 4.I Experimental Conditions for the Bubble Growth

Experiments
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CHAPTER 5

THEORETICAT ANAIYSIS

5.1 fntroductory Remarks

The purpose of this chapter is to formulate a

theoreticar anarysis of the probrem of bubble growth from

a submerged orifice under the combined effects of the two

limiting cases, namery, constant-flow and constant-supply-
pressure conditions. By knowing the plenum pressure,

constant-flow rate, properties of fluids, orifice and. tube

geometry, the probrem can be formulated into a dimension-

less form and solved numericatly"

5.2 Theoretical Formulatlon of the problem

R = radius of the bubble,

i = first derivative of the radius with respect to
t ime,

The equation of bubble growth can be derived by

beginning with the Rayleigh Eqn. I3Z1 as follows:

_ : 3 r¡ + 2=o= = 
no 

=- 
n- 

(5.r)RR+rR.*hR==

where
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i'= second derivative of the radius with respect to
time,

o = surface tension of the liquid,
Pr = density of liquid,
I

P, = pr€ssure in the bubble, andb

P- = pressure at a large distance from the bubble at

the level of the orifice.

Certain assumptions are involved in the formulation

and use of the above equation.

(1) The gas-liquid interface is spherical during the

formation of the bubble.

(21 The fluid surrounding the interface is
quiescent and incompressible and of infj_nite

extent.

(3) The pressure inside the bubble is uniform at

any instant.

(41 Liquid flow is irrotational.

(5) There is no transfer of lÍquid vapour into the

bubble.

Examination of Eqn" 5.1 shows two unknown variables,

R and P,_ are involved. A second equation j-s thereforeb

necessary to obtain a solution. At any instant, âs Èhe
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bubble forms at the orifice (fig, 5"1), the flow rate into
the bubble is given by

Qtot=Q.*Qn (s.2)

where

Qtot = the total flow rate (a function of time),

O_ = the constant gas flow rate (independent of-c
time), and

O_ = the gas flow rate through the annular orifice-p
(a function of time) .

For O_ the orifice equation can be used:-p
2 (P. - P. )

O = K A. [- '-t: -b']+ 
(5.3)-p a - pg

wherein it. is implied that the gas (air) is incompres-

sible, and

K = the flow coefficient
(K = Cd M in which CU j-s the coefficient of

discharge and M is the velocity of approach

factor t3l ) .

Pt = the pressure in ante-chamber,

Pb = the pressure inside the bubble,

P = cras densitv",g

A_ = the cross-sectional area of the annular portiona

of the orif i-ce "



36

Pu

ï

,)

Qo

(,
Qo

Plenum Pressure pt

Capillary Tube

Or i-f ice
Capillary Tube

Annular Àrea

Fig. 5.1 Bubb1e Formation at the Orifice
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For a spherical bubble,

and

the volume V would
A

b"ã TRt,

^dv*tot dt

From (5"2) (5.4), w€ have

4nR2il.=O +KA I-ca

n n + ] (ri) ' + 2oar

4 r n'?å (s.4)

(5.s)

(s.7)

2 (,Pu Pu.) Iw u 12

ag

Solving for P¡ from Eqn. 5.5 and substitution in

Eqn. 5.1 yields

åQc'l (s-6)

Equation 5.6 can be manipulated into dimensionless form by

using the following definj-tions

R*=

L*=

d'o =

Et =

R
R'o

I
+l ' ì¿"to- R a'

'I o

dR*
dtn '

2R q

lTo--;a-
.Ér a

pq

r-ã'
0r I

Qc 1 ^r-¡ z

o

P,P.|-æ
^ 

D* = ---:-
¿Õ

Ro

F



38

The final equation j-s

+ 1.5 dot + gE'Rl ñ*. R*t Ê*

(s. a¡

integration, usi-ng a

initial conditions at

.2
R*

4E'F
il

Rt

2 LP* - P'F;¿'î -

Equation 5.7

fourth order

timet=oas

v¡as solved by numerical

Runge-Kutta formula with

R*=1

gY = 4n R2 li = oot -c

ñ*- F
4 rRj

or

The Amdahl 5850 computer was

equati-on. The computer program is

used to solve the

presented in Appendix D.

h*=#

5.3 Theoretical Results

A theoretical analysis of the bubble growth rate was

presented in the previous section. The finat Eqn. 5.7 was

solved and the results are given here.

Equation 5.7 is the theoretical equat j-on written in dim-

ensionless form and its soluLion takes Èhe form of R* as a

function of t* for various values of the three parameters
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E', AP* and F. A close examination of the E'value shows

j-t can not be less than zero, and practJ-cally it should not

be greater than 1. The ante-chamber pressure and the

constant-flow rate through the centre tubing are related
to AP* and F respectively. These two values can be varied

to obtain sets of curves for R* vs. t*. In the present

work, the value of AP* is increased from t to 3; this is
the practical range over which one can conduct experiments.

The parameter F is varied from 0 (pure constant-pressure

case) to L25 (in terms of Q" this represents a flow rate
just a little less than the maximum used. by Cheung l7l
in his pure constant-flow experiments). The solutj-on is
generated up to t* = 14 which j-s equal to the maximum

experimental value so far obtained t481. The resulting
curves are presented in Figs. 5.2 through 5.13.

Such presentation allows one to determine quickly the

approximate growth curve, once E', ÂP* and F are

established for any given system. ObLaining the theoretical
growth curve from the figures presented would not be as

accurate as solving Eqn. 5.8 numerically (unl_ess the values

of the parameters were precisely the same as those used

here), but very much more convenient. Curves representing

the constant-pressure case can also be obtained simply by

setting the value of F equal to zeyo. The results then

reduce to Subashrs solution t48]. This extreme case j-s

also included in the figures.
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It should be noted that in some fi-gures, e"g. Fig.

5.2 with F = 0.001, the theoretical growth curves appear

not to change from R* = 1 up to some finite t*i actually
Rr, is increasing but on the scale of the figure, the

curves appear coincident with R* = 1.



to I

R
X

6 4 2 o
o

2

F
ig

. 
5.

2 
T

he
or

et
ic

al

4

t 'it

B
ub

bl
e 

G
ro

w
th

 C
ur

ve
s 

fo
r 

E
'

t2
5

75 2.
5

t2 2 o.
l

o.
oo

F
=

O

IO
l2

t4

=
Lr

A
P

*=
1

rÞ H



R
*

E
' =

 I

A
P

*=
z

+ 'ìt
F

ig
" 

5.
3 

T
he

or
et

ic
al

 B
ub

bl
e 

G
ro

w
th

 C
ur

ve
s 

fo
r 

E
'=

 
I, 

A
p*

 =
 2

r2
5

75

)È N
)



+ '*
F

ig
. 

5.
4 

T
he

or
et

ic
al

 B
ub

bl
e 

G
ro

w
th

 C
ur

ve
s 

fo
r 

E
r=

 
1,

 A
p*

 =
 3

12
5

75

È (,



lo I

R
*

6

A
P

x 
=

 I

4 2 o
o

2

F
ig

" 
5.

5 
T

he
or

et
ic

al

4

t2
5

75 25 2 o.
r

F
=

 O
.O

O
I

+ 'lt
B

ub
b1

e 
G

ro
w

th
 C

ur
ve

s 
fo

r 
E

' 
=

10
t2

14

0.
01

r 
A

P
* 

=
 I

È rÞ



ro I

E
'=

O
.O

l
A

P
*=

z

R
X

6 4 2 o
o

2

F
ig

. 
5.

6 
T

he
or

et
ic

al

4

r2
5

75 ?5 F
=

O

t '*

B
ub

bl
e 

G
ro

w
th

 C
ur

ve
s 

fo
r 

E
'

ro
t2

t4

=
 0

.0
1,

 A
P

* 
=

 2

È (n



R
x

A
 P

*=
3

t ')
t

F
Íg

. 
5.

7 
T

he
or

et
ic

al
 B

ub
bl

e 
G

ro
w

th
 C

ur
ve

s 
fo

r 
E

'=
 

0.
01

, 
A

P
* 

=
 3

r2
5

75 ?5 F
=

O

to
t2

t4

È O
ì



t2 to

E
' =

O
.O

O
l

A
P

*=
l

B

R
r*

4 2 o
o

2

F
ig

. 
5.

8 
T

he
or

et
ic

al
 B

ub
bl

e

r2
5

75 25 2 o.
r

o.
 o

or

4
B

ro
tx

G
ro

w
th

 C
ur

ve
s

12

fo
r 

E
r 

=

t4

0.
00

1,
 A

P
* 

=
 I

È {



t2 ro

E
' =

O
.O

O
I

A
P

*=
z

B

R
*

4 2 o
o F
ig

. 
5.

9

24
6B

lo
t2

+ 'lt
T

he
or

et
ic

al
 B

ub
bl

e 
G

ro
w

th
 C

ur
ve

s 
fo

r 
E

r=
 

0.
00

1,
 A

p*
 =

 2

t2
5

75 25 F
=

O

t4

¡Þ æ



t5

E
'=

O
.O

O
I

A
P

*=
g

to

R
x

5

+ ')(
F

ig
. 

5.
10

 
T

he
or

et
ic

al
 B

ub
bl

e 
G

ro
w

th
 C

ur
ve

s 
fo

r 
E

'

t2
5

75 ?5 F
=

O

to

=
 0

.0
0I

, 
A

p*
 =

 3

r5

À \o



R
*

A
P

*=
 |

F
ig

. 
5.

11
 T

he
or

et
ic

al

r2
5

75 25 2 o.
l

6B
tO

f 'lt
B

ub
bl

e 
G

ro
w

th
 C

ur
ve

s

F
 =

O
.O

O
l

fo
r 

E
r 

=
 0

,
ap

*=
l

('l O



E
t 

=
O

A
 P

*=
z

R
*

u'
¿

46
B

to
t?

