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Abstract

The rate of mass transfer at gas evolving electrodes has been shown to be

a strong function of the so-called bubble break off diameter of the gas

bubbles leaving the electrode surface. This dissertation shows how the

population balance can be applied to the formation of gas bubbles at gas

evolving electrodes. This analysis provides a means of predicting the

bubble break off aiameter. Experiments were also performed to measure

the bubble break off diameter as well as other parameters, such as the

rate of bubble growth, used in the population balance moce-i>.

The effect of viscosity, electrolyte flowrate and current on the bubble

break off diameter is also investigated. The flowrate and current have

little effect on the bubble bi ak off diameters, whi.e the break

diameters show a decrease in size with increasing viscosity. The bubble

break off diameters predicted by the population balance mode, and those

measured were significantly larger than those reported in the literature.
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The race at which an electrochemical reaction can occur will depend
on the rate at which a reagent can reach the electrode or a product
can be removed from it. If the rate at which a species A is brought
to the electrode, 1is limiting, then the rate of production or this

species A 1is given by

R (1)
A
where R = rate of production of species A

A

D - molecular diffusivity of species A

A

C * concentration of species A at position x

A

9y refering to figure t, equation (1) can be written ap

R 2)

where C concentration of species A at the electrode
surface (x * 0)
bu'k concentration of species A

6 = thickness of the dlfu on layer (see figure 1)
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(by equations (1) and (2))

from (4)
dacv  / , L h- (N
A TX -, DA
The average mass transfer coefficient is ~
H - I <Vi dz 81
o
where L =

length of the electrode in the z direction

The Sherwood Number is defined as

Sh - —D— md substituting for kk -Ives

fv / d ©)
sh I t f F- fyrro ’

The Sherwood Number is the dimensionless surface concentration jrauent

over the mass transfer surface.

The r o £ mass transfer is clea effected by the '£

Movement of the electrolyte in "he neighbourhood of the el'ci >de

can effect the size of 5. The movement of electrolyte can be brought



about in a number of ways:
(1) Natural convection generated by density variations which may
occur due to concentration or temperature changes.

(2) Forced convection caused by pumping, mechanical agitation or

air sparging.

(3) Circulation of electrolyte caused by gases generated at e
counter electrode.
(4) Agitation of the layer of fluid near the surface of the electrode

by the evolution of electrolytilally produced gas.
This last raears of effecting the mass transfer can considerably enhance
the mass transfer because on detachment of the bubble, electrolyte wnl

flow back into the region very rapidly, and in this way is reduced

considerably.

In many electrochemical pro esses the production of gas at an electrode

is important. Several examples are the electrolytic manufacture of

gases such as chlorine, hydrogen and oxygen; electrowinning, terming

and plating of metals which are associated with electrolytic hydrogen

production. Vogt (1978) points out that mass transfer at gas evolving

electrodes joverned by two phenomena acting simultaneously:

(1) A macroconvective mass transfer caused by the liquid flow parallel

to the electrode surface. This influences mass transfer by velocity

distributions near the wall. This process is not directly related to

the actual gas evolution.

(2) A microconveotive mass transfer caused by the 1i juid in the vicinity

of a bubble attached to the electrode being pushed away by the bubble as

It grows. This causes a disturbance in the diffusion layer and an

increase in the mass transfer rate.
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The macroconvection only has an effect at very low current densities

or in turbulent flow conditions. This means that under most operating

conditions the microconvective term is dominant.

1.1 Mass Tnn"f-T v _ - rBJiving l-ctr- *

Mass transfer processes at gas evolving electrodes are in many respects

analogous to processes in nucleate tolling heat transfer. Bubbles

grow from small nucleatlon sites which are tiny pits in the electrode

surface. The gas bubbles increase in site due to mass transfer from

the liquid phase either by evaporation (heat transfer) or by desorption

of dissolved gas (mass transfer). when the bubbles become large enough

for the bouyancy, pressure and inertia forces to overcome the adhesion

forces, the bubble leaves the surface,

while the bubbles are growing

a convective flow is induced in the surrounding 1liquid. After the

bubble detaches from the surface, liquid flows back to the former bubble

centre.

The similarity between the heat and mass transfer processes ..as

researchers such as Vogt (1978) and Stephan et ai US'? to develop

correlations for mass transfer at gas evolving electrodes based on

existing correlations for heat transfer (see section 1.1.1). The

fact that an electrolyte flow is Induced by ascending bubbles has

'ed researchers such as Janssen et ,1 (1970, 1979) and Fouad et al

(1972, 1973) to develop hydrodynamic models based on experimental and



theoretical expressions.

Itephan et ,1 (.979,

.n order to establish a model for correlating mass transfer

evolving electrodes.

U)

2,

(4)

(5,

The correlation finally put forward by Stephan et al

!*ee section

Transfer Correlations of Sf-phan end Vogt (12791

made use of existing heat transfer correlations

it gas

The assumptions built into the model are:

The convection flow Induced by the rapidly growing gas bubbles

is decisive for mass transfer. The flow in the wake of the

detached bubble is unimportant and has negligible effect on the

mass transfer.

A cert.m small area may be attributed to each bubble. This

micro,re, is part of the total surface, where a single bubble

induces convection flow. The area exists from the time the

bubble begins to grow till it detaches from the surface,

regarded as constant in sire. It is not influenced by other

bubbles.

Due to the small distances and thin boundary layer, the flow

along this microarea is assumed laminar.
The bubbles are assumed to be spherical or hemispherical.

The convection flow near the gas liquid interface it assumed

to behave like plug flow, whereas the flow some distance away

1 «Vr. KrM T'V 1VP ¢ ¢1OW
Va  In <

’

(1979) is

and is



where Sh = Sherwood number

de
Re = Reynol ' number N !
V)
Sc = Schmidt number ;
kr = mass transfer coefficient
¥
G =

volumetric flow rate of the gas per unit area

of electrode

d = bubble break off diameter
0 = liquid density
U * liquid viscosity

in order to test their correlation, Stephan at al (19~9) applied

equation (10) to a large volume of data presented in the 1literature.

The errors incurred were fvirly larc ¢, but no -arger han errors

incurred in using well established corre itions tor nuclea e “Cil.ng

wh.ch are successfully used in engineering e .t'r..

The data used by Stephan et al (1979) was obtained by using

electrolytes of similar concentration, "he :ax« at ation ranted tr "

1 mole/i1 HzSOw (with small amounts of salts present) to i mole/t I”“OH

(with small am urts of .alt) . Hence the o' , £ -Icct.iolyte

density and viscosity (see section 1.4) were not significantly tested.



The evolution of gas bubbles at vertical gas evolving electrodes

promotes ma;3 transfer very well. At high rates of gas evolution,

the rate of mass transfer is of the same order on magnitude as that

obtained by intensive mechanical stirring (Fouad et al (1972)). The

reason for this is the rising gas bubbles Induce a flow of electrolyte

near the electrode surface. This induced flow mixes the liquid in the

bulk solution with the liquid in the Nernst diffusion layer, making

the diffusion layer thinner. This means that tie 1. tuid in contact

with the growing bubble has a higher concentration of dissolzed gas

than previously, and hence the mass transfer rat, ia higher. Janssen

et al (1970) found that the thickness of the N-*vnst diffusion layer,

5, is dependent on the factors which ;*tcnnine the distance of the

ascending bubbles from the surface, the number and size of the bubbles

and their size distribution.

Fouad et al (1973) Investigated the differences in the mass transfer

coefficient obtained on vertical and horizontal electrodes. They

observed that horizontal electrode, has higher m.ss transfer coefficients.

This was ascribed to the build up of a hydrodynamic boundary layer anc

the Nernst diffusion layer whose thickness increases up the vertical

electrode"; height. This observation would support those or

et A (1972) and Janss- n et al (1970).

Janssen and Barendrecht (1979) devn: ped a model for predicting

This model is based on the correlation for mass transfer at an

electrode:









Two rate equations for bubble growth are presented below. Both models

are th. -retically based and have been verified experimentally in the
literature.
1.2.1 The rate equation of riven < !

Scrlven (1959) arrived at an expression for the rate of bubble growth

by writing a force, mass and energy balance to describe the situation,
and then by making a number of simplifying assumptions to make it

possible to arrive at a solution. Full details of his derivation are

presented in Appendix 1. The solution he arrived at is

r - 26 /Dt (18)
where r = radius of the bubble

D * mass diffusivity

t - time

s dimensionless growth constant
a is defined by the equation
lexp (£1+ eb ) 1? txp(-x -2e3 x L)dx

L sat

where e - 1- Pg

q * density of the gas
9






t = 0, the bubble radius was seme small

observed that this initial growth was very rapid (about

and varied from one electrode surface to another. The reason put

forward is that,after polishing, the harder metals (such as nickel'

produced smoother surfaces (fewer nucleation sites). This caused

a high supersaturation of gas near the electrode, and so once tne

bubbles started to grow, their growth was rapid until the super-

saturation was diminished.

1.2.2 The Rat** P .;ati-n of Darby and Ha®ue LL—

Darby et al (1973) tried to elucidate the controlling rate process

which limits the maximum rate at which bubbles are evolved at an

electrode. They initially expected the rate of bubble growth to be

analogous to that observed in nucleate boiling. If this were the

case, the bubble radius would grow at a rate proportions, to t

3y observing the phase lag between the electrode current, which is

proportional to gas generation, and the bubble growth rate, which

corresponds to gas removu. they could deduce whether or net the

mass transfer of hydrogen gas to the bubble is limiting see

Appendix 1).

Their experimental results show T

This result was inconsistent with their initial expectations that

th. radius would b* proportional to tV *. They alao oboo-vod that









The bubble break ofi diameter, 1 (i d.i '

leaves the surface, features very pr<.,eceatly ii c

S — - -

root of the bubble break off diameter. .U-ussea et tJ (IS'Vhog N

g a acceleration duo to gravity

Sides (1981) has shown that the electrical potential on an *1l«c

surface .nries significantly with position and time



So when evaluating the mass transfer coeffici

[ B

bubble break off diameter used must either be obtained by experimei.