14
t '*

F
ig

. 
5.

I2
 

T
he

or
et

ic
al

 
B

ub
bl

e 
G

ro
w

th
 C

ur
ve

s 
fo

r 
E

' 
=

 0
, 

A
P

* 
=

 2t2
5

75 25 F
 =

O

LN H



E
' =

O

A
 P

*=
3

R
- x

r2
5

75 25 F
=

O

F
ig

. 
5.

13
 

T
he

or
et

íc
al

 B
ub

bl
e

t '* G
ro

w
th

 C
ur

ve
s 

fo
r 

E
' 

=
 0

, 
Lp

* 
=

 3
(-

rl N



53

CHAPTER 6

RESULTS AND DTSCUSSTONS

Bubble Observations6.1

be

Bubble formation at

generally categorized

orifice was observed and could

follows:

the

AS

(1) Double bubbles,

(21 Series of three bubbles,

(3) Series of more than three bubbles.

Fj-gure 6.1 shows the typical behaviour of double-

bubble formation. A typical sequence started generally

with a small interface left behind by a departed. bubble or

a small meniscus appearing at the orifice after a tj-me in-
terval. (There were only a few bubbles of this latter type,

and these were with the pure constant-pressure case, i.e.
I' = 0. ) Due to the mass flow rate into the bubble, it began

to grow and assumed a somewhat pear-shape. As the size of the

first bubble increased further, a short stem started forming

and connected the first bubble to the orifice. As the

bubble moved up further, this stem began to form the second

bubble, the two parts developing a neck between them (this

neck was not so sharp or did not have a clean break as was

the case with Cheung's t7l constant-volume bubbles) so

marking the end of the life of the first bubble at the

orifice. The secondary bubble started rising and penetrating
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through the first bubble as they moved upwards and later
integrated as a single unj-t" Finally the second bubble was

severed from the orifice leaving behind a hemispherical

i-nterf ace.

The sequence of formation of a three-bubble series is
shown in Fig. 6.2. The first two bubbles of the series

behaved similarly to the double bubble as described above.

The third bubble in the series started completely free

after the second bubble broke free at the orifice. It girew

fast enough to catch up to 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 then broke away

from the orifice giving a shape tike that of a mushroom

for the three combined bubbles "

For series of more than three bubbles, the bubble

series of this type could be broken down into: a number of

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

combination of double bubbles and three-bubble series. The

bubble connecting these double bubbles and/or three-bubble

series together acted as a "first-Iike" bubble except it
contacted the previous bubble for part of its growth period

during which its volume could not be measured.



56

T

ô
/1

{

ô

ô

l

A
I

A
I

ô

I

A
I

+r\

^t.

I

o

stem start
forming

2nd bubble
at orifice

clean
break

3rd bubble
at orifice

clean break

time I

Iro

-0-neck

TT+r
Fig. 6.2 Typical Behaviour of 3-Bubble Series



57

Fi-Im No. AP* F
Frame Nos.
Analvzed

Bubble Type
Observed

A

L.24

0.0 2-]-482 7 Double Bubbles

B
10.29 58-14 90

2

4

Double Bubbles

3-Bubble Seri-es

c
L6 "64 r4 s-r6 3 5

2 Double Bubbles

3 3-Bubble Series

1 4-Bubble Series

D
22.64

63-1500 3

4

Double Bubbles

3-Bubb1e Series

E
29.58 58-1341

1 Double Bubble

4 3-Bubble Series

1 4-Bubble Seri-es

F

35.45
49-I542

3 3-Bubble Series

I S-Bubble Series

I 6-Bubble Series

G

2.04

0.0 0-1581 6

I

Doub1e Bubbles

4-Bubble Series

H

L7.75
26-I545 4

3

Double Bubbles

3-Bubble Series

I
27 .38 54 -r586

7

I

Doub1e Bubbles

3-Bubble Series

J

2.44

0.0
4-r529 6

2

Double Bubbl-es

3-Bubble Series

K
L7 "78

251-1581 1

5

Double Bubb1e

3-Bubble Series

Table 6"1 Summary of Bubble Type Observed



s8

Table 6.1 summarizes the bubble types for different
experimental conditions on analyzing the first approxi-

mately 1500 frames of each film from the first blank frame

(see Appendix E for explanation of the term "blank frame',).

ft was always a "first bubble" which was analyzed to
obtain R vs. t.

6.2 Bubble Growth

6.2. I Experimental Results

Figures 6.3 to 6.13 show the bubble growth in terms

of equivalent radius (cm) against time (ms). The curves

corresponding to various conditions are summarized in
Table 6.2. For each film, three "first bubbles" were

chosen at random for analysis.

Zero time

"Zero time" was taken to correspond to the frame when

there was a finite volume left behind at the ori-fice as the

departing bubble just severed its connection from it or

the frame prior to the one where the bubble first appeared

as a meniscus (a few for F = 0, low AP* conditions, but

none analyzed here). There is an uncertainty in time

which is equal to the time between two successive pictures.
The error is less than 0"5 ms, in a total growth time of

about 55 ms.
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Liquid = Distilled water
Orifice Diameter = 0.502 cm

Capillary tube
I"D.= 0"216 cm
O"D.= 0.277 cm

Fiq. No
FiIm

Identific-
ation

Fig. No.
for

Data

¡'rg. No.
for

Comparison
with Theor AP* F Er

A 6.3 6.L4

L.24

0.0 0.00511

B 6 "4 6 . t5 10.3 0.00517

C 6.5 6.16 16 .6 0.00s17

D 6.6 6.17 22 .6 0.00517

E 6.7 6.18 29.6 0 .00 512

F 6.8 6.19 35.5 0 .00512

G 6.9 6.20

2.04

0.0 0 .00 slt
H 6.10 6.2I t6.7 0 .00 512

I 6.11 6.22 26.2 0.00511

J 6.12 6.23 2.44 0.0 0.005I1

K 6.13 6.24 L6.7 0.005r2

Tab1e 6.2 Experimental Conditions for the Bubble Growth Results
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Comment

As far as the author is aware, this i_s the first time

that barbotage results have been reported with the combined

effects of constant pressure and constant flow in parallel
and there are, thereforer Do results available for direct
comparison. It is noted that for Lhe same conditions the

three bubbles analyzed faII quite close together; the

deviations in the radj-i among the three bubbles rangie

between zero to a maximum of 0.07 cilr in bubble sizes

(radii) ranging from approximately 0.18 0.27 cm at zero

time to 0.84 1.1 cm at maximum radius.

For a given AP* the bubble radius at any time increases

with increasing constant-flow rate (or f) in the same

fashion as predi-cted by the theory, in for example, Fig.

5 .9. This can be seen by noting the theoret j-cal behaviour

(as indicated above) and the agreement between theory and

experiment (as discussed below).

6 .2.2 Comparison of Experimental and Theoretical Bubble

Growth

Figures 6 "I4 through 6 "24 show the present experi--

mental work with corresponding theoretical curves obtained

from Eqn. 5"8 in Chapter 5. The parametric conditions

corresponding to the curves are given in Table 6.2.
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K value

' Rq . o
The dimensionless parameter E' t = # # -Fl has to

^a J\ UI

be determined in order to compare with the theoretical

results. Since the liquid-gas combination and. the geometry

of the apparatus had been chosen, the only concern is the

value of K of the annular orifice. Appendix A outlines the

procedure to determine the K va1ue. With some variation

within the range, a gocd representative value would be

0.69. This value is used to calculate the E'va1ue in the

experiments.

Comments

It is seen that the agreement between theory and experi-

ment can be considered as good, especially for this rather

simple theory. As a quantitatÍve measure, the following can

be done. One can draw by eye a best-fit single line to

represent the experimental data (a single line for the

three bubbles at the same conditions); the deviations

between this l-ine and the theoretical curve range on any

figure from typically zero to some maximum deviation where

this maximum (approximate) is given below.



84

Film No.

A

B

c

D

E

F

G

H

I

J

K

The deviation is defined as

DD"*exp "*theor
^.t"""t

Maximum Deviation

252

30?

252

17z

15å

242

252

183

232

5Z

18?

x I00%

where Ro.*p .rd Roth"o, are the experimental and theoretical

dimensionless radii respectively at the same t*.

In general it will be noted that where deviations

exist there is a ¡endency for overpredictj-on. In general

too (but not exclusively) there is better agreement near

maximum radii. Predictions at to = 0 will require more

work.

Some of the reasons for the deviations between theory
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and experiment might be as follows " The shape of the

bubbles is not .truIy spherical as assumed in the theory"

The theory does not take into account the effect of the

preceding bubble, and the geometry of the orifice plate and

pool containment" The accuracy of placement of the centre

tubing might affect the results to some extent.

6.3 Discussion of Time Exponent of Present Barbotage

It was indicated in Sec. 2.2 that in the classi-c

boiling theories and much experimental boiting data, the

radius varies as the sguare root of tÍme (other tj-me

exponents appear as weII). To determine the time exponent

in their constant-pressure barbotage experiments Subash and

Sim t48l recast their results in the form of the equations

R-atn

ft= 0"

(6.r)

(6.2)

where

F=R/R.,'o.
0 = L/t- r'd

a=aconstant,

R, = departure radius ,o

t. = departure time
cl
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They found that n varied

of three bubbles for the

constant-f low barbotage,

cube root of time (i.e",

from 0.6 to 1.1 for the average

same conditions. Cheung [7], using

had bubble radii varying as the

R o t1l3).

It was thought that more control over the exponent

might be gained by using constant-flow and constant-

pressure conditions in para1lel, as in the present case,

with the possibility of obtaining an exponent close to å.

As a measure of the possibility, the experimental results
of the present work \^lere recalculated in the form of Eqn.

6.1 using the least-squares method to obtain a value of n

for each bubble. The values of n were calculated in two

ways. The first one (nr) included. all R vs. t data points

except the first point at time equal to zero. The second

one (nr) used the last three-quarters of R vs. t data points
¿

for each bubble. The exponent n, gives a measure of the

mean exponent over the life of the bubble while the other

(tZ) is based on bubble life excluding times near zera (the

three-quarters was chosen arbitrarily). Both n values are

presented in lable 6.3. The .l value (average of three

bubbles for the same conditions) varies from 0"52 to 0.66

while nZ value (average of three bubbles for the same

conditions) varies from 0.61 to 0.96. Generally, the

higher values of n, are associated with the pure constant-

pressure case (F = 0) while finite values of F tend to

reduce n1 (the exception to this is 
^P* = 2.44, where only

I
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one finite F is available). It j_s seen that at 1east some

of the nr values approach +.
-L

An apparatus of the present type does appear to give

additional scope in obtaining some contror over the time

exponent. Particularry, a simple theory is available for
predicting bubble radius against ti-me, which could be very

useful.
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CHAPTER 7

CONCLUSTONS AND SUGGESTTONS FOR FURTHER RESEARCH

The present work is summarized below, the important

conclusions reiterated, and suggestions for further work

are made.

(1) Barbotage experiments with the combined effects of
constant-flow and constant-pressure conditons were devised

and reported for the first time. High-speed photography

was employed to record the sequence of bubble formation for
distilled water with air as the injected gas under a wide

range of ante-chamber pressures and constant-flow rates.
The volume of a bubbre at any instant during formation was

determined frame-by-frame using a motion analyser and the

calculation method of LrEcuyer and Murthy 1291.

(21 A simple theoretical analysis of the problem of bubble

growth under the combined effects of constant flow and

constant pressure was performed; key relatj_ons were the

Rayleigh equation and orifice equation.

(3) The theoretically predicted bubble growth curves were

generally found to be in good agreement with the experi-
mental data.

(4) An apparatus of the present type does appear to give

additional scope in obtaining some control over the time
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exponent "

. (5) Judging from the present study, one can make sugges-

tions about future research.

(a) The present work indicates there are three para-

meters which can be controlled by the investigator, namery,

E', AP* and F. Further invesLigations can be easily
generated by changing the orifice size (orifice plate hole

diameter and tubing size), riquid and gas under investiga-
tion (E') and controlling ante-chamber pressure (ne*¡ and

constant-flow rate (F).

(b) One should re-examine the initial conditions and

shape of the bubble during the early stages of growth,

where it is known that there are considerable deviations

from the assumed spherical shape. rt is expected that the

work of LrEcuyer and Murthy L29l will be helpful here.
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APPENDTX A

DETERMTNATION OF FLOW COEFFICIENT OF AN ANNULAR ORIFTCE

The flow coefficient of the present annular orifice

was determined. The schematic arrangement of
the apparatus is gi-ven in Fig. 4.1. Before starting the

experiment, any joints in the air line and the ante-

chamber were checked to make sure there was no air leakage.

The compressed air passing through the pressure regulator

valve \tras reduced in pressure to the operating conditions.

The air then passed through a filter, 9âs dryer and rota-
meter. Finally, the air entered the ante-chamber and was

discharged to atmosphere through the annular orifice. The

pressure inside the ante-chamber was measured by an E.M.T.

manometer (Betz-type, discriminatj-on to approximately 0.05

mm H^O) with the low-pressure side open to the atmosphere.
¿

The room temperature and barometric pressure were also

recorded before and after the experiment. The mass flow

rate and flow coefficient v¡ere determined from the measure-

ments as described below.

It was necessary to correct the indicated air flow rate

at the rotameter to obta j-n f inally a mass f low rate. Assuming

the friction loss between the rotameter and the ante-chamber

was negligÍble (measurements of the pressure drop \^rere made

and the maximum error (at maximum flow rate) on assuming no

pressure drop was 0.372 relative to the absolute pressure) ,
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where

it follows that, very closely

D=Dmt (A. 1)

absolute pressure at rotameter,

absolute pressure inside the ante-chamber.

T
m

s.G

volumetric air flow rate at metering conditions,

indicated volumetric air flow rate at standard

condi-tions,

absolute temperature at metering conditions,

specific Aravity of tested gas.

*The rotameter vJas

in good agreement

the manufacturer's

ments.

calibrated by Cheung l7l and was found

with the manufacturer's curve. Therefore,

curve was used in the present experi-

P
m

Pt

The indicated flow rate obtained from the manufac-

turerrs curve* for standard conditions (l-4.7 psia and 70oF,

or 76 cm Hg and 21.IoC) \^ras corrected to the rotameter

conditions by the following equation [a.f].

Q*=Qr (A.2)

where

O=
m

Qr=
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The mass flow rate under metering conditions and

throughout the circuit was found from

mact = o* Q*

where

m , = actual mass flow rate at metering conditions,act
pm = density of air at metering conditÍons.

The density of air at meterj-ng conditions was carculated

using the ideal gas Iaw.

The ideal mass flow rate j-s given by Eqn. A3 lA,Zl

"tñidear = A. í 2 oa (nt P.t*)

where

(A.3)

I[.,._ , E ÍdeaI mass flow ratel_oea-L

A = area of annular orificea

p- = density of air at ante-chamber conditions'E

(- pm at the metering conditions)

The flow coefficient K is defined through the equation:

m = K ñr. -acË l_dea I

= K A. \i 2 pt (P. - P.t*)
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idhere K, the flow coefficient is the product of discharge

coefficient C- and the velocity of approach factor It[.d

The flow coefficient is essentially equal to the discharge

coefficient as the velocity approach factor is approxi-

mately equal to one. Table A,.1 summarizes the experimental

conditions and results in the experiment.

Figure A.2 shows the K value against the orifice
Reynolds number (Reo) which is defined as follows:

ín--- (o - d)
P+ = acr (A.4 ).*-oAu

a

where

D = diameter of the circular orifice,
d = outside diameter of the capillary tube,

A_ = area of annular orifice,a

il = dynamic viscosity of air.

From the tabulated values and the graph, it is noted

Lhat the range of K is 0.68-0.7I; in the calculations an

average value of 0.69 is used to calculate
2n 4lf-rì

E'(= n- ? * ?l
^a r\ 

"1
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Barometric pressure
Room temperature

13.37

18.88

23.99

29.49

39.32

49.55

59.78

69.22

79.84

90.46

Start 72.60
Start 22oC¡

cm Hg; End 72"60 cm Hg
End 22oC

0.15

0 .30

0.47

0.70

r.25

1 .90

2.80

3 .95

5 .30

7.00

1.56

2.2L

2.46

3.45

4.60

5.77

6.99

8. 11

9.3s

10 .59

2.28

3.23

4.06

4.93

6.59

8.L2

9.86

11.71

13 .57

15.59

0.68

0 .68

0.69

0 .70

0 .70

0 .71

0 .71

0 .69

0 .69

0 .68

134

189

240

295

394

494

598

693

799

905

Table 4"1 Calculation Results of Flow Coefficients
and Corresponding Experi:nental Conditions

Air flow rate
at standard
corditions
(an3 /sec)

ActuaI
MASS

flow rate
-tr10 - kq/sec)

IdeaI
IIE.SS

flov¡ rate
-q,(10 - kqlsec)

3

4

5

6

I

IO

L2

T4

16

t8
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References for Appendix A

' 4.1 Brooks fnstruments General Catalog

(Identification on back cover 1171-13-5M-13) .

A.2 EXPERI},IENTAL METHODS FOR ENGINEERS

J.P. Holman, Third Editionr pp. 216-220, IvlcGraw-

Hill (r966).
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APPENDIX B

CALCULATION OF ACTUAL CONSTANT-FLOW R.A,TE AT ORIFfCE

. In order to determine the actual constant-flow rate

at the orifice, the indicated air flow rate from the cali-

bration curve has to be corrected, Í.e. first from standard

conditions (L4.7 psia and 70oF or 76 cm Hg and 21.1oC) to

metering conditions and then from metering conditions to

the orifÍce conditi-ons. The indicated air flow rate at

standard conditions can be corrected to metering conditions

as f ollows [8.1, 8.2] z

Q*=Qr (8.1)

where

Q*=

Qr=

volumetric flow rate at metering conditions,

cm3 / sec,

indicated volumetric air flow rate at standard

conditions of 76 cm Hg and (2I.I + 273.2) K,

temperature at metering conditions, K,

= absolute pressure at metering condition, cm Hg,

= specific gravity of fluid relative to air.

T
m

P
m

S.G

Assuming air as an ideal 9âsr the air flow rate at

metering conditions is then corrected to the bubbling

conditions at the orifice using the ideal gas law which is

S.G x P* * (2I.1 + 27 3 .2',1
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given by:

(8.21

where

Qo = volumetric flow rate at the orifice, cm3/sec'

To = temperature at the pooI, K,

Po = pressure in the plane of the orifice (atmospheric

pressure and liquid head in pool), cm Hg.

FinaIIy, the volumetric flow rate of liquid vapour

has to be determined by Eqn. 8.3 which assumes the liquid

vapour behaves as an ideal gas

OP-oo
=- To

QPmm
T

m

Qr^o 
= 

ntrn
Qo * Qt.n Ptot (8.3 )

where O and O are the vol-umetric flow rates of-vap -o
Iiquid vapour and the air respectively, P,r.p is the partial

pressure of the liquid vapour u.d Ptot is the total pressure

of both air and liquid vapour. Then, the actual constant-

f low rate is the sum of Q,r.n and Qo:

Qc=Qrrup*Qo (8.4 )

Example (distilled water)

rndicated rotameter air flow rate (scale) = 16'12 cm3/sec



109

Temperature at metering conditj-ons, Tm

Pressure at metering conditions, Pm (gauge)

Temperature of pool liquid, To

Atmospheric pressure

P^ at orifice (atmospheric pressure plus
o

head of liquid in pool)

P____, liquid vapour pressure at 23.9oCvap'

S"c" of air

Substj-tuting the val-ues in Eqn. B.1r wê have

O = 16.12-m

23 "9"C

L2"4 cm Hg

23.90C

76.10 cm Hg

77 .0 cm Hg

2.25 cm Hg

1.0

Then the air

culated from Eqn.