4
or some average value obtained in the literature. Stephan et al

recommend the values for the break off diameters of bubble presentee

in table 1 to be used in calculations:

Table 1 Bubble dreak Off Diameters recommended by Stephan et al (1; 21

Gas Electrolyte Break off Diameter (um)
Hydrogen Alkaline 40
Oxygen acidic 40
Oxygen alka” .ie I.D
Hydrogen acidic 60

Others
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1.4 The Effect of Viscosity on the Bubble Break 0t f Didirer.—r

Ault et al (1975) investigated the operation of a zinc electrodeposicicn

process. They found that by increasing the zinc sulphate to acid

ratio in the electrolyte, the current efficiency increased until the

zinc sulphate to acid ratio reached a certain wvalue, and then the
current efficiency decreased. They postulated that the drop in current
efficiency was due to nodular growth and attendant short circui —ng.

The increase in nodular growth (dendritic growth) was believed to be

due to the increased viscosity, and hence resistivity, of the elec-

trolyte at a higher =zinc sulphate to acid ratios. This postulate wouio

seem to conflict with both equation (10) and equation (1 I, since

both are independent of viscosity. In equation "he vijcosi.y

effect 1is cancelled since both the Reynolds and Schmidt numbers are

raised to similar powers. The only way this conflict coulc be re-

solved is if the bubble break off diameters are effected by viscosity.
ae

Earlier work in the Department of Chemical Engineering at

University of the Witwatersrand by Herder et al (1981) has shown that

the bubble break off diameter is affected by wviscosity,
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-a; Nu&)my 1+ _£0) - qgd) » o @)

T> 0 t < to
where i

*(to) 1 1 to
ize or bubbles at nucleation,
where to ™ 3

chat the
There 1is a hidden assumption in this balance,

bubbles stop growing after they leave the surface.
Now the boundry condition in 1' is

* 0 h t * @)
£it) when

. i*i
Hence (1) can be integrated from ¢

J g(t’)dt’ for u(f) *
or eiti - Bt ' to> Nu(t) /

for 1> to
-/



t* say, then

gU)

and f (£)

Now let G (i)

Since g *

dG (i)

The nt- oooen'

From

Ir.tegrating

Sii

Nu (

of g(J

z)

t*)

g(i)

’

/ r

il b/ parts ge »

o (t)

IB defined as

22
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Now in G(1i) - e"/ 9(1"
So G(i)y = o for all n
l£,=®
, ©O for nil
t G(t'/ ~ )\ﬂ forn-0
/&= 0

But since only Bi»

P ax* . *
3 GU)dt
n
Mow from ;3; ¢tit) = Nu J ~1
@®)
Hence substituting I, in' gives

2

At this point it is necessary to find i model for u (D -ne rate

bubble growth. The two models mentioned in section 1.2 an: -xamined

in detail in Appendix 1 will now be rearranged to a form suitable tor

subst’.tution in equation 13)

Scriven (1359) show.;

» 1 - (10)
KZ dt : it
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le

” . 2kt
dt
- I
A = 4kt 2 + const (at t = ' i 1
~ * 4kt 2
f AN
uu, -
du (1) 3 =-3k2 (10b)
and . .
di (i-io0)
on ehe other hand Darby at al r* -) show.
u - k',-V- - «»!
R UARE
dt

I = 6k't'J + const (at t * 0 I))g
H, - o

A 36 K2
(i-io)
li s ZIXL, (11a)
ul) a 4da~ " (t-1lo)
duU) 144 k1; (1ib)
il (i-io)

In deriving (9) it was assumed that I>.q It is now assumed that

t-ho sizr of the bubble at nuclear 1, .mlA negligible, ie l"'

Hence if (in) 1is used in (9)









Hence (12a) and (12b) become

a6,

ds tZF p
measuring g.D (section 3) ~ can be found,
can be obtained. In evaluating 3 from g(<

measured, values for k an

for k' calculated from (16) differs aignif

and henc i

a functional

anf

values of 1 obtained from 1- .an compared neasu

.oxr



23

3. Experimeina N

balance needed to be measured. The parameters that were measured
were the fraction of bubbles onthe surface in the size range t to
I. d, the fraction of bubbles leaving -:e ourev-e® -n
size range £ to 1 + dt, g(f£)df£?and the number of nucleation site!

per unit area, N.

3.1 Description :f the Apparatus

The bubbles were generated in a per oex cell 9CC mm long, :50 mm higr.
and 35 mm wide. The back wall of the cell was a copper plate whim
served as a cathode on which the bubbles guew. A 20 mm wide lead
strip was embedded into the front wall of *he cell just to the rigm

of centre to act as the anode. The cathode and anode were connected

to a power supply which could produce currents up to 20 A. The
electrolyte was circulated through the cell. Flowrates oi up to i
min could be achieved. In order to ensure -hat the flow acros the

electrode was laminar, the ends of the cell were packed wi-;i 4
marbles end plastic drinking straws. This nootht ! out my
turbulence that may have arisen at the entrance and Ki* 1 'h

Figure 3.1 is a diagram of the < 11.



Figure
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histogram of bubble sizes was drawn.

[

were made.

"



Both the parameters f(£)df and N could be measured by studying -he

bubbles on the surface of the cathode. To do this a Wi-iJ. d zcum

stereomicroscope was mounted on the mode side of the coll anc vas
focused on the cathode. A camera was attached to the aicr”s””ne.

A Braun F900 high speed flash was used to illuminate the cathode.

The high speed flash "froze" any motion which may have cam.- d blurring

on the photographs. Photographs were taken of the bubb.es on t..e
cathode surface while the current and flowrate were set at seme pre-

determined values. The photographs were developed and printed in the

departmental dark room. The bubbles on the surface appeared as well

defined spheres, while the bubcles not attached to the surface were

out of focus due to the *hall.w depth of field caused by the high

A

magnification of the nicvoscope. See zigure j.- for a typical -h “grat....

The diameters of the bubbles on the surface were measured with the aid

of a micro computer and plotter. The photographs were placed on the

plotter and with the aid of a digitizing sight, the computer could be

told where ie edges of each bubble were. A photograph of a ruler

taken under the same condition.; a.; the bubbles was used as a sca.e.

This technique is fully described in Appendix . Having determined zne

size and number of bubbles on the surface oz a known area, i L oa..

N could be determined.
!j *  number of bubbles measui B' / area over which measurements
were made.
To find

the bubbles were sorted into size ranges and a normalised

histogram of bubble sizes was drawn.
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3.3 Measurement of q(l)dZ

in order to measure g(t)dl It was necessary to measure the size of the

bubbles leaving the surface. Clearly the technique outlined In 3.2

wculd not serve this purpose because even 1if the depth of field was

increased (by lowering the magnification, It would not be possible to

differentiate between bubbles on the surface and bubbles off: the

surface. This problem was overcome by taking a cine of the bubbles

on the surface. Because the bubbles grow at a high rate, it was

necessary to use high speed photographic techniques. A Fastax 16 mm

high speed camera was borrowed from the Mechanical Engineering

Department and floodlights for illuminating the cell were borrowed

from the Central Graphics Unit. From the cine it was clear which

bubbles were attached to the surface and which were not, by virtue or

the fact that the attached bubbles were stationary and the otner

bubbles were moving up. The film was projected onto a screen onto

which a grid was drawn to enable the bubble diameters to be measured.

The scale was again obtained by filming a ruler. The bubble diameters

were sorted into size range, and a histogram was drawn, which was in

fact g(t U.

3.4 Chancing the Viscosity md Elec»r:lyt ' Compcs”®-jjn

The cell could hold three litres of electrolyte solution. In each

run 18 ml of sulphuric acid was used the make up of the electrolyte

solution (a concentration of 0,1 mol/f). The rest of the electrolyte

consisted of an aqueous solution of either glvcenne or magnesium



sulphatj. The amounts of glycerine or magnesium sulphate used were

varied so as to obtain the desired viscosity. The actual viscosity

was measured using an Ostwalds Viscometer

(see Appendix 4).

33



4. Results

During the experiments the viscosity of the electrolyte was varied
using both glycerine and magnesium sulphate. The etfect tne

glycerine and magnesium sulphate had on the results . ?huwn

sections 4.1 and 4.2 below. The effect of current and flowrate on

bubbles 1is shown in section 4.3 while the effect of viscosity 1is shown

in section 4.4. A series of runs was performed using zinc sulphate as

an electrolyte, and the effect electroplating had on the bubbles on the

electrode surface was observed. These results appear in section 4.5.

Since a distribution of bubble sizes was observed, the average bubble

size used to describe a particular run is chosen to be based on a

volume distribution rather than on a numoer distribution. Hence the

average bubble size d, is define- a>

/ tu f(t)di
I v f(i)u

where f(tidi is the measured number iistribution

So when presenting results, both the number mean bubble diameter and

d are tabulated, while only d is used in the graphical presentations.

34
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4.1 Typical Results

In this section samples of typical results obtained during the

experiments are presented. The results are for runs using a pure

water / sulphuric acid electrolyte (figure 4.1), water / glycerine

sulphuric acid electrolyte, (figure 4.2) and a water magnesium

sulphate / sulphuric acid electrolyte (figure 4.3). The results show
a histogram of the bubble size distribution on the electrode surraca
ana leaving the electrode surface. The size of the bubbles
represented in these figures are the measured bubble diameters.

Appendix 5 contains a full set of all results gathered over the period

of this research.
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4.2 The Effect oi using Glycerine or Magnesium 5ulp'nate to

increase the Viscosity of the Electrolyte

in this section the effect of using either glycerine or magnesium sulphate

to alter the viscosity is shown. The results are given for the current

fixed at 1 A and the flowrate set at f.min. Tanle ... . ~ 1

effect of glycerine concentration on the bubbles measured attached to and

leaving the surface. The same effect is shown in table 4.2 for various

Inagneshnn sulphate concentrations. Figure 4.4 graphically illustrates

these effects.

Clearly the mean bubble diameters,

both on and leaving the surface, drop

with increasing viscosity. The bubblis leaving the surface are larger

than the bubbles on the surface, (as was evident from figures 4.1, 4.1

and 4.31. It is interesting to note that although the bubbles on the

surface for the magnesium sulphate case are smaller than the bubbles

on the surface for glycerine, the bubbles leaving the surface in the

magnesium sulphate case are larger.