= 15.01 cm3 /sec

flow rate at orifice condi-tions

8.2. Thus

is cal-

ô = lq ô.1 _ 297.1 x 88.5
-o 297 .I x 77 .0

= L7 .25 cm3 / sec

The O____ is determined from Eqn. 8.3-vap

fi+îrõ- = + - o. o2s22
-vap

1.0 x 76.0 x (273.2 + 23.91

Therefore
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O---- = 0 .518 cm3 /sec-vap

' and

Qc=Q,r.p*Qo

= 17 .77 cm3 /sec

Table B.1 summarizes the calculation results for the

actual constant volumetric flow rates and corresponding

experimental conditions " The liquid vapour pressures \¡rere

obtained from tB3l.

References for Appendix B

8.1 Brooks Instruments General Catalog, P. 50,

(Identification on back cover 117I-B-SM-B)

8.2 VARIABLE AREA FLOWMETER HANDBOOK: VoI. 1, BASIC

ROTAMETER PRINCIPLES, Fisher and Porter Catalog

10A, 10 21 (19 70 ) ; VoI . 2 , ROTAI\'IETER CALCULATIONS '
Fisher and Porter Catalog 104 1022 (1969) .

8.3 FUNDAMENTAL OF CLASSÏCAL THERMODYNAMICS, SI Version 2e

Wy1en G.V. ' R.E. Sonntag
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APPENDIX C

CALCULATION OF BUBBLE VOLUME

The volume of a bubble (at any instant during forma-

tion) was determined from the frames of high-speed motion

pictures and was based on the calculation method of L'Ecuyer

and Murthy (C.1). A descrj-ption of the procedures is as

follows:

One of the picture frames with the rod image whose

actual diameter was known was projected on a screen

equipped with a digital X-Y reader.

A 1:1 ratio of the actual rod diameter to the pro-

jected image of the rod was obtained by adjusting the

scales of the digital X-Y reader.

Bubble images were projected frame by frame allowing

for the calculation of instantaneous bubble volume as

described below.

By means of horizontal lines, the enlarged bubble

image \^ras divided into a series of truncated cones.

Figure C.1 illustrates one such outline. Genera1ly 7-20

horizontar lines \^/ere used depending on the bubbre size

and shape. The volume of a bubble was then computed

from the following equation:

1.

2.

3.

4.
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l

2

H2

T

Fig. C.1 Enlarged Bubble Gutline for Volume Calculations
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n-1
u = å "i (3Rr-Hr)*ilr # rr(dl+a1*r*di_di*r) (c.r)

+ fr H, (dfi+ då*r* d'dr,+l)

5. The true bubbre vorume was calculated directly from

the measured values using Eqn. C.l and an App1e II
micro-computer.

Reference for Appendix C

C.1 LrEcuyer, M.R. and S.N.B. Murthy, Energy transfer
from a liquid to gas bubbles forming at a submerged

orifice, NASA Report TND-2547 (1965) .
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APPENDIX D

COMPUTER PROGRAM

This appendix gives the computer program used for

ca'lculation of R* against t* from Eqn. 5.8. (this program

accommodates a number of combinations of AP*, E', and F;

a slightly shorter version of the same program was used

when only one combination of AP*, E' and F was required,

as in the comparison of experimental results with the

theory). The various symbols used in the program have

meanings described as follows (The symbol in the program

appears first and then the symbol used in the rest of this

thesis):

ft=Rr,

R1=R*

E = El

P=AP*

F=F

Totaltime = t*
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APPENDIX E

BUBBLE IDENTIFICATTON AND TABULATED DATA

Each bubble analyzed is identified by a code* in which

the first letter indicates a film number; the experimental

conditions for each film are given in Table E.1.

Following the letter is a dash and then the picture frame

number at which the bubble taken to be analyzed started to

form at the orifice. The frame number for each film was set

to zero when a completely blank frame was seen on the screen

just before the bubble images appeared following the filming

of the rod. Should this be required for later review, the

frame number in the code serves as a means of locating the

analyzed bubble in the film. The following example

illustrates the applicatÍon of the code. Let A-500 be the

identification of a bubble analyzed. The first letter (A)

refers to the film number with the conditions given in Table

8.1, the number (500) refers to the frame number which gives

the location of the start of the bubble formation.

The tabulated data for the bubbles analyzed

during the experimental investigation are presented j-n

Tables 8.2 to 8.12 .

*Earlier the work was descri-bed by another code while for the

purposes of presentation in the thesis the code appearing

throughout the thesis was used" For the sake of completeness'

the correspondence between the new and former coding i-s given

in Tab1e 8.13.
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Liquid: Distilled Water
Gas: .A,ir

Depth of Liquid: 12.7 cm above the orifice
Orifice Dimensions:

Circular orifice diameter = 0.502 cm
Capillary tube I.D.= 0"2L6 cm

O"D.= 0.277 cm

Film
h¡nber

Ante-
(tnnber

pressure
(gauge)

kPa
^P*

Er x
103

9c
AcbuaI

Constant-
FIcn¡
Rat€

crn3 /sec F

PooI
Tbry.

(=Rocm)
Tenp)

oc

D
!. atm
qn Hg

A

B

c

D

E

F

r.316 r.24

5 .11

5.r7

5.L7

5.L7

5.12

5.L2

0.00

10.98

17.74

24.L6

31. 56

37.8 3

0 .00

]-0.29

16.64

22.64

29.58

35.4 5

22.2

25.6

25.6

25.6

23.9

23.9

75 .50

77 .30

77.30

77.30

76 .10

76 .10

G

H

I

1"36I 2.04

s .11

5 "L2

s .11

0 .00

L7.77

27.98

0 .00

16.66

26.24

22.2

23.9

?))

75 .50

76.I0

75 .50

J

K 1.385

2.44 s.11

5.L2

0.00

r7 .77

0 .00

16.66

22.2

23.9

75.50

76.r0

Table 8.1 Film Identification and Experimental Condj-tj-ons
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Table 8"2 Bubb1e Growth Data for Di-stilted Water
(E'= 0"0051L 

^P* 
= I"24

F = 0"00)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

22 "20c
22.20c
L2.7 cm

Bubble Ïdentification No. A-I738
(Time/frame, 4.801 x 10-4 sec/frame)

TiJre,
t

Fra¡re Iüo. Íìs

Br:bble Bubble
Voh¡re Eguiv.

Radius
IO-3crf crn

32.02 0 .L97
50 .96 0.230
57 .90 0.240
9r .95 0 .280

164.63 0.340
333.04 0.430
775.73 0.570

1418 "36 0.697
1767.L4 0.7s0
2L44 .66 0.800
2664.30 0.860

1738
17 50
1760
L770
1780
l-790
1805
1820
1832
183 s
184 9

I897
19 10
L920
1930
1945
196 0
L97 5
t9 90
2 010
20L6

2249
2260
2270
2280
2295
230s
2316
2320
2327
233s
2349
2358

0 .00
5.76

I0.56
15. 36
20.20
24.96
32.16
39.40
45.00
46 .56
53.30

0.00
s.8 6

r0.37
14.80
2r.65
28 .42
35.18
41.95
50.97
53 .70

0.00
4.9 6
9 .47

13.98
20"80
25.30
30.22
32.03
35.10
38 .80
45.11
49 "L7

0.148
0.210
0 .230
0.251
0.340
0.450
0 .570
0.690
0 .840
0 .870

.196

.240

.25L
307
382
450
500
577
630
680
780
840

&

0.78
0.92
0 .96
L.T2
1.35
L.7L
2.27
2.77
2.99
3. 18
3.43

0 .60
0.83
0.92
1.00
r.3s
r.80
2.27
2.75
3.30
3 .47

0.78
0 .96
1.00
L.23
L.52
L.79
2 "00
2 "29
2.50
2.7r
3 .10
3.34

t*

0.00
0 .38
0.7r
1.04
1.36
1.68
2.L7
2.66
3.04
3 .14
3 .59

0.00
0.39
0 .70
1.00
L .46
L.92
2.37
2.85
3.43
3.62

0.00
0.33
0.64
0.9s
1"40
1.71
2 "02
2 "20
2 .40
2.62
3.03
3.32

Bubble Identificati-on No. A-1897
(Time/frame, 4.51I x 10-'* sec/ frame)

Bubble Ïdentification No. A-2249
(Time/f rame, 4.5I1 x If '' sec/frame)

13.58
38.79
50 .96
66 "23

164.63
381.70
775.73

I376.05
2482.7I
2758.33

32.54 0
57 .9r 0
66 .24 0

]-2l..20 0
233 "49 0
381.70 0
523 .59 0
804 .67 0

1047"39 0
1317.09 0
L987.79 0
2482.7L 0
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Table 8"3 Bubb1e Growth Data for Distilled Water
(E' = 0.005I7,¿P* = I.24
f = 10"29)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

25 "6"C
25.6"C
L2.7 cm

BubbIe Identification No" B-698
(Time/frame, 4.000 x l0-4 sec/frame)

Tine,
t

Frane Iüo. ms

BubbIe
Eguiv.