Table 4.1 Effect of Changirg
C3nxqcritidn  vixcosii! Hlen sultele
3 ovlyeeiint dlaoeter o1
vhe surface
1" unber d;»-
tribution:
(a/*") (-1l
0,0 0,)2 39
36,7 .1 35
n ..2 i 1.2 31
1)5,3 1,6 7
332,0 2,4 73
383.. 3.0 n
5-9,0 5,3 »7
Table 4.2

Effect of Changing

tuncen' rv . 1 Vviscosity Hean bubble
it Mgso 1'¢ tialetet On
the surface
nunber Ils-
ttibut:onl
(kg »'> cfl >
1,0 0,92 39
10,0 1,02 80
150,0 I 1,44
2,07 70
350,9 2," 1 48
422,0 3,17 1 6
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bubble liatsetyre Surface Itanecar
con the surface leaving the

tunber dis- surface
“rLbutton tunber 1ls-
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Figure 4.4

Effect of using Glycerine or MgSCK to alter the.Viscos”
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4.3 Effect of Flcwrate and Current

Runs were performed to observe the effect the current and flowrate had on

the bubble sizes at two different viscosities. The first was performed at the

lowest viscosity (0,92 cP) where the electrolyte was a water / sulphuric
acid solution. The second was performed at a high viscosity (5,8 cP) where

the viscosity was raised by adding glycerine to the electrolyte. The

results from these two runs are tabulated in tables 4.3 amd 4.4 below.

Fffeet of Zurrent and Flowrate Viscosity = 0.92 cP)
Flowrate i on the surface ( m)
(t/min) Current (A )
1,0 3,0 5,0 10
2,30 103 108 108 -
3,"5 97 97 91 -
4,60 104 36 77 79
Table 4.4 Effect. Mrrent ani FUwrate 'Viscosity— ;— -'3-5tl
_____________ r
Flowrate d on the surface ()
(t/min) Current (A
0,5 1,0 1,5
1,18 83 84 87
2,00 87 79 84

2,90 85 82 87



From these results it is clear that the current had negligible erfect on

the bubble sizes on the surface, and did not effect the size distribution

significantly (see Appendix 5 for size distribution results). Ac the

low viscosity, the flowrate seemed to have a small effect on the bubble

sizes on the surface. As the flowrate increases, the bubble size

decreases.

Since the effect of flowrate an current was small on the size of the

bubbles on the surface, it was assumed that this would be the case with

the bubbles leaving the surface, and hence the bulk of the experiments wer

performed at a fixed current and flowrate - 1,0 A and ~, i/mm.



4.4 The Effect of Electroplating

A series of runs were performed in which the viscosity of the electrolyte

was varied using zinc sulphate rather than magnesium sulphate or glycerine,

in theje runs the zinc plated out on the cathode.

The average bubble

diameters observed on the electrode surface are tabulated below in table

4.5, and shown graphically in figure 4.:.

Table 4.5 Effect jf Electroplating

Concentration

of ZnSOk”~HzO

(kg/m)

0,0
4,0
84,0
184,0
386,0
507,

863,0

At the low viscosities

Viscosity

VCP)

0,92
0,95
1,06
1,41
2,20
2,30

5,00

Mean bubble
diameter an
the surface
(number dis-
tribution)

(tim)

99

75
72
74
73
67

Standard deviation d on the I

of bubble diameters surface

on the surface

(number dis-

tribution)

(um)

22
19
14
13
16
15

(um)

103
96
82
78
83
8l
69

(low zinc sulphate concentrations) the area of the

cathode which was being plated could net be seen through the microscope.

As the viscosity vzinc sulphate concent

plated grew and could be observed.

.ton)

In the experiments,

increased, the area being

the rms performed

at viscosities below 1,41 cP no coating was observed in the field of



measurement, while at the viscosities above 2,20 =P plating was observed,
in both cases the bubble diameters decrease with viscosity. The overall

trend seems to be much the same as for the cases where magnesium sulphate

or glycerine were used.
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4.5 Th-j number of Nucleatior.

per Jni- Ar-ja

From the photographs of the bubbles on the surface, the number 01

nucleation sites per unit area of electrode surface, N, can be measured.

This is done by simply counting the number of buobles on a known area of

the electrode. Since more than one photograph was taken during a run, an

average was taken over each run.

are for runs at flowrates of 2,00 t/min and currents of

is a graphical representation of this.

Taule 4.6 The number o:

Electrolyte

Water/HzSCH
Gly-erine/HzSOi,
Glycerine/HzSOu
Glycerine/HzSOi,

Glycerine/H 2S04

MgSOw/HzO/HzSOu

MgSOu/H zO/HzSO0i,
1

MgSOu/HzO/HzSOu
1

Nucleation S.te.-,

Viscosity

(cP)

per Unit Area

N (m 2)

8,966 x
8,898 x
8,120 x
7,480 x
7,114 x
8,845 x
7,697 x

7,374 x

10s
10*
10*
10*
10*
10*
10*

, A.

The values of N tabulated in table 4.6

Wigure 4.6

From the results it is clear that the effect of using either glycerine or

magnesium sulphate in the electrolyte has a negligible effect on N.



Fiaure 4.6

The ERffict o:

Visccoity on N
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f (t)dt was measured (see section 3) and so thv integral o, th
side of equations (la) and (1b) could be numerically evaluated,

current density was measured (see Appendix 6) and I could be -val.at,

the measured size distribut >n on the surface of the electrode. In

way the right hand sides of equations (la) and (1b) could b« valuar.d.

From the distributions measured leaving the surface, * could be ivalut

To do this a functional form was given to g(f)d%, the fraction 01 wubb)

leaving the surface in the size range I to I + <l. It was founc tha

either a normal or a gamma density function fitted g(t)df quite well,
the difference in using either one or the other was small.

Hence lav

evaluated 3

, q could be evaluated by dividing the right hand side
n

An average value for g is taken over the first two moments, q is ai-

evaluated from the expression

6l
n z: F"33
m

which was derived in section 2. In section 2 it was also shown that

- ITTPHm I

or N = 4 ozo F
m

Since N was measured (see sections 3 and 4) :he values of k or X

on which rate equation was used) could be evaluated.
A computer program was written to perform these calculations. This
program is presented in Appendix 7 tog,"her with a description a, rr

the integrals in (la) and (1b) were performed, and how * was -vaiia-

lep”.otn



The results obtained from uSprogram /1 summarised in taoles 5. - and

5.2 below. The values of q alculated by equations (la) and

(1b) whicn

are reported, are the mean values or g Ca2lculated over the first twc

moments.

Table 5.1 Calculated wvalues for k and k'’

Concentration of Viscosity N
glycerine or MgSCX (cP) (nf2)
0 0,92 8,966x10s
36,7 kg/m 1,00 8,898x10s
glycerine
198,8 <g/:n' 1,62 3,120x10s
glycerine
332,0 kg/m' 2,40 7,480x10s
glycerine
386,0 kg/m3 2,97 7,114x10s
glycerine
10,0 kg/ml 1,02 8,845x10s
MgSOi* "7HzO
280,0 kg/a3 2,07 7,697x10%*
M- SCu *7HzO
350,0 kg/rrl 2,54 7,374x10%*

Mgs~u —IHzO

k

(ms )

3,20x1J-5

3,29x10 "5

3,61x1C-5

3,95x10*5

3,96x10*5

3,56x10*5

3,84x10*"

4,03x10™'

k*

(ms " J/I .

4,49x1C*5

4,50x10*5

4,64x10*"

4,85x10*5

4,51x10™5

4,73x10* 5

4,79x10™"



Table 5.2 Calculated Values for g

Concentration
of glycerine

or MgSoO4

36,7 kg/m3

glycerine

198,9 kg/m3

glycerine

332,0 kg/nr

glycerine

386,0 kg/m3

glycerine

10,0 kg/m

MgSOk *7H;0

280,0 kg,m

MgSOk *7HzO

350,0 kg/m’

MgSOu "7HzO

Viscosity

(cp)

oo

1,62

2,97

1,02

Di stribution

assumed for

g(t)dse

Normal

Gamma

Normal

Gamma

Normal

Gamma

Normal

Gamma

Normal

Gamma

Normal

Gamma

Normal

Gamma

Normal

Gamma

q from

equation

3

(m'V1)

3,374x10%*

J,796x10*

5,144x10%

4,961x10%*

7,535x10®

7,107x10%

9,691x10%*
9,328x10"

1,008x1:"
9,682x10s

4,916x10%*

4,729x10%

5,809x10%*

5,543x10%*

7,916x10%*

v 'x1Ce

q fe>m

equation
(1a)

(m-'s-1i)

3,999x10%*
3,979x10%*

3,477x10%*
3,457x10%

1,778x10%*

4,746x10%*

4,890x10%*

4,361x10*

5,029x10%*
4,999x10%*

3,776x10®

3,750x10%*

4.730x10®
4,695x10%*

4,503x10~*

4,474x10%

q from

equation
(1b)

4,353x10*

4,332x10®

3,657x10®
3,636x10%*

5,096x10%*
5,063x10®

5,101x10%*
5,071x10%*

5,300x10%*
5,268x10*

4,062x10*

4,034x10%*

4,978x10%*
4,942x10%*

4,713x10%

4,682x10%*
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A

In Appendix 1 it is seen that k' must take on a value of 2,22 x 10

ms"1l/2. Since the current used in all the runs tabulated in table 5.1

was 1 A, k' must equal 2,22 x IQ-3 ms''2 if the rate of bubble growth is

described by equation (2b). Clearly the value of k' calculated is

significantly smaller than this, and hence it is concluded that the

bubbles do not grow according to equation (2b). Also in Appendix 1 a

table of values for k obtained from the literature is presented, -hese

values correspond to the measured values of k presented in table 5.1.
This suggests that the bubbles are in fact growing according to equation

(2a)

In figure 5.1, k is plotted against the viscosity of the two electrolytes

used. Over the range of viscosity used, < does not change all that much

k increases by 24 per cent when glycerine is used in the electrolyte ana
increases by 26 per cent when magnesium sulphate is used in the

electrolyte.

Tj—o values c* g, the rate of bubble nucleation per unit area, calculate.,

from equation (l1b) (ie assuming a rate of bubble growth given by equation

(2b)) can now be rejected since it has been established that the rate -:

bubble growth is well represented by equation (2a). Itis clear rrom

table 5.2 that the assumption of i normal or gamma distribution tor the
bubbles leaving the electrode surface has almost no effect on q. The

values of q evaluated using equation (3) show more ot an effect ;r

viscosity than do the ones evaluated from equation (la). This effect

shown in figure 5.2 where the values of tre calculated using the norma;

distribution assumption for g(l).






Figure 5.2

The effect of Viscosity on \

O"
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The values of g obtained from equation (3) depend on the third moment of

gU), 1i.e. 83. Since 83 is very much smaller than 83. and 82, numerical
errors are expected to creep into this wvalue of g. The values of g Obtained
from equation (la) wvary by about -5 per cent over the viscosity range usea,

and the use of glycerine or magnesium sulphate in the electrolyte has

negligible effect.