Radius R*
cflì

BubbIe
Vo1ure

10-3 crn3

24.43
72.62

r50.53
195.43
229.85
356.82
623.6I

1150.35
I838.78
239s.09
2664.3I

698
7L0
720
730
740
750
765
780
795
805
820

86s
872
880
890
900
910
925
940
955
970

2888
2900
29L0
2920
2930
29 40
2950
2960
297s
299 4

0.00
4.80
8.8r

12.80
l-6.82
20.80
26.8L
32.80
38.80
42.70
48.86

0.00
2.82
6 .04

10.07
14.09
18 .12
24.16
30.36
36.24
42.28

0.00
s.31
9.73

14 .16
r8. s8
23 .01
27.43
3r"86
38.49
46 .90

0 .lB
0.26
0.33
0.36
0 .38
0 .44
0 .53
0.6s
0.76
0.83
0.86

0.164
0.2l-t
0.302
0 .368
0.434
0.489
0.550
0.615
0 .719
0.806

0 "165
0 "245
0 .300
0 " 360
0 " 410
0.475
0.560
0"640
0.7s0
0.8s0

0.72
1.04
1.3r
L.42
1.53
L.7 6
2.13
2.59
3.03
3.29
3.43

0.65
0 .84
r.19
r .47
1 .73
1.95
2.r9
)^q
2.86
3.2L

0 .67
0 .97
1.19
r.43
1.59
I.89
2.23
2 "55
2.99
3 .39

t*

0.00
0.32
0.59
0.86
1.13
1.40
1.80
2.2L
2.60
2 .88
3.29

Bubb1e Identification No. B-865
(Time/frame , 4.027 x 10-4 sec/frame)

Bubb1e Ïdentification No. B-2888
(Time/f rame, 4 .425 x l0 -'* sec/ f rame)

L8 .47
39.35

115.37
208.75
342.42
489 .7 9
696 .91
97 4 .34

r556"95
2193.28

18.82
6I.60

113 .0 9
19s.43
288 .69
448.92
73s.62

1098.07
]-767 "I4
2572 -44

0 .00
0.20
0 .41
0 .68
0.9s
L.22
L .64
2.05
2.45
2.86

0 .00
0 .36
0.65
0 .95
r.25
1.5s
1.85
2 "t5
2.59
3.16
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Table 8"4 Bubble Growth Data for Distilled Water
(E' = 0.00517, AP* = I"24
F = 16 "641

Liquid Temperature:
Room Temperature:
Liquid height above the orifice:

TiJre,
t

Fïane Iüo. ms

Bubble Identification No. C-646
(Time/frame, 4.110 x I0-" sec/frame)

Bubble Bubble
Vo1une Eguiv.
- Radius &

I0 -3 cm3 cxn

25.6"C
25.6"C
L2.7 cm

646
662
672
682
692
702
712
722
732
742
758

0.00
6.57

r0.68
r4.80
18.90
23.02
27.I3
3L.24
3s.35
39.41
46.03

0.00
7 .92

12.08
L6.25
22.50
28.75
35.00
4r.25
47 .50
52. 50

0.00
6.27

10.75
r7.46
2L.94
28.65
35.37
42.I0
54.62

0.175
0 .248
0 .280
0 .350
0.430
0.5r0
0 .600
0.687
0.770
0.845
0.920

0.20
0 .30
0"37
0.45
0 .55
0.60
0.74
0.83
0.93
0.98

0 .17I
0.283
0.340
0 .417
0 .484
0 .595
0 .700
0"850
0"960

0.69
0.99
1. t2
1.39
1.71
2.03
2.39
2.74
3 .10
3 .36
3.67

0.79
I.20
L.47
1. B0
2.L6
2 .40
2.95
3.30
3 .70
3.90

0.68
1" 13
1.3s
r.67
1.93
2.37
2.64
3.37
3 "82

t*

0 .00
0 .44
0.72
0 .99
t.27
1.s5
1.83
2.r0
2.38
2.65
3 .10

Bubble Identification No. C-801
(Time/frame, 4.167 x 10-4 sec/frame)

22.45
63.89
91.95

L7 9 .59
333.04
555.65
904.78

13s8.18
r9r2.32
2527 .3I
326t.76

33.51
113.09
2L2.17
381.70
696.9r
904.78

L697 .39
2395.09
3369.28
3942.45

20.94
94 "94

t64.64
303 .7 4
47 4 .92
882.35

1436.76
2572 "44
37 05 .97

801
820
830
840
855
870
88s
900
915
927

2L2t
213s
2L45
2l-60
2r70
218 s
2200
22t5
2243

Bubble fdentification No. C-2I2L
(Time/f rame, 4 .477 x IO -'* sec/ frame)

0 .00
0 .53
0 .81
I.09
1.51
1.93
2.36
2.78
3.20
3 .54

0 .00
0.42
0.72
1"18
1"48
1.94
2 .40
2.8s
3 " 68
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Tabte E.5 Bubble Growth Data for Distilled Water
(E' = 0.00517' AP* = L"24
F - 22.64)

Liquid temperature:
Room temperature:
L_Íquid Height above the orif ice:

TiJrE,
t

f'rame ìüc. nìs

Bubble Identification No. D-871
(Time/frame, 4.L67 x 10-\ sec/frame)

Br:bble Bubble
Volune Eguiv "

ro-3 cm3 *H"= R*

25 .6"C
25.6"C
L2.7 cm

0 .231 0 .92 0 .00
0 .300 1.20 0 .36
0.370 L.47 0 .62
0.420 r.70 0.9s
0 .47 7 1.90 L.23
0.577 2.30 1.51
0.690 2.75 L.94
0.780 3.11 2.22
0.8s0 3.39 2.50
0.920 3.66 2.79
0.940 3.75 3.00

0.265 1.06 0.00
0.302 L.20 0.31
0.349 1.40 0.62
0 .410 1.63 0 .89
0.450 r.79 1.18
0.500 2.20 L.47
0 .560 2 .50 L.7 6

0 .720 2.87 2 .r9
0 .850 3 .38 2 .62
0.920 3.66 2.88

0 .183 0 .73 0 .00
0.3r0 L.24 0.43
0.381 1.sl 0.74
0 .411 L.64 0 .96
0 .472 L.97 1" 14
0.657 2.6r r.85
0.773 3"08 2"32
0.943 3.76 2.79
1.054 4.20 3.20

t*

87r
883
893
905
91s
925
940
950
960
970
978

10 54
1065
107s
1085
r095
1r0 5
11Is
113 0
114 5
1154

L52I
153 5
154 5
1555
156 s
1580
1595
16 10
]-625

0.00
5.00
9.16

t4 .16
18.33
22.50
28.75
32.92
37.10
4L.25
44 .58

0.00
4 "70
8.97

l-3.25
17 "52
21.80
26.07
32.50
38.90
42.74

0.00
6.5r

11.16
14 .16
16 .86
27.44
aÁ A')

4L.40
48.37

5r.63
113.09
2r2.L7
310.34
454.6L
80 4 .67

1376.06
l-987.79
2572.44
326L .7 6
3479.14

77.95
115 .37
178.06
288.69
381.70
s23.59
735.62

I563.45
2572.44
326r .7 6

2s.67
r24.79
23r "67
290 .8r
440.47

I187 .91
L934.75
3512.56
4904.68

Bubble Identifi-cation No. D-l054
(Time/frame , 4.274 x I0 n sec/ frame)

BubbIe Identification No. D-1521
(Time/frame 4"65I x 10-4 sec/frame)
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Tab1e 8.6 Bubble Growth Data for Distilled Water
(E' = 0"00512'AP* = L.24
F - 29.s81

Liquid temperature:
Room temperature:
Liquid height. above the orif j-ce:

FÏane Nc.

778
789
799
809
819
829
839
849
8s9
868

Bubble
Eguiv.

Radius
cfn

0.228
0 .320
0.384
0.478
0.5s5
0.645
0.728
0.807
0.862
0.910

23.9oc
23.9"C
L2.7 cm

&

0.91
1.30
1.53
1.90
2.2I
2.57
2.90
3.22
3 .42
3.65

t_

0.00
0.35
0 .64
0.93
r.22
I.55
1.80
2.09
2.38
2.6L

1.16 0 .00
1.45 0.30
r.69 0.60
L.97 0 . 91
2 .35 I.2L
2 .7 4 L.52
3 .0 4 r.82
3.35 2.L2
3.65 2.43

Bubble Identification No. E-778
(Time/frame, 4.301 x IO-'* sec/f rame)

TiJr€,
t

ms

BubbIe
Volure

1O-3 cmt

0.00 49.65
5 .16 L37 .26
9 .46 237 .r8

L3 .7 6 457 .48
18.06 7l-6 .09
22.36 1124 .00
26.67 1616 . t5
30 .9 6 220L.45
35.26 2682.94
38.71 3156 .55

0.00
4 .49
8.99

13.48
17 .97
22.47
26.96
3I .46
36.00

L04.29
203.69
323.83
5II.13
860.29

1370 .08
1860 .64
2482.7I
32L9.40

Bubble Ïdentification No. E-984
(Time/frame, 4.494 x 10-* sec/frame)

984
992

1002
t0 12
l-022
1032
L042
I0 52
]-062

t7 22
173s
17 s0
1760
L770
1780
L7 90
18 10

0.292
0.365
0.426
0.496
0.590
0 .689
0.763
0.840
0.916

Bubble fdentification
(Time/frarne, 4.396 x 10

NJ+ o. E-L722
sec / frame )

0.00
5"71

12.30
r6.70
21. r0
25.50
29.90
38.68

43.39
113.09
252.32
613.08
804.67

1317 .0 9
1860 .64
3125.43

0 .2r8
0.300
0.392
0.527
0.577
0.680
0.763
0.907

0.87 0.00
r.20 0 . 38
1. s6 0 .83
2.I0 1.13
2 .29 I.42
2.7I I "723.03 2.02
3"61 2.6r
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Table 8"7 Bubble Growth Ðata for Distilled Water
(E* = 0"00512'^P* = 1"24
F - 3s"4s)

Liquid temperatures
Room temperature:
Liquid height. above the orifice:

23 "90C
23.9"C
12.7 cm

Bubble Identificati-on No. F-712
(Time/frame, 4.L32 x lO-" sec/frame)

Burbble
Volune

10-8 cm3

37 .69
82.45

166 .0 9
333 .04
539 .46
913.86

1449.11
2160.78
326L .7 6

Bubble
Egr-riv.