To use the population balance as a means of predicting bubble break off

diameters, k can be obtained from Glas et al (1964) for the current used.

An experiment as described in section 3.2 needs to be done to establish

N for the electrode and electrolyte used. As a result of this experiment

the bubble size distribution on the electrode surface can also be obtained.

This leaves three parameters to be solved for using the population

balance: N; the mean bubble diameter leaving the electrode surface, 1;

and the standard deviation of the bubble sizes leaving the surtace,
Using equation (la)

the first three moments of the distribution of bubble

sizes can be found:

®)
g M n/'-T1 [ 'fld

61 )

Now in Appendix 2 it is shown that

Bi * n
82 » n >d

63 = n' + 3ncr (10)
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Substituting 8), (9 and (10) into (5), (6) and (7, gives throe equations

in the unknowns q, n and a.

Having solved these three equations (which will require some sort of iterative

numerical technique), the bubble break off diameter, d, can be calculated as

d B — = ; TTT!



Substituting (8), (91 and (10) into (5), (« and (/) givus three equations
in the unknowns g, n and a.
Having solved these three equations

(which will require some sort rf iterativ

numerical technique), the bubble break off diameter, d, can be calculated as



6. Discussion and CcncInsL:p."

In situations where the production of a new phase results in the formation
of particles such as gas bubbles, liquid droplets or solid crystals, the
size of these particles is of considerable importance to the optimum per-
formance of the process. At gas evolving electrodes the rate of mass
transfer has been shown to be a strong function of the bubble break off
diameter. For this reason a method of modelling the process wou*d oe
useful. Population balance models, which incorporate growth and nucleaticn
characteristics have been successfully applied to the analysis
crystallisation processes. In section 5 the population balance is applied
to the production of bubbles at gas evolving electrodes. The population
balance enables one to predict the bubble break off diameter af*ei having
determined three parameters. These parameters are the number of nucleation
sites per unit area, the rate of nucleation per unit area and a rate
constant associated with a model for the rate of bubble growth on the

electrode surface.

In Appendix 1, two models for the rate of bubble growth on an electrode
surface appearing in the literature have been reviewed. In section

it was found that the model of Scrtven (1959) fitted the experimental data
very well. The rate constant calculated from the experiment i data
compared favourably with that report i the literature (see section 5).

This rate constant showed negligible variation with electrolyte viscosity.
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The number of nucleation sites per unit electrode area, N, is a function

of the electrode type used. It was also found to be a function of the

electrolyte viscosity. With increasing viscosity, N showed a drop of about

20 per cent over the viscosity range used. The increase in viscosity

seemed to cause previously active sites to become inactive. A possible

reason is that mass transfer of dissolved gas was reduced by the increased

viscosity, and hence only certain sites near high local gas concentrations

were able to receive gas for the nubbles.

The rate of bubble nucleation per unit area, q, was also measured. This

quantity also remained constant with electrolyte viscosity. The type of

electrolyte also made 1little difference to the results for N and q.

In order to apply the population balance, estimates for N, (] and the rate

constant, k, are needed. Glas et al (1964) shows how k varies with current.

This variation of k with current is net unexpected after increase in -he
rate of bubble production was observed with increasing current. h—>

observation could also suggest that q is a function of current, as seen m

equation (15) in section 2. N, being a function of the electrode surtace

and visees ty needs to be measured specifically for the electrode md

electrolyte used under given operating conditions. In order to avoid

measuring q, an Iterative method is proposed in section 5 whereby g, and

the bubble break off diameter can simultaneously be calculated.

The value of the population balance method in analysing bubble growtn at

gas evolving electrodes is that only one fairly simple experiment needs to

be done (see sections 3 and 5). Having established N, k can be obtained

from Glas et al (1964) and then proceeding with the calculation outlined in

section 5, a bubble break off diameter can be established. This eubbie bieak



en w N1 ippU -1 -n ’'.he calculation of mass transfer

vi.i i. r 1 ctrodes.

jt . ®. m \t three parameters were varied: the
r.olyte through the cell, the current passed between the
and the v 's. osity of the electrolyte. The viscosity of the
1 -:r:lyte varied by adding either glycerine or magnesium sulphate.
7h tw< -iiJostsuices were chosen because they are uhen.cally .ery -..»*er-nt

i.ild tot react in any way at the electrode.

:he affect or changing the current (at constant flowrate and viscosity)
lid nor have a significant effect on the size of the bubbles on the
electrode. An increase in the current did however increase thenumber of
ouooies produced, and hence the amount of gas produced. The increase in
ras production with increasing current is explained by Faradays Law, but
En< fact that the bubble sizes remained approximately constant with changes
_n arrant would suggest that the bubble break off diameter is not a
,Jn ¢ rant function of current over the range tested. Because the r.ar.cer
ouocoies produced increated rather rapidly with current, it was difficult
Photograph the cathode under high current conditions, as the bubbles

-ended to make the solution murky. For this reason the range of currents

iseb way limited.

rhP -lowrate nad a small effect on the bubbles growing on the cathode. The
bubbl— observed on the cathode at high flowrates were smaller than those
observed mder 1 -w flowrate condition . This effect is more marked in the
experiment performed using a low viscosity electrolyte because larger

flowrate uld b' .chieved. The reason for the bubbles being smaller v



higher flowrates is that the higher lowr , n - * v .

at the electrode surface. This shear stress then served to dislodge -

bubbles off the electrode >ur: ice premature.y.

The use of glycerine or magnesium sulphate - increase the vlsco Lty :f

the electrolyte did not appear to have ,1 significant effect. As tne

viscosity increased over the range ised, the uean bubble diameter ,n

surface (based on a volume distribution) decreased by between 25 per cent

to 30 per cent, while the mean bubble diameter leaving the surrace

tne
bubble break off diameter) decreased by between 20 per cent to 2 per ent.
This decrease in bubble size with increasing viscosity was alsc observer:

during the runs in which zinc sulphate was added to the electrolyte to

alter the viscosity. As the zinc concentration reached a certain 'alue,

the zinc began to plate out onto the cathode. At this point there was a

sudden increase in the size of the bubbles produced but again as the
viscosity increased beyond this point the bubble sizes again began
decrease. The reason proposed for this sudden jump in bubble size is -ba-
as the zinc began to plate out, the electrode surface changed, and sc

suddenly an essentially different electrode was being used.

The bubble break off diameters observed throughout these experiment: wer»

larger by more than a factor of two from those recommended by Stepha:

(1979). This is probably due to the fact that in this 'tudy the oubbi.

break of diameters are based on volume distributions rather than on

number distributions.

In conclusion, the population balance provide- t mean of mod< n<;

electrolyte generation of gas. It. also allows the bubble bf *k o

9
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diameter to be predictedfor use in mass transfer calculations.

The population balance also predicts the distribution of bubblesizes

leaving the electrode surface. In using the mean bubble break off diameter

in the mass transfer calculations, one is assuming that the bubble size

distribution has no effect on the mass transfer at gas evolving electrodes.

It is possible, however, that the effect of the large bubbles is far more

significant than the effect of the smaller bubbles (and vice versa,, an:

hence the population balance provides a means of predicting the distribution

and hence its erfect onmass transier.

The effect of viscosityon the bubble break off diameter was not as marked

as was originally anticipated, and hence the conflict between Ault (1975).

and Stephan (1979) as pointed out in section 1.4 1is not resolved. It

was, however, found that the bubble break off diameters measured in this

study were larger than those presented by Stephan (1979) for the use in

predicting mass transfer coefficients.
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Appendix 1. Expressions for the Rate of Bubble growth

Two models for the rate of electrolyte bubble growth are described in

detail in this appendix.

1. Darby .ad Hague (1973)

Darby et al (1973) set about trying to elucidate the controlling rate

process which limits the maximum rate at which bubbles are evolved at an

electrode. They set up an experiment in which hydrogen bubbles grew from

a single nucleation site on the tip of a platinum wire. They initially

expected the rate of bubble growth to be analagous to that observed in

nucleate boiling, and postulated:

Sh constant (Re Sc)
2,
where - = B Sherwood number
D
2rut.
Re » Reynolds number
il
Sc = —b- *  Schmidt number
PLD

mass transfer coefficient for H;

kL
r bubble radius
D molecular diffusivity

or liquid density



% = liquid viscosity

. v \ 0f25
ag (Pl - » )

V 9

gas density

o
Il

a = surface tension

Vs

Equation (1) predicts the bubble radius to grow in proportion to t , and

assumes limiting hydrogen mass transfer.

Darby et al (1973) go on to show that the rate of gas generation at tne

electrode, r , is given by Faradays Law:
g9
r <2)
g nr
where I * total instantaneous current
n = number of electrons transferred per Hz molecule
F = Faradays constant.

The rate of mass transfer of dissolved gas from the solution to the bubble,

r,, IS:
where A = electrode area
C B concentration of dissolved Hz at the electrode
Hz
C a saturation concentration of Hz in equilibrium with
Hz

partial H: gas pressure

Finally, the rate of removal of gas fi solution by the bubble, r* is:



3v

rb =
o = molardensitv of hydrogen
m
v » bubble volume
t * time.
At steady state, =

A mass balance on the hydrogen gives:

3CH: I 3v [ex
\_rr tg - rb W nF " B 3t
=r VL " rg ' rt 1 HF " kL A,CH2 ' 5H2J 161
where V, * wvolume of liquid

Now if mass transfer of hydrogen gas to the bubble i 1limiting ;as in the

case of the model discussed in section 2 of this appendix), will be
small and there will be a significant build up of dissolve-' " the
liquid for a given current. Consequently there will be ag

between the electrode current, which is proportional to of gas
generation, and the bubble growth rate, corresponding to gas removal.
1£f mass transfer is not limiting (k. large), the generated gas will be

transported to the bubble essentially as fast as it is generated. 1In

this case the electrode current and bubble growth rate should be in phase

The results of Darby et al (1973) show' hat:

r = 0,15tV* Q]
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This is inconsistent with the predictions of (1), andsuggests that some

mechanism other than hydrogen mass transfer is limiting. Asfurther
evidence of this,

they noted chat no phase lag between the electrode

current and the bubble growth rate was evident.