Radius D
cf,n rvFTane lüo.

7L2
725
735
745
755
765
775
790
806

TjJre,
t

nìs

0.00
5.37
9.50

I3 .64
17.76
2r.89
26.03
32.23
38"84

0.208
0.270
0.34r
0.430
0.505
0.602
0.702
0.802
0.920

0.230
0.304
0.380
0 .481
0.570
0 .666
0 .760
0.872
0.922

0.222
0 .300
0.400
0.478
0.550
0.640
0.728
0 "776
0 .907

t*

0.00
0.36
0.64
0 .91
1 .19
1.48
1.75
2.r7
2.62

0.81
1.10
1.35
1.71
2.05
2 .40
2.79
3 .19
3.60

0.91 0.00
I.2I 0.30
1.51 0 .60
1.9r 0.89
2 .27 1. 19
2 .65 L.49
3.03 I.79
3 .47 2.09
3 .67 2.37

0.88 0.00
I.20 0 .4 5
1.59 1.05
1.90 1.20
2 .20 L .49
2.55 1.78
2 .90 2.09
3 .10 2 "543.61 0.74

Bubble rdentification No. E-2480
(Time/frame, 4.444 x 10-4 sec/frame)

2480
2490
2500
2 510
2520
2530
2540
2550
2559

2970
2985
2995
300 s
30 I0
30 20
3030
3035
30 50

0 .00
4 .44
8.88

L3.32
17.76
22.22
26.64
31.08
35.07

0 .00
6 .67

11.11
15 .55
t7 "78
22.22
26.66
31"00
37.66

Bubble Identification No. E-2970
(Time/frame, 4.444 x IO-4 sec/frame)

50 .96
117.68
229.85
466.15
775.73

1237 "40
1838.78
2777.39
3283.08

45.83
113 .0 9
268 .0 I
457.48
696.9r

1098.07
1616. r5
L957 "37
3125.43
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Table 8"8 Bubb1e Growth Data for Distilled V'later
(E' = 0.00511'AP* = 2"04
F' = 0.00)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

Bubb1e Bubble
Voh¡re Eguiv.

Radius
1O-' cm3 crn

22.20c
22 .2" C

12 "7 cm

R" t*

o.62 0.00
0 .98 0 .36
I.25 0 .72
1.56 1.10
2.05 I.5s
2 .64 2.L0
3.03 2.46
3 .50 3 .00
3.60 3 .22

0.96 0.00
I.02 0 .30
1. t9 0 .84
I.47 1.15
1.60 t.4s
I.97 I .7 5
2.35 2.06
2.7I 2.35
3.18 2 .8r
3 .58 3 .42
3.74 3.78

0.76 0.00
1.05 0.44
I.24 0 .7 4
I.14 I .18
1.90 I.47
2 .2s L.77
2.50 2.L0
2.75 2.36
3 " 04 2 .80
3.37 3 "24
3 .71 3.70

Bubble Identification No. c-L27
(Time/frame, 5"263 x 1O-4 sec/frame)

Frane No.

L27
137
l.47
ls7
170
18s
19s
210
2l-6

TjJrÊ,
t

nìs

0.00
5.26

10 .52
15.79
22 .63
30 .53
3s.79
43.68
46.84

15.90
62.36

I29.68
250.39
568 -82

l-220 .7 6
1838.78
27 58 .33
3104.81

57 .9t
71.10

113.09
2I2.17
288.69
51r.13
860.29

L328 .7 4
2144.66
3053.63
3479.L4

28.73
77.07

r24.79
333.04
434.89
696.9r
998.31

1376 .06
1838 " 77
2545.30
3ls6.55

0 .156
0.246
0.314
0.391
0.514
0.663
0.760
0.870
0.905

0.240
0.257
0 .300
0.370
0.410
0.496
0.590
0 .682
0 .800
0 .900
0.940

0 .190
0.264
0.310
0.430
0.470
0.550
0.620
0.690
0"760
0 .847
0 .910

Bubb1e Ïdentification No. c-1617
(rime/frame , 4.487 x 10-4 sec/ frame)

T617
1627
1645
1655
166s
l-67 5
168 5
1695
1710
1730
r7 42

2320
2335
2245
2360
2370
2380
2390
2400
24I5
2430
2440

0.00
4.48

L2.56
17.05
2I.54
26.02
30.51
34.99
4t.73
50 .70
56 .09

Bubble Identification No. c-2320
(rime/frame, 4.375 x l-0-'* sec/frame)

0.00
6 .56

10"93
17. s0
2r.87
26.25
30 .63
35.00
41.56
48.13
54.70
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Table 8"9 Bubble Growth Data for Distilled l{ater
(E' = Q.00512,4P* = 2"04
r = 16"66)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

TinE,
t

Bubble
Voh¡re

nts 10'3 cm3

0.00 74.47
4.85 L64.64
8.90 248.47

t2.94 356.82
L9.02 536.26
2 5 .10 860 .29
31.15 1563.46
37 .20 2482.7I
4 3 .30 3895.57
49.36 4406.07
55.43 5575.28

1865
L87 6
1886
1896
190 6
1916
1930
1940
196 s
L97 s

0.00 83.37
5.24 II3 .09

I0 .00 I79.59
14.76 280.33
19 .52 523.59
24.29 950.77
30.95 I838.77
35.72 2482.7I
45 .20 4113 .8 4
52.38 5031.39

2403
2409
2423
2434
2442
2454
2472
248L
2503
2 510
2529

0.00 56.47
2.68 113.09
9.20 I9s.43

14.00 290.81
17. s0 508 .04
23 .L0 825.7 6
31 "10 1732.04
3s.00 239s.09
4s.01 2618.I0
sr.02 4188.79
56 "40 7238.23

23 .90C
23 .90C
12.7 cm

BubbIe
Equiv .

Radius D
cm Krr t*

0"261 1.04 0.00
0.340 3.35 0.32
0.390 r.55 0.60
0.440 1.75 0.87
0.504 2.00 r.28
0.890 2.35 1.69
0.720 2.87 2.09
0"840 3.3s 2.5I
0 .930 3 .70 2.92
1.017 4.05 3.33
1.100 4.38 3.74

0.27L I.07 0.00
0 .300 1.20 0.36
0.350 1.40 0.67
0.406 I.62 0.98
0.500 2.00 1.31
0.610 2.43 1.64
0.760 3.03 2.08
0.840 3.35 2.4I
0.994 3.96 3.05
1.063 4.23 3.s3

0 .238 0 .95 0.00
0.300 1.19 0.17
0.360 I.43 0.62
0 .411 L.64 0 .94
0.49s L.97 1.18
0.582 2 "32 1.56
0"745 2"97 2.09
0.830 3.31 2.36
0 .920 3.70 3.04
I.000 3.98 3.44
1.200 4,78 3.81

BubbIe Identification No. H-673
(Time/frame, 4.046 x 1O-4 sec/frame)

Franæ lüc.

673
68s
69s
70s
720
735
750
760
780
795
810

Bubble Identification No. H-1865
(Time/frame, 4.762 x 10-4 sec/frame)

Bubble ldentification No. H-2403
(Time/frame , 4.477 x IO-4 sec/ frame)
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Tab1e E"10 Bubble Growth Data for Distilled Water
(E' = Q.0051j"4P* = 2'Q4
F = 26.241

Liquid temperature:
Room temperature:
Liquid height above the orifice:

Ffane lüo"

672
682
695
705
715
725
740
755
770
782

BubbIe
Vohme

lOd cm3

91.95
r37 .26
2r2.L7
426.62
775.57

I317.09
2065.23
3r56 .55
4L88 .7 9
5575.28

22.20c
22 .20C
L2.7 cm

r.It 0.00
L.27 0 .28
r.47 0 .64
I .86 0 .92
2.27 I.20
2.7I 1.48
3.15 1.89
3 .63 2.3r
3.98 2.73
4 .38 3 .07

1.04 0.00
r.27 0 .52
1.63 0.80
2.03 1.09
2.67 I.52
3 .23 1.95
3.60 2.38
3 .98 2 .8r
4.38 3.33

1.06 0.00
r.25 0 .26
1.54 0 .55
1.83 0.84
2.L5 1.13
2.5L 1.43
3 " 06 1.86
3 .51 2 "303.78 2.74
4 .42 3.46

Bubble Identification No. I-672
(Time/f rame , 4 "L32 x l0-4 sec / f rame )

TiJrE,
t

ms

0.00
4.13
9.50

13 .64
L7.76
2L.90
28. I0
34.29
40.50
45.45

BubbIe
Eguiv.

Rad.ius R. t .cxn -'x x

Bubble Ïdentification No. I-I057
(Time/f rame, 4 .255 x IO-4 sec/f rame)

0.00
7 .66

11.91
L6.T7
22 .55
28.94
35.32
4I.70
49.36

0.00
3.88
8.20

L2.52
16.83
21. r5
27 .63
34 .10
40.57
5L "37

73.62
r37 .26
288.69
555 .6 5

1259.83
2234.35
3084.27
4188 .7 9
7238.23

78.84
I32.r7
240.9r
407.72
6 s9.58

I047.39
L9r2.32
28s4.54
3591.36
5728.72

0.280
0 .320
0.370
0.467
0.570
0.680
0 .790
0.9r0
1.000
1 .100

0.260
0.320
0 .410
0.510
0.670
0.811
0.903
1.000
1.200

0.266
0.316
0.386
0.460
0.540
0.630
0 "770
0.880
0.950
I .110

1057
1075
1085
1095
1110
112 5
114 0
115 5
LL73

L26L
t27 0
1280
t290
1300
1310
L325
134 0
1355
1380

Bubble Identification No. I'l-26L
(Time/frame, 4.3L7 x 1Õ"'- sec/frame)
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Table 8"11 Bubb1e Growth Data for Distilled Vüater
(E' = 0"0051t4P* = 2"44
F - 0.00)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

lime,
t

Fïane Ìüo. ns

E:bb1e Bubble
Voh¡re Eguiv.