Darby et al (1973) went on to apply Faradays Law:

I(t) - 2F ~

The current, I(t), is the instantaneous total current passing through the

electrode, and due to fluctuations with time it is written as a function

of time. The average current, I, was calculated in va’t, s:

i » i- J 1 I(t) dt * ©)

This integral was evaluated by integrating the I(t) curve
numerically.

2F p Vi
or i a -——= (from Faradays Law) (10)

Here | is calculated by measuring the volume of gas produced, Vi, in a

time t;

The error between the two methods for calculating I was found to be less

than 10 per cent.

Now equation (8) can be integrated by replacing I(t) with X, and by

4
writing v * 3 tr3 to give:

31 _th tVi (11)
8 ff pm i
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Equation (11) is of the same form as the experimental result or equation

7).

By equating coefficients of equations (7)) and (11) and solving for I, Darby
et cl1 (1973) found fiat the calculated value of 1 was equal to the average

value obtained from (9 and (I:).

Darby et al (1973) then go on to show that the rate controlling steo is in
fact a surface reaction (s— h as atomic hydrogen combining to form

molec ar nydrogen).

Mow I = bubble diameter

2r -
or u = k't'y3 (12)
where

Assuming the gas behaves ideally:

P
Pm e RT

Q.82 1,01325x10

*  33,5mo0l/m3
8,3143 (25+273)

Hence at 25C and 0,82 atm,

k' 3 15" 96500 33,5

a

e 2,22 x 10 1 I (13)
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2. Scriven (1959)

Scriven (1959) derived a model to describe the jrowth rate of spherical
bubbles growing on an electrode surface in a quiescent liquid of infinite
extent, “he growth rate is a function of the difference between the
pressure within the bubble and the ambient pressure, liquid inertia and
viscosity, surface tension and the transport of energy and volatile
material through the 1liquid to the bubble surface (i.e. heat and mass
transfer). Scriven (1959) described the growth rate af the bubbles grow .ng
on an electrode surface by applying the fundamental equations of rluid
dynamics (i.e. the equations of continuity, motion, energy and mass) and

then solving simultaneously for the bubble radius as a function of time.

Equation of Continuity

The equation of continuity when written for spherical symmetry ana an
incompressible fluid can be integrated to gi-e
uR2 = £(t) (14)
where u = radial velocity of the 1liquid being displaced by the
growing bubble at a distance R from the bubble centre
R * radial distance

f(t) = a function of time.

Since the term uR2 is a function of time only, it can be evaluated at an,
radial position, say, at the bubble surface where R = r. The bubble
surface moves with a velocity £, while lhe 1liquid immediately aujacent
moves with a velocity u(r). The net velocity causes a mass flow of

4 ffr2pt | r - u(r)| which must equal the rate of vaporization of volatile



1em  ie» ii iescrii* jr wt.1 rate =X spherical

fi-iwinji an in el ctrc = 'irface in x quiescent liquid of infinite

The growth rat t unction or the difference between the

- within the bubbl ind the ambient ore,:sure, liquid inertia and

acosity, aurfac* ten- on and the transport of energy and volatile

.lararial through the Lqu.lo en< bubble surface (i.e. heat and mass

transfer Seri er V-v ic cnbed the growth rate of the bubbles growing

on an electrode surfao by applying the fundamental equations of fluid

dynamics . . the equati n continuity, motion, energy and mass) and

then solving in. in e " -he bubbl radius as a function cf time.

Equation of Continu,

rhe equation zontinult. 1 for spherical symmetry and an
incompressible fluid can JT gl at to give
uR = f(t)

(14)
:idia veioc ty it the liquid being displaced by the

jrowing bubbl it a distance X from the bubble centre

r tradial distance
et -a function of time.
e -m uRz tunc* ion ting.- mly, it :an be evaluated at any

;n, say, v the bubbl ;urface where R r. The bubble

h a veio< tf, wh: liquid immediately adjacent

. Ity U(r). The net velocity causes a mass flow of

w th mu;#M qual tl ntv of vaporization of volat xle



material into the bubble:

I.e. 4 irr2PL \1— u(r)| = & 'f
where = vapour density which ii is imecon in*
g
Solving equation 115) for u(r) tiv-e
CL
u(r) * r er

uR aC'Z'

Equation of Motion

Writing the equation of notion in spherical

pressible Newtonian fluid, an< assuming no external body

H*. . 1L

where P * pressure in the moving 1luid

oroe. -

v * kinematic viscosity

Substituting for velocity from squat an 1 me n Jjgrar Ing /Jei

radius from the bubble surface to infinity reduces equation 18)

to:

:oordinaces or an me i



MowWw p(») is Jjust: the ambient pressure, pv, while p(r' is given oy
p(r) - Py + Pi- 1

where P = partial pressure of the volatiles in the bubble
P = partial pressure of inert gases in the bubble
a = surface tension

Mow substituting (70) into (19) gives

The partial pressure of the volatile gas,
thermodynamic quilibrium betw

Hence it depends or. temperature,

and energy transfer.

Squation of Energy

Writing tn equation of energy for «pherical symmetry,

negligible viscous dissipation,

Pv» Is specif.e” by asaur.i..g
vapour and liquid at the bubble surface.

which in turn depends on the rates of mass

incompressible fluid,

no energy fluxes other than ordinary

conduction, and constant thermal properties:
oT VT ' 9zT 2 3T + Q (22)
TT + u * v 3 3F + R 'R \ CpL
where T M temperature at a point R from the bubble centre
a * thermal diffusivity
Q@ = "heat generation" per unit volume
CpL = specific heat of the 1liquid.
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Substituting (17) into (22) gives:

(23)
\l —
£t ¢ 213z R SR  MF. 1 3R pn cPL

Equation of Mass

Writing the equation of mass for a two component system in which chemiza.

reaction effects are absent; spherical symmetry, constant mass density,

no mass fluxes other than ordinary diffusion, and constant mass diffusivit/:

where C

mass concentration of volatile species in solution

D = mass diffusivity

Substituting equation (17) into (24) gives

H-"w %I gl

L

At this point there are three equations (equations 121), «2 ana ,25) ,

in three unknowns (r, t, C and T) . Hence, from tnxs system of equations,

r can be solved for in terms of t.
Initial Condition-

The initial conditions for equations (*® , (23) and (.5 ar”

r@©© » O (26)

i.e. the initial bubble growth velocity is zero.



T(R,0) @7

C(R,0) (28)

i.e. the ligquid is initially of uniform temperature anu composition.

Scriven <.959) also assumes that initially the bubble rad.us is "ome size

which is equal to the equilibrium radius at the initia.

conditions
20
i.e r (0) - (29)
Pvo + Plo - P.
where Eo = partial pressure of volatile gas at time t
P =

partial pressure of inert gas at time t * O

Boundary Conditions at Inifinity

If the "heat generated" term in equation .23) is independent or position

at large distances then

rt

C TR J/ Q(”,t")dt’ (30)
0 °L L

The concentration of the dissolved gas at a large distance rrom tne
electrode i a ;umed constant at -o nence

c(" = C )
Boundary Conditions at the Bubble Sur*.

The boundary conditions at the bubble surface are obtained from mass and

energy balances over the bubble surface. A mass balance, much like one

used in equation (15), but now including a diffusion term gives:
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m pg r = C(r,t) | r - u(r) } +D
C(r,t) (1 - e)r + D

where m mass fraction of volatile gas in the bubble.

The energy balance after neglecting the kinetic energy terms, changes in

vapour density, surface energy and internal energy, and heat or mixing

reduces to:

where L = latent heat of vaporization

k thermal conductivity

The partial pressure of the volatile gases 1is obtained assi”.ng

thermodynamic equilibrium bett -“n the liquid an i gas phases.

At this point Scriven 1959) proceeds to make some simplifying assumptions

to aid the solution:

(@) Viscous terms In equation (21) are neglected. .his assumption *

justified for liquids near their boiling point. During the early stages

of growth this assumption is poor.

(o) Inertia and surface tension terms in equation (1%) are neglecte:

since they are only significant in the utial expansion.

(c) Pl is neglected in equation (10) - i.e. no inert gases are assumed

to be present.
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(d) The "heat generated" terms in equations (23) and (30) are neglected.

Striven (1959) then proceeds to solve the system of equations, and shows

for bubble growth controlled by mass transfer (e.g., electrolytic bubkie

growth) ;
r = 28 S1 (34)

where 3, the growth constant, is defined as

/\g.l/\L l"satl

o

where C = saturation concentration of volatile gas in solution.

*

The function can be evaluated, and Striven (1959) presents a table where

by the value of 8 for a given 5 and e can be obtained.

Hence r =t
or I » 2r * 2kt 'n (35)
k = rate constant for bubble growth

I ® ubble diameter

and S . *tlE <361

Westerheide et al (1961 and Glas et al (1964) found the bubble radius,

r, to be proportional to t experimentally.

In his solution, Scriven (1959) assumed that the bubble was of a finite

size at time t = 0 although R * 0 at t 0. Because of this assumption,

Scriven*s model does not describe the rapid initial growth observed h\

both Westerheide et al (1961) and Glas et al (1964) before the asymptotic



growth predicted by the model.

Glas et al (1964) investigated this initial growth period, and found that
its duration was of the order of 0,0006 seconds. They found that although
the asymptotic growth was independent of the type of electrode used, the
rapid initial growth was dependent on the type of metal. The reason
proposed for this by Glas et al (1964) was that during this initia” pet-"c.
surface tension forces were significant. The harder metal electrodes

(such as nickel) produced smoother surfaces, and hence fewer nucleation
sites. So the harder metals experienced a longer initial wait before
bubbles started to form. This gives rise to large local supersaturation

which in turn causes the very rapid early growth phase.

From (34) and (36) it 1is clear that k = 3 *0. Table A 1.1 below shows the

values of k measured by Westerheide et al (1961l) and Glas et al .964; .

Table A 1.1 Values of k Measured by Westerheide et al (19f1' and

Glas et al (1964)

Run k (m s 9

Hz on Pt 0,083 A/crT 4,918 x 10~s
Kz on Pt 0,0392 A/car 2,821 x 10"

Hz on Ni 0,084 A/cm* 5,303 x 10"5
Hz on Ni 0,034 A/cm2 2,632 x 10"
Hz on Ni 0,041 A/cm’ 3,154 x 10"$
Hz on Ni 0,076 A/cm* 4,29 x 10"
Westerheide et al (1961) 5,800 x 10

Westerheide et al (1961) 3,795 r 10"S



growth predicted by the model.