Raôius
10 -3 cm3 cxn

58.63 0.24r
L26 .00 0 .311
299 .38 0 .415
670.64 0.542

Ir77 .09 0.655
1697 .39 0 .7 40
2242.62 0.812
2952 .96 0 .8 90
3591.36 0 .950
4577.20 1.030

22 " 20c
22"20C
I2.7 cm

0.96 0.00
I.24 0 .32
1.65 0 .64
2.16 0.96
2.6L L.29
2.94 1.6r
3.20 1.93
3 .55 2.25
3 .78 2.57
4.10 3.05

1.00 0.00
r.27 0 .30
L.67 0.61
2.07 0.902.3r r.2r
2.60 I.52
3 .02 L.97
3 .27 2.30
3.63 2.73
4.25 3.40

0.94 0.00
I.I2 0.31
1.30 0 .62
L.67 0 .93
2.07 L.25
2 .55 I .55
2.95 1.87
3.50 2.27
3.63 2.70
4.11 3.08

Bubble Identif ication lJo. J-150
(Time/frame, 4.762 x lCfq sec/frame)

t*R*

150
160
170
180
190
200
2r0
220
230
245

L245
L255
l.265
L27 5
128 5
L295
1310
1320
1335
L357

r402
L412
r422
L432
L442
1452
L462
L47 5
1490
1 501

0 .00
4.80
9 .52

L4.29
19.0s
23 .81
28.57
33.33
38.10
45.24

0.00
4.49
8.99

13.49
17.98
22.50
29.20
33 .71
40.50
50 .34

0.00
4.62
9.23

13.84
18.46
23.08
27.70
33.70
40.61
45.70

Bubble Identification No. J'L245
(Time/frame, 4.495 x lCf4 sec/frame)

Bubb1e Identification No. J-I402
(Time/f rame, 4 " 615 x IO-4 sec/ frame)

67 .03 0.252
r34.70 0.318
310.34 0.420
588 .98 0 .520
8L7 .28 0 .580

1150 . 34 0 .6 50
1824.30 0.758
23L8 .02 0 .821
3166 .96 0 .911
5074.rr 1.066

55.76
91.95

2L2.17
359.26
696.9t

LI03.22
1697.39
2758.33
3156 .55
46]-7 .32

0.237
0 .280
0.370
0.44L
0.550
0.64r
0.740
0.870
0.910
1.033
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Table E.LZ Bubble Growth Data for Distilled V'Iater
(E' = Q.00512' AP* = 2"44
f = f6.66)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

Bubble
Tjne, Volure

t
ms 10-t cm3

Bubble Identification No. K-450
(Time/f rame, 4 . 110 x 1O-+ sec/f rame)

23"90C
23 .9"C
12.7 cm

0.90
I .01
1. 38
r.81
2.24
2.89
3 .47
3.74
3.94
4 -54

0 .00
0 .21
0.56
0.84
1 .1r
1.53
1.95
2.37
2.78
3.07

L.2I 0.00
r.42 0.32
1.66 0.61
2.I4 r.05
2.83 1.48
3 .38 L.92
3 .84 2.36
4.L4 2.78
4 .38 3 .22

0.82 0.00
1.04 0.31
1.31 0.63
r.67 0.9s
2 .50 1.4 3
3.00 1.91
3.72 2.55
4.29 3"06

Bubbl-e
Equiv.
Raðius R t.ccn "* -*Frare Nc"

450
460
470
480
490
505
520
535
550
560

lr 39
11 50
rt60
117 s
119 0
L20s
1220
I235
12 50

1730
17 40
17 50
17 60
L775
L7 90
18 10
]-826

0.00
4 .11
8.22

I2.33
16 .44
22.60
28.77
35.00
41.10
45.20

0.00
4.72
9 .44

t4.L7
2r.25
28.34
37.80
45.35

0.00
4.7L
9.00

15.4 3

2I.85
28.28
34.72
4r.15
47.57

0.227
0.254
0 .346
0.454
0.564
0.726
0.871
0.938
0 .988
1.140

0 .304
0.357
0.416
0.537
0.7I1
0.850
0.963
1.039
L.I2

0 .205
0.260
0 .330
0.42Q
0.620
0.7s5
0.984
1.102

48.93
68.64

173.51
39I.97
7 5r.49

1602.87
2767.85
3456.98
4039 .7 9
620s.88

117.68
190.58
301.55
648.65

150 5 .56
2572.44
37 40 .82
4698.24
5884.95

36.08
73.62

150.53
310.34
998.3r

1802.72
34L2.94
5605 .7 4

Bubble Identification No. K-I140
(rime/frame, 4.286 x 10+ sec/frame)

Bubble Identification No. K-1730
(Time/frame , 4.724 x IO-4 sec/ frame)
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New ldentification
Number

Table E. 13

Old Identification
Number

7w0

7w3

7vt4

7w5

7w6

7w7

7 .4w0

7.4vt4

7 .4I¡¡5 .5

7 .6I/ü0

7 .6w4

Correspondence Between the

and Ol-d Code System

The

New

A

B

c

D

E

F

G

H

I

J

K



l-32

APPENDIX F

BUBBLE GROWTH DATA FOR O .3-CM DTAI'IETER ORTFICE PLATE

F.1 Introductory Remarks

This appendix gives the bubble growth data for the ori-
fice diameter equar to 0.3 cm* and the centre tubing with
I.D. = 0.160 cm and O.D. = 0.211 cm. The results are sum-

marized in section 8.2. section F.3 gives the resurts for
the flow coefficj-ent of the present orifice. The accuracy

of placement of centre tubing inside the circular orifice
is discussed in Sec. F.4.

For the bubble growth, the experiments were conducted

as outlined in the body of the thesis. The flow coefficient
$/as determined exactly the same as in Appendix A. These

results appear in an appendix as time did not allow the taking
of a more complete of data (simitar to those in the body of
the thesis) and comparison with theory; further the small

orifice dimensions (annular gap = 0.49 mm) made the typical
eccentricity larger and errors in calculating A" larger.

î "2 Experimental Results

The experimental

metric values for the

*The orifice plate has

orifice plate except

conditions and the corresponding para-

bubble growth experiments are summarized

the same dimensi-ons as the 0 .5 cm

for the orifice di-ameter.
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in Tab1e F.1. The bubble growth data are tabulated in Table

F"3 to F"6 and presented in Figs.F"1 through F"5 in R vs.t.

The symbols in this sectj-on have the same meaning as

the main body of the thesis.

F.3 Determination of the Flow Coefficient for the Present

Annular Orifice (Described in Table F.2l

The flow coefficient (K) of the present annular orifice
was determined as outlj-ned in Appendix A. The experimental

conditions and the results are summarized in Table 8.2.

Figure F.6 shows the coefficient (K) as a function of
orifice Reynolds number (neo). A characteristic value of

0.6 is used to calculate the E'va1ue in this appendix.

F.4 Accuracy of Placement of Centre Tubing

The procedure of measuring the error t]l is mentioned'r'
in Section 4.2. Due to the small gap between the circular
orifice and the capillary tube, a larger percentage error
\^/as expected. The typical error \das estimated to be around

7-82 for this orifice.
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o.7 DISTILLE D WATE R

E'= O.Ol229

AP*= 1.24
F = 58.1O

BUBBLE M - 1462
BUBBLE M -I74I A
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o.3

AoEt

E
C)

É.

EI

o
E]

A

o
Atr

o

Ao
EI

o.2

o.r

o.o
r55o ro 20 25 30 35

t , mS

Bubble Growth Data in Disti-l-Ied Water
(E' = 0"01229, AP* = L.24, E = 58.10)
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o.7 DISTILLED WATER

o.6

E' = O.Ol23l

A P 
*= 2.o4

F = 45.79
BUBBLE N . I9O9
BUBBLE N -272I
BUBBLE N -30I3o.5

o.3

o.2

o.o
ro 20 25 30 35

t,mS
Bubble Growth Data in Distilled Vlater
(E' = 0.01231, A P* = 2.04, F - 45"791

o
a
A

E
C)

E.

r55o

Fig. F.3
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o.7 DISTILLED WATER

o.6

E'= O.Ol23 I

AP*= 2.64
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o.7 DISTILLED WATER

o.6

E'=O.Ol23l
AP*= 2.64
F = 39.04
BUBBLE P -483
BUBBLE P - I57O
BUBBLE P-28IOo.5
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o.o

Bubble Growth Data in Distilled Water
('E'= 0.0L231, ÂP* = 2.64, F - 39.04)
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Barometric Pressure = Start 74"37 cm Hg; End 74"37 cm Hg
Room Temperature = Start 22"2oC¡ End 22"2oC

Orifice Dimensions :
Orifice Diameter = 0.308 cm
Capillary Tube

I "D.= 0 .160 cm
O.D.= 0.211 cm

Table F"2 Calculation Results of Flow Coefficients and
Corresponding Experimentai- Condj-tions

.Lir Flow
ìate Scale

(cm)

Indicated
Ai-r Flow
Rate at

Star.rdãrd
icnditions

(crn3 /sec)