Glas at al (1964) investigated this initial growth period, and found that
its duration was of the order of 0,00C6 seconds. They found that although
the asymptotic growth was independent of the type of electrode used, the
rapid initial growth was dependent on the type of metal. The reason
proposed for this by Glas et al (1964) was that during this initia”® Pe-
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Appendix 2. Density Functions

In section 5 it was mentioned that a functional form was given to the
distribution of bubble sizes leaving the electrode surface, ga). From
the shape of the measured distribution, it was felt that three possible

density functions could describe the shape:

(1) Gamma density function:
batl A -bt
gU) * r (TTTT 6
where a >0
b > 0
I 2 0
and r(at+l) = gamma function = J* y e ' dy.
o
(2) Beta density function:
9,0 <« Al'r ) (*' «r )

where (U j.- Zl
a

T'bt+c+Z:
r(b+n r(c+i)

(3) Normal Ilensity function:



whGCQ n s mscin of tih6 ols .irilDutiion

a = standard deviation of the distribution

It was found that the normal and gamma density functions best ficted ne

measured size distributions of the bubbles leaving the electrode surface,

The n n moment of a density function is defined as

3n -y 1n g(i)ds (D

Since g(£) 1is a density function,

J gqgU)dl = 1

Hence the moments of the gamma and normal density functions can be found

by evaluating the Integral in (1). In both cases the integral can be

evaluated a. alytically.

For the gamma density function it 1is found tha'’-:

(atn) (a+tn-1) ... (atl) D
« -

For the normal density function it can £ ,hown that

80
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81 in

82 *n2 + a2 (3)
8) =n' + 3no02

84 = i4 + 6n2c2 + 3a

From the first two moments the parameters of the density function can be
evaluated. The first moment of a density function is equal to the mean of
the distribution, while the second moment is equal to the sum of the
variance and the square of the mean oi the distribution. This is evi ent
from the first two moments of the normal distribution. For the gamma
density function, 3; and 82 can be evaluated as described above. Equation

(2) then gives

Si (4a)

02 @+ 2) @+ 1) (4b)

Solving (4a) and (4b) simultaneously gives

26, 02 (5a)
02 - 01
2Bi - 3A l (5b)
82 - s-; ) Si
Using these valuel of a and b the n moment of the gamma density

function can be evaluates.



e 1: M QUPPle Diameter.. ji Electrode Surface

;iechod of taking photograph : he bubbles m the

H is described. Phase photographs were taken through a

s uid -nen enlarged n the dark room. In order to establish the

vir.if-.car. .on achieved by the proces , iler vas placed up against me

v ncce ifter each run and .hotographe i mder the same conditions as were

.sec .n the experiment . using the same magnificat.on on .he

lieroscope and through the ame electrolyte). This photograph of mo

_uier was then ierelope5 and printed under the same con ;itions he

photog. .aphs of -he bubble In this way a means of scaling the bubble

diameter., measure ! .lotographs was obtained.

The actual measuring : the ouoble diameters was tone with the aid of a

Hewlett Packard model 1 desktop computer and a Hewlett Parkard HP '470 A

plotter. A digitizing sight was fitted into the plotter pen holder, and

then oy moving me sight from one edge of a bubble to the other, and

digitizing .h two posit., m , the bubble diameter could be measureu m

terms of plotter unit... " ivert the measurements from plotter units

into microns, the rw< edge the millimeter scale on the photocraph =t

-he ruler were iigi ized , md hence the length f the one millimeter

<cale was known iott’' m hence

bubble diameter in plotter units x 100C

Tibbie diametei in nm e millimeter scale in nletter units
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The factor of 1000 converts che neasuremeni ron millimeters - microns.

The program presented at the and .tthis appendix allows the aser -c

measure the millimeter scale as manv times as required, and an averaae

measurement was then taken subroutine 'Scaxe" . The user can ther. ut lges!

t0 measure the bubble diameters on the photograpns subroutine 'Measure

Having completed the measurements the data xS stored Dr lisc for :utare

reference. The mean and standard ieviation of the oubblt diameters is

calculated in lines 1270 - 1360. The data is then sorted into size

intervals and a histogram of the size distribution s drawn in subroutine

"Plot" on i\ne J50. A normal distribution curv- oasen - the measured

mean and r iard deviation is suparimposed on he Ustogram lines 29i

2950) The program also allows the user to reac in the data at a La%er

s (.subroutine 'Read" in order to reproduce -he ca) -ulations and

plot.



11 ! Pngrait to neosurt bubble diameter 1 to sort them into si:
21 ! intervals so that a histogram mo awn,

31 0PTION RASE 1

uly Din BuOsize(2D0),Data(20L),Dumnv(280),Interral (201

§1 CONTROL 1,12;1 1 SWITCH OFF THE KEY LABELS

Su GRAPHICS OFF

11 OUTPUT 2 USING '§ K ; IK"' CLE.Wl THE SCREEN

B LINPUT "Has the data beenpreviously stored 7' ¥}

90 IF UPCKY§[1,11)="Y" THEN ' If yes, then skip the measuring routine
101 COSUB Read

118 6070 1161
121 END IF !
130 ! INPUT THE VISCOSITY, CURRENT i FIQWRATE USED.

140 LINPUL ‘'What was the vutisity <c?) Viscosityd
180 LINPUL ‘'What was thecurrent 'Amos) f,Current!
161  LINPUT 'What was theflowrate (I/min) 7', Fluwl 1

170 1 Set up measuring routine

180 PLOTTER IS 715, "HRCL'
17t PRINTER IS !

210 Flag=}

218 Countt!

221 CONTROL 1,12;1

230 007207 2;'SCRATCH KEYIX' ' Clear the present keys
249 0UTRUT 2 USING '+ X';'W' 1 Clear the screen

281 OFF KEY

260 GRAPHICS OFF

270 0N KEY 5 LABEL "Seasure" G3SUB Measure 1 GOTO MEASURING ROUTINE

=) go xEY § LABEL 'Scalet GOSUB Scale 1 6070 ROL ;NE 0 MEA-uil Sc«l:
290 CONTROL 1,12;1

310 6010 S0I



30

j2l

331
34l
380

361
38

LEY!

Finished: ! Ifctn finished 'EDITKEYS' art reloaded

WASS STORAGE IS ':HR912i,711,1%
LOAD KEY 'EDITKET:'

WASS STORAGE IS ":HPY121,710,1" n ,rvidBCle
SONTRQL 1,121 LSWITCH OH KEY LABEL:
GRAPRICS OFF

0UTPUT 2 USING I, K; IK' 1 CLEAR THE sCRELN

§Io? !
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370 Scale:1§cale routine which assumes thescale usedis a measure of tan,
110 'The scale can be measured anynumber iftimes. An ave“agqe scale

410 'is then calculated.

121 OFF KEY 9 ! DEACTIVATE KEY

130 1=1

440 Scalel I
4§T  PRINT TABXYt1,1),'Enter the scale as many times as you want

460 PRINT 'When finished press 'ENTER' in the plotter twice at the same point.
474 Start:DISP "Enter left hand point of mm scale.*

481  Digiti:e(Xscalel Yscalel) IDIGITIZE THEONESIDE3F HE vUnlL

490 DISP 'Enter right hand side if mm scale.’

SOr Digitize(Kscaler Yscaler) IDIGITIZE THE OTHERSICE OF 'IE -CAT
510 DIgP "

520 Xscale=zABS(Xscaler-Xscalel)
530 rscalezABS(Yscoler-Yscalel!
540 IF NOT Xstale AND NOT Yscale THEN Leap 1 PINISHED NEASUtINv

551 i Ndw find the distance meieca by the plotter.

568 IF NOT Xscale THEN

570 §cole=YscaletScale

581 PRINT TABXTd.ID,'Scale * '"jYscale
590 ELSE

604 Scale=XscaletScale

£10 PRINT TABXY!1,10),'Scale  ‘i¥scale
621 END IF

630 1=141

6aa  60T0 Start ! .measure the !

§30 Leap:l=1-1
660  3cale=Scale/ I ! CALCULATE
671 Plagtl | Set Flog ti sh<w
680 RETURN !



b94 Mtasire:1 Roetine te neosure bubble diowter

Y
121
131
T41

1!
111
180

S

33

340
850
360

§71
§6.
390

900

913
924
930
941
950
V6l
710

950

1010
1010
1021

1353

1060
10

1180
1190

IF NOT Flog THEN ! Check to see if scale has been set

pege SOI, .9

DISP 'ENTEL SCALE FIRST!

WAIT 1,5

RETURN

0FF KET 5 1 DEACTIVATE KET 5

CONTROL 1,121 "SWITCH OFF THE KET LABELS
OUTRUT 2 USING ! CLEAR THE SCREEN

S.SW W iS SSS"""""

SSSSST, --

Diqitize (X11ft, Tl«ft) " DIGITIZE THE OTHER SIDE OF THE BUBBLE
X=ABS(Xr;ght-Xleft)
T=ABS(TriQh!*fleft)
IF NOT X AND NOT X THEN ' Check t« see if estr
N=Cent-1
REDIN BubsiV'N)
y)30i si,re 'Tf finished thenstirethe data
6070 Stat 'and thenproceed with the anelisis,
thy IR
NOT X THEN
Babstit(Cu«lint)*?
6070 10%0
END IF
IF NOT Y THEN
BubSiZe(C»ont)=X

is finished eeasinng

i Can only accept & measurment in the < or ' direction
PRINT TABKY(i,1i),'0CPS
BEEP 501,.3
GOTO Ntit

BobsimCrent)*Bobsize(Cotnt 111018/Scale ' Convert measurement
PRINT TABXY'l, ll),*Ne. if bibbles measured I '.Count

PRINT USING 1671;Bibsize(Ciint)

IMAGE "The last bubble size was '.DDDD.DD,* microns
Coint=Cinntfl

GOT0 Neit 1 Go to Neit to measure next bubble

to microns



1199 Stat:! Start »f statistical anmalysis of bubblt sizes

1118
1121

1138

1140
1180
1168
1170
Ui

1199
1290
1213
1220
1239
1240
1258
1263

1273

1288
1290

130

1318
1320
1330
)3-«8
138¢
1361

1379

1388
1379
1400
1418
1421
v 430
144
1450
1468
110
1488
1490

1508
15)0

1528

1530

1540
1550

1568
1579
1589
1590
1618
1619
1621
1638

LI HEEUT "Do yo« wish to end now and not proceed with the calculations 'V §
IF +JPCH(1811,1])=1 THEN G010 Finished

! Initialising oanabl s

§EDIN Da'a(N)
MAT Data= Bobsize

GaEAfi

Flag-9§

Pltr=3 1 Defines plotter position
TovoTETEINALY 1 Defines plotter type
Krntr=1l 1 Defines printer position

PRINTER IS Pratr
PLOTTER I§ Pltr,PS§

SCLEAR

GINIT

OLlBPOUT 2 USING '* K'; :X" ' CLEAR SCREEN

CONTROL t,12;1 " SWITCH OFF KEY LABELS

! CALCULATE THE NEAN

Nean=SUN(Dota) 1 Mean=*eun bobble diaw'er

MeonzMeon N 1
" CALCULATE T'HE STANDARD DEVIATION

MAT Dunnyt Meanl-Data
MAT Dommo- Dummy , Demmy
Sl1dde*=SUN(D*tmmy) 1 Stdde*=st:ndard deoiation Of bobble diameters
Stdder*S«(Stdder/(N-1))
PRINT USING l3o«, Mean, Stddeu
IMAGE 'Mean ='.DDD.DDD," microns', 'Standard deviation = ' DDD.DDD,' microns'

! DIVIDE DATAINTO INTERVALS

Sfwllest=NIN(Dota(*t) 1 Smallest=sMniiest bubble diameter
LorgeSt=NAX;Dato(l)) 1 Largest -largest bubble diameter
PRINT USING 1411;Largest,Smallest
IMAGE //The largest bobble is \DDD.DD/ microms",/,'The smallest bobb.e is ,DDD DD,
Interval :INPUT 'Enter the number ofintervals you regime' Divne
1IF Dunma ORF7ACTCDi»nel0J THEN »MAKE SURE INPUT IS )OAND ANINTEGER
BEE? 508,1
DISP '"THAT IS NOT FOUNNY
WAIT 2
6010 1429
END IT
REDIN Interval(Divno) ' InteroalO*tnumber of bubbles in each inttrva.
UAT Intervalt (I)
Divlentilarqest-Smallest)/Divao * Divlentlength of each interval

1 Loop to place each bubble in its correct interval

FOR 1*1 T0 X
FOR 1*1 10 Divne
IFDota(IM=8.iallesvitdDivien ANDData(I)>-"Smollestdy-Ut0ivlicn THEN
Interval (J'"*Interval(J)+l
60TO Skip
END IF
NEXT J
BEEP 500,1
DISP "ERROR IN Interval' 1 ACHECK INCASE NOT ALL BUBBLES AREFOUND
§T0P
Skip:NEXT I

microns

88



UJ1 Stacl Start If statistical analysis of bubblt sues

1118 LINPUT 'Do you wish to end now and not proceed with the calculations 'V *
1126 IF UPCKM I,11)*"*] THEM GOTO Finished 1

1131 ! Initialising variables
1140 REDIN Data(M)

1180 MAT Dota= Bobsue
1168  GCLEAR

1170 Flog-1

1188 Pltr=3 i Defines plotterposition
1191 P§="INTERWAL' 1 Defines plotter type
1280 Pmtr=l 1 Defines printerposition

1210 PRINTER IS Pratr
1220 PLOTTER IS Pltr.2t

1233 KLERAR

1240 CINIT

128§  ULfTPUT 2 USING '* R'; IK' ' CLEAR SCREEN

1260 CONTROL 1,12;1 1 SWITCH OFF KEY LABELS

1270 ! CALCULATE THE MERAN

1291  hean=SUN'Dflta) 1 Mean-wean bubble diawer
1290 Mean=Neon N 1

1308 ! CALCULATE THE STANDARD DEVIATION

1318 MAT Dumfv= in<an)-Data

1320 MAT Dommv* Dummy . Dumnmy

1330 3tdde»=SUN(Duiwy) 1 Stddei-*tandard deviation of bobble diameters

13-t]  Stddev=S8R(Stddev/(N-1))

138C PRINT USING 1368 Mean,Stddev

i361 INAGE '"Mean *'.DDD.DDD,' microns',//Standard deviation ="',050.800/ microns

13N " DIVIDE DATA INTO INTERVALS

1330 Smallest=«IN<Data<l)i 1Smallest:smallestbubble diameter

1391 largeSteWtt(Oot«(t>) 1largest “*largestbubble diameter

1400 PRINT USING HU;Largest, Smallest

1418 IMRGE [/The largest bubble is ', 000.00/ microns', //The smallest bubble is '
1421 Interval:INPUT "Enter tfee number of intervals you require', Divne

430 IF Diun.d ORFRACT!Dj»ne)OJ THEN * MAKE SURE INPUT IS JOAND ANINTEGER

1441 BEEP 508 ,1

1480 DISP "THAT IS NOT PUNNY'
1468 WAIT 2

14798 6070 1420

1498 END IF

1490 REDIN IntervcKDivnu) 1| IntervalO'number if bubbles in each interval
1508 MAT Intervalt (It

1810 Divlen=(Larqest-$mallest)/Divae 1 Oivlen=zlenqth uf each interval

1521 ' Loop to place each bubble in its correct interval

1530 FOR 1*1 T0 X
154} FOR I1#1 10 Divnu

188¢C IF DatadliSnollesudSDivlien AND S«tQlI))*Sfgwllest+(M)*¥0inlen THEN
1561 Interval (J)*Interval (J)+1

1570 6070 Skip

1588 END IF

1590 NEXT J

1618 BEEP 580,1 o
1610 DISP 'ERROR IN Interval* ! & CHECK IN CASE NOT ALL BUBBLES ARE FOUND

1628 §70°P



1yt
Ifasi
1660
1670
1680
1693
1780
1711

1720
1731

1741

1750
1768
1770
1788

1790
1808
1610
1823
1§30
184]

1§50

GtiSUB Print

I Ge t» printing raetine

LINPUT "Dt n* wish t» change the nenber
IF URCH(1t(t,11)=,¥" THEN 1428
IF UPCRYtEtt. 1DO'NY T 0
BEEP 500,1
DISP BE SEBIOUS’
WAIT 1
6070 1651
ELSE
LINPOUT 'Di yoi wish te prinmt this result ?2\Y8
IF URCXYELIL.1DO0O'T" THEN 1788
Praotry781
§0803 Print
Prntr+l
END IF
POINTER IS Prntr
HAT Interval* L1/N)'Interral
Tip=WAX(Intervall:)) 1 Trp=sue if the largest
T»p« (INT (Tipli;/*1)210
GtiSUB Piet ' Gets pletting vootine
6070 Finished > Ge te Finished te end

§T0P

of intervals

interval



1368 Print:! Printing routine ti output results

1870 "PINTER IS Prantr
1680 IF Prntr*! THEN PRINT CHRHEIZ)

Z

1911 PRINT 'The number of points used is *;N

IS$ INAGE ' I blbbil!lTwt!r typ0D.0D0,"
1911 PRINT 'eeeeeee oo CUIAB(2E), e
1991 FOR 1=1 T0 Dimo

«

nicrons',/, 'Standard deviation

,TuB(68),

1990 Ti11,51=981 *( INTI (Smallestd(I-i)*Dinlen)IL195/R0)

2198 T5I6,81=' - ¢

2010 YStY, L3IFVALE [INT((Sfeollist?IlDiclen)tll0) /101>

2829

2330 NOT I
2848 8L TURN

PRINT TA8(3),I,TAB(2S),Tt,!A8(70),Intervalll

".DDD.ODD,"

90

"Lk Ufmint /]

microns'

nicrons',///



2181

2160
2070
2081
2191
2110

1114
2120
21
2140
2151
2160
2179
2)80
2190
2251
2210
2220
2239
2240
2254
2260
2210

2280
2299

2301
2310

2329

133
2341
2350
236+
rm
2389
239+
2499

2419

21429
2430
2449
2450
2469

247t
2480
249

2509

2519
2520
2539
2540
255+
2560

2571

Pi»t:! Plotting routine

I This routine plots a lusteqran of the bobble diameters
surface of the electrode, and then draws a normal

! calculated from the meat and standard deviation

1 diameters through the histogram, The mean and the

I deviation are also shown on the curve

PLOTTER IS Pltr, 2§

ALPRA OFF

GRfc HICS 01

IF Pltr=3 THEN GCLEAR 1 If the plotter is thescreen
IF Pltr=3 It€N 2231 11If the plotter is'at thescreen
GRAPHICS OFF

0UTRUT 2 USING '#,K ; IK' 1 Clear theALPHA screen
0ISP "Pvt a pen in the plotter and press 'CCNV when
PAUSE

ALPRA OFF

GRAPHICS ON

00UTRPUT 7*5,"§P1" 1 Pick op a pen

DEC

LINE TYPE I

LOIR 9

HINDOW Smallest-2IDivlen, LargesttDivlen/2, roprl

LORG 5

0818 1,.5

D IP Smallest,Largest,9,Top

AYES Divlen, 95, Smallest,9 1 Draw aitl
CLIP OFF !