D't
(gauge)
rm HrO

ItcEtl¿Ì_L
lhss F1cx¡v

Rate
(x 10-s
kglsec)

Ideal
Mass Flow

Rate
(x 10-s

kglsec)

K reo

3

4

5

6

7

I

9

10

11

L2

13

I4

15

16

13.37

18.88

23.99

29.49

34.22

39.22

44.44

49.55

54.27

59.78

64.50

69.22

74.72

79.84

3.25

4 .85

7.30

r0.10

13.30

17.10

21.00

26 "05

32.20

39 .00

46 .80

s3.00

60 .80

69 .50

1.58

2.24

2.84

3.49

4.05

4.66

5.26

s"87

6.43

7 .09

7.65

8.2r

I .87

9.48

3.36

4.11

5.04

5.99

6.81

7 .72

8. s5

9.53

I0 .60

LT.67

L2.78

13.61

14.58

15.60

0.47

0.s4

0 .56

0 .57

0 .59

0 .60

0.61

0 "62

0.61

0 .61

0 .60

0 .60

0.61

0 .61

2r0.7

297.6

378.2

46L.4

539 .6

620.3

700.9

782.0

856 .5

944.0

1018 .0

1093.0

1181.0

1262.0
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Table F.3

Liquid temperature:
Room temperature
Liquid height above the orifice:

Bubble Growth Data for Distilled Water
(E' = 0.01222, LP* = L.24, !' = 45.51)

21 " 10C
2 1 .10C
12.7 cm

Bubble Identification No. L-147
(Time/frame, 4.762 x l-0n sec/frame)

Frame No"

L47
L52
160
r70
18s
195
2L0
224

704
7l-4
724
734
744
754
764
774
784
792

2232
2242
2252
2262
2272
2282
2292
2306

Time,
MS

0.00
2.78
7 .16

L2.42
20 .10
25.L0
32.29
38.83

41.086
57.906

L64.636
337 .7 07
623.6L5
8I7 .283

1027 .570
1259 .833

20.2L8
9r.952

23L.667
381.704
523 -599
735.618
904.778
960 .158

1171.715
r317.089

0.210
0.240
0.34 0
0.432
0.s30
0 .580
0 .626
0.670

0.169
0 .280
0 .38r
0.450
0.500
0 .560
0.600
0.6l-2
0"654
0 .680

Bubbre volume Bubbre

10 -3 cm3 'uquf v '
Radius

cm

Bubble Identification No. L-704
(Time/frame, 4.545 x 10 n sec/frame)

0.00
4.54
9.09

13.64
r8 .18
22.73
27 .27
31.82
36.36
40-00

13"036
9I.9s2

310 " 339
448.920
659.584
904.778
998.306

12s9 .833

0.146
0.280
0 "420
0.475
0.s40
0.600
0.620
0.670

Bubble Identification No. L-2232
(Time/frame, 5.405 x 10 n sec/ frame)

0.00
5.40

10.8r
L6.22
2r.62
27.03
32.43
40.00
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Table F"4 Bubble Growth Data for Distilled Water(E' = 0"01229, LPx = I.24, F = 58.10)

Liguid temperature:
Room temperature:
Liquid height above the orifice:

25 "6"C
25.60c
L2 "7 cm

Bubble fdentification No. 14-l-462(Time/frame, 4"348 x l0-4 sec/frame)

Frame No.

L462
1468
L47 8
1488
14 98
1 508
ls 18
I528
153s

T7 4I
17 47
17 57
17 67
1777
1787
17 97
1800

L97 4
1980
r990
2000
2 010
2020
2030

Time,
MS

0.00
2.60
6.96

I1.30
15.65
20 .00
24.35
28.70
3r.7 4

Bubble
Equiv.
Radius

cm

0.I32
0 .185
0.307
0.369
0.469
0.556
0 .610
0.660
0.685

Bubble Volume
10-3 cm3

9.634
26.s22

LzI.200
2I0.459
432.I23
719.967
950.775

l-204 -260
1346.357

Bubble Identification No. M-I74I
(Time/frame, 4.651 x l0* sec/frame)

Bubble Identification No. M-I974
(rime/frame , 4.878 x 10-* sec/frame)

0 .00
2.79
7.44

12 .10
16.70
2L.40
26.04
27.40

0 .00
2.93
7.80

t2.68
L7 .56
22.44
27 .3L

6.538
18 .47
68.60

L79.90
38I.00
597.80
951.40

L067.472

16 .210
34.01s

I51 .90s
347.l-75
634.264
922.995

117 r .7 15

0.116
0 .I64
0.254
0 .350
0.450
0.523
0.609
0.634

0.157
0 .201
0.331
0.436
0 .533
0.604
0.654
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Table F.5 Bubble Growth Data for Distilled Water
(E' = 0"01231,4P* = 2.04, F = 45.791

Liquid temperature:
Room temperature:
Liquid height above the orifice:

25.6"C
25.60C
L2.7 cm

Bubble Identification No " N-I909
(Time/frame, 4.651 x 1O-'* sec/frame)

Frame No.

190 9
1915
1925
1935
194 5
1955
1965
197 s

272r
2730
27 40
27 50
2760
2770
2780
2790

3013
3023
3033
304 3
3053
3063
3073
3083

Bubb1e Volume
10-3 cm3

tr .008
28.73L

l-16.524
268.083
4L5.7 49
681.815
886.803

1098.066

BubbIe Identification No. N-272l-
(Time/frame | 4.494 x 10't sec/frame)

Time,
MS

0.00
2.30
7 .44

12.09
16.74
2L.39
26.04
30 .70

0.00
4.05
8.54

13.03
17.53
22.02
26.5r
3I.01

0 .00
4.39
8.79

13.19
17. s8
2r.98
26.37
30 "77

9.203
52.306

L23.584
335.367
454.6L5
678.075
909 .310

1139.760

LL.249
65.449

138 .54 9
381.703
434.893
659 .584
904.778

I150 " 346

Bubble
Equiv.
Radius

cm

0.138
0.190
0.303
0.400
0.463
0.546
0.596
0 .640

0.130
0.232
0.309
0.431
0.477
0.s45
0.601
0.648

0.139
0.250
0.321
0.440
0.470
0.540
0 .600
0"650

Bubb1e Identification No. N-3013
(Time/f rame, 4 .396 x 10-+ sec/ frame)



L45

Table F.6 Bubble Growth Data for Distilled Water
(E'= 0"01231 ' AP* = 2"64r F = 22"]-5)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

Frame No.

618
625
635
645
655
665
675
68s
69s

972
980
990

I000
10 10
1020
1030
1040
I0 50
I060

207 7
2088
2098
210 I
2 118
2L28
2138
2L4I

Time,
MS

0.00
2.80
6 .80

I0 .80
14.80
r8.80
22.80
26.80
30.80

4.189
10.306
45.950

150 .00 0
270.098
379.100
454.990
624.300
700.7I8

8.379
22.449
69.456

136.802
308.701
440.40I
590 .27 0
730.703
957.504

1064 .500

8.379
27 .I50

L03.22I
246.568
37 4 "r20
480 .836
630.700
709 "17 0

25 "6"C
25 "60C
12 "7 cm

0 .100
0.135
0.222
0.330
0.401
0.449
0 .477
0.530
0"551

0 .l-26
0 .175
0 .255
0.320
0 .420
0.472
0.520
0 .559
0.611
0.633

0.126
0 .186
0.29r
0.389
0.447
0.486
0.532
0 .553

Bubble Identification No. 0-618
(Time/frame, 4"000 x 1fr4 sec/frame)

Bubble Volume Bubble

ro-3 cm3 i]åi[;
cm

Bubb1e Ïdentification No. O-972
(Time/frame, 4 .040 x I0-'- sec/frame)

Bubble Tdentification No. 0-2077
(Time/frame, 4 .854 x 1ilu sec/frame)

0.00
3.23
7 .27

11.3r
15.35
l.9.40
23 .43
27.47
31.51
35"55

0 .00
5 .34

10 .20
15.05
20.00
24.76
29.6I
31"07
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Table F"7 Bubble Growth Data for Distil1ed Water(E' = Q.01231, AP* = 2"64, F = 39"04)

Liquid temperature:
Room temperature:
Liquid height above the orifice:

25.60C
25.60c
LZ "7 cm

Bubble Identification No. p-483
(Time,/f rame , 4 .082 x 1O-'* sec/f rame )

Frame No.

483
488
498
508
518
528
s38
548
558
568

1570
1575
158 5
1595
1605
1615
L625
1635
1645

2 810
2 815
282s
2835
2845
2855
2865
287 5
288r

Bubble
Equiv.
Radius

cm

0 .I23
0.163
0 .250
0.335
0.407
0.46L
0 .510
0 .580
0.634
0.678

Time,
MS

0.00
2.04
6.12

10.21
l-4.29
18.37
22.45
26 .53
30.62
34.70

Bubb1e Identification No. p-l570
(Time/frame, 4.545 x 101 sec/frame)

Bubble Volume
I0-3 cm3

7.795
18 .14 I
65.450

I57.479
282.405
410.385
555.647
8r7 .283

1067.470
1305.502

I0.77I
23.624
60.105

126.000
278.262
480.836
759 .518

1012 .868
1226.289

10 .0 78
18.141
70 .27 6

193.808
37 4 .I20
57 5 .489
77L.659
9s0 "776

]-098.662

Bubble fdentificati_on No. p-28I0
(Time/frame, 4.545 x 10-'* sec/frame)

0.00
2.27
6.82

11.36
15.90
20.45
25.00
29.54
34 .08

0 .00
2 -27
6.82

11.36
16.00
20 .4s
25.00
29 "50
32.27

0.137
0 .178
0.243
0 .311
0.405
0.486
0 " 566
0.623
0.664

0.134
0.163
0.256
0.359
0.447
0 .516
0.569
0.610
0.640