"' Drav the h.stoqronm

FOR I«t 10 Divne
IF lntereal(l)«0 TI1EN 2378

CLIP Smcllest+(I-1)*Dioler, Smollest+I*Divlien, 9, Interval(I)

TRANE
next i
CLIP OFF
(SIIE 3,.5
LORE 5 !

| Lanel the X aus
FOR 1=9 10 Otono

WOVE SmallistellDielen, -Tup/31
LABEL USING "O0DD.JD" SmallesttlMiolen

NEXT I

IfVE (Larqest+Smr.lles»)/2,-Top/1)
CSIZE 5,.5

LABEL "Bubble diameter (microns)"
CSILZE 3,.5 1

v Label the T axis

FOR 1=9 10 Top STE? 15
BO'* Smallest-Diolen/d,1
LABEL USING * 2.0D";I

NEXT I

0S11E 4.8

HOVE Smallest-Diflen, Top/2

LOIR 91

curve

on

the

of the bubble

then clear

standard

then pick

ready’

ot

0p & pen

scale



2596

2603

2610
2621
2630
2640

2633
2660
26/0
2680
2690
215

2111
2120

143
2753
2761
2110
2781
2790
2911
2310
2921
28:0
2841
2853
2863
2871
2880

2890

2910

2910
2920
2933
2940
2951
2960
2973
2980
2991
3010
ERRY!
jg2l
3031
3040
3181
2160
31Tl
3080
3091
3136
ERRR!
J)el
1131
JLA6

LABEL 'Fraction of bubbles' 1

1 Graph heading

LORG 5
ID 18 0
Cci:E8,1
NOVE (larqesttSfiallest)/2, Toptl.2
FOR 1=1 10 LENFiIlifl
IF Pile§(I,1]=" ' THEN rMetII, Il=,.e 1 ;loce
CWLLb
NEXT I
LABEL Filet
LIME TTPE 3,1
1DIR I
LORG 5 !

i Label mean and standard deflation

NOVE Mean, I

IPRALH. Top

INOVE -Stddev.l

LINE TYPE 1

CSIZE 2,.3

LABEL CHR§(124)

HWOVE Mean-Stddeijoo
IDSAM 2tStddev,0

LABEL CHRt(i24>

HOVE Mean, Top

LORG 4

LABEL '

WOVE Mean-5tddn/2,Top
LABEL §'

NOVE MeantStddef/2,T«p
LABEL "+§8' 1

v Fit a nrwl cine

NOVE Smallest,3
FOR ISmallest T0 Largest STEP DivUn/l1}

in

the

file

Eipinent«DulenlEXPt-((I-Mean)/Stddif) '2/2)/<Stddeil§fR(2IPI)

DRAN I,Exponent
NEXT I
IF Pltr=3 THEN 2980
0UTRPUT 715;'SP* | Put pen dew
IF FPlag*! THEN 3141 1 If Flag is set then end
GRAPHICS OFF
LINPUT 'Di yet want a hard copt >\VE

IF UPCL(TtI1,11)="0" THEM 1 If yts then lutpit to plotter

Plog=i

Pltrg105

Pl="HDPGL'

ALPRA OFF

GRAPRICS 0N

6070 Plot
END IF
GRAPHICS OFF
LINPOT 'De yii wish te make an, changes ?', It
IF U2CRYU 1,1))*'Y" THEN GOT0 Interval
IF UPCV:YS$11,in='N' THEN 6010 314
60T0 3101
RETURN !

name



3150

161
3170
3183

3190
3210

J2le
janl
3239

Stire

store lota .n nsc

fHSS STORAGE

LINPOUT
CREATE

ASSIGN
oureur

0uTROT
ASSIGN
RETURN

"Uhat

IS W £ 9121,701, 1"

will the

file be

BDAT Filet,?,1792

PPiie

70 Filet

called

ffile,l N, ViSCositvt Curren't
PFPile,2;Bvbsi:e(l)

Phile

0t

T Filet

Flowt



2240

3251
3260

EVAD
3280

EVAD
3300
33!
3320
3331
3340

Read:1 Read data off disc

HA§s

UNPUT

STORAGE
"Enter

ASSIGN (File

ENTER *F;le,l;N Viscesiti/t, Currents, Flout

IS ':ER9121,718,1

the name
10 Filet

REDIN DotatN) .Dewyth)
ENTER BFili,2;Dot6(1)
ASSIGN ifile
RETURN

§0?
END

10 I

of the

data

file!

ile0



3350

3361
3375

3381
33Vl
311
3411
342]
3438
3441
3458

3468

Digitize:

1 Subnatine to digitize points on the plotter

§UB Digitized,T)
ASSIGN fp 10 708

output 6P USING "K' ;W'
REPEAT
0UT2UT If USING 'R'j'08
ENTER PP

UNTILBIT(S,2) ()1

ourepe!

PP OUSING "£/0D

INTER PP;X,T,P

SUBEND

!

1 Assign an I/0 path to the plotter

12lotter is readoto digitize o point

1Loop entil the 'ENTER' is pressed on the

I plotter.
1 Ask plotter if 'ENTER' has been pressed

1 Receive plotter response.

1Check if 'ENTER' has been pressed-

1Tells plotter to Send itspresent position.

! Enter digitized point (plotter position),

95



Appendix 4 Measuring Viscosity

The viscosity of the electrolytes used was measured using an Ostwalds

Viscometer. The method is outlined below.

1. The Ostwalds Viscometer

An Ostwalds Viscome.er is essentially a U" tube which has one *.imb a
capillary (see figure A 4.1). There is a small bulb at the top of the
capillary into which a volume of liquid is sucked from the buib in the
other limb. The liquid is then allowed to flow down through the capillary,
and the length of time the volume of liquid takes to flow town tne

capillary is measured.

The flow of liquid through a cupillary is described by the Poiseuille

equation:
v . L %S . (1)
where V * volume of liquid passing through the capillary
r =radius of the capillary
t =time taken for V to flow through thecapillary
t - length of the capillary
Yy =viscosity of the 1liquid
P . pressure difference due to thehydrostatic head between

the two liquid levels.



Known Vo lume

ap many

Figure A4 .1 Ostwalds Viscometer



9%

Mow P - pgh (2)

where P density of the liquid

h , difference in height between the two liquid levels

Combining (1) and (2) and solving for u

f£ pghr 3)
u 31v
For a given viscometer, the term ' ,?hr. 1is constant, and equal to k say.

Hence (3) becomes

U = k pt X

In c*der to find k, the viscometer must be calibrated using a liquid or
known density and viscosity. Having found k, the viscosity of a liquid

whose density is known can easily be measured.

1.1 Calibration rf the Cstwa: :3 m-.r-r

Since density and viscosity are functions of temperature, k will a.sc ce
a function of temperature. For this reason it is important to ca”-cratr
a viscometer at the temperature at which the viscosities are to be

measured. The experiments were performed at approximately IS’C, and so

the viscometer was calibrated at this temperature.

Pure water was used to calibrate the viscometer. Perry (19-3) gites:
At 25° C U - 8,904 Y 10”%* kg/ms

P « 997,07 kg/m3



99
The times for the water to flow through the capillary in nine series of
runs are tabulated in table A 4.1 belov

Table A 4.1 Calibration of Ostwalds Viscometer at

Run Time (s)
1 106,8
) 107,0
3 107,1
4 107,2
5 106,9

Che average time of 107,0 s was used. Hence

a 8.904 x 10
pt * 997,07 x i07

k r 8,345 X 10'3 m"/s2

2, Measuring the Electrolyte Viscosity

in order o ensure the tempersture of the electrolyte remained constant

during measurement, the viscometer was suspended In a constant temperature

bath. The system was allowed to stand for a while until the electrolyte

temperature reached the be h temperature. A temperature -f 25* C was

chosen because it was found that after the electrolyte had been under the

spot lights during the experiment, Its temperature was approximately 25“ C.

in calculating the density of the solution the contribution from the
sulphuric acid was Ignored since it was in such a small quantity (18 m<

in 3000 ml). The density of the glycerine/water mixture was calculated



by assuming no volume change on mixing, and hence it is simply the sum

the mass of wacer and glycerine divided by the sum of the volumes, i.e.

$€> * ~glycerine

" v + Vv
HzO glycerine

VH20 JH;0 *~ “glycerine glycerine

VH'?O + vglycerine

The density of the magnesium sulphate/water solution was obtained from

tables in the Handbook of Chemistry and Physics (1976).

The time t was measured several times, and an average was used in

calculating the wviscosity.



Appendix 5 Results

In this appendix a complete set of results iz presented from al. the
experiments performed. The results obtained from the photographs of the
bubbles on the electrode surface are presented first followed by the
results obtained from the movies of the bubbles leaving the electrode
surface. The results from the bubbles on the surface which are presented
here take the form of a computer print out and histogram from the program
presented in appendix 3. The print out gives the electrolyte viscosity,
current and flowrate used during the run, as well as the mean and

standard deviation of the bubble diameters measured as well as the size

of the largest and smallest bubbles measured. The table be.ow this
information gives one fraction of bubbles in the size intervals into which
the bubbles were sorted. The histogram is a graphical presentation of
this table. A normal curve calculated from the mean and standard
deviation of the measured distribution is drawn over the histogram. The
vertical dotted line denotes the position of the mean bubble diameter,

and the bar at the top of the figure denotes plus and minus the standard
deviation from the mean. These results are presented in the following
order: runs using water/sulphuric acid electrolyte, runs using glycerine
in the electrolyte, runs using magnesium sulphate in the electrolyte, runs

using zinc sulphate in the electrolyte.



VIicl I v> r$s'is»u 1 |) I - < ci G Locl ¢

Soluti an viscosity was 0.92 cdntipoi->e
Current wused was 1 amp
The flowrate was 2.0 1/wmin

Mean bubble diameter ! 71,0 9 microns
Standard deviation 3 59¢ microns
Largest bubble diameter = 116.39/ micron
Smallest bubble diameter = 104 microns
TNTERVAL NUNBER INTERVAL RANGE (microns)

15 .1 0r 13

04,13 53 .16

53.16 62.2

62,2 71 .23

80 .20

80 26 89 .29
89,29 98.33
98 ,33

107.3 116.3

o Joy TN R

3.251-

=<

G o

FBoy 00 O

0.05-

Bubble diameter (microns)

Lo <

I

r~ 0

I

102

vV v

FRACTION OF BUBBLES

107

2.85T1E-02

1
1
2
1
1
§
2
4

!
'

2837E-01
T113E-01
288TE-01
85T1E-01
0000E-01
5T14E-02
§5715-102
28575-10

116



rx < 1ocl

103

I *x 1 ¢t~ /i I i r' < »oLw vt o Ly vow
Solution wiscosity was 0 .» c<ntipoise
Current wused was 1 anp
The flowrate was 2 1/nin
Mean bubble diameter g §8,740 micron'.
Standard deviation ¥ J1.08 microns
Largest bubble dianmeter 3 133,001 Microns
Smallest bubble diameter = 46,899 microns
INTERVAL HNUKBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 16,89 60 ,18 9.,2308E8-02
2 60 .18 73,47 1.7692E8-01
3 73, 47 86.76 2.0769E-01
4 66,76 100.0 2.3077TE-101
5 100.0 113.3 1. 8462E-01
6 113.3 126 .6 g.%gggg:%%
7 126.6 - 139.9 '
8 2,3077E-102
0
C
O
0.10h
0.05
60 108 113 127 140 153
Bubb 1 ameter (microns)



Woo,1 v [ o»yu L Louor- 1< <x <roloel «
Solution wiscosity was 0 .%2 centipoise
Current used was ar.p
The flowrate was 1/rtin
Mean bubble diameter = §4.496 microns
Standard deviation - 20,112 microns
Largest bubble diameter = 134,9/5 microns
Smallest Dbubble diameter = 39,991 microns
1 30 .99 53.5%
5 $3 .56 67.12
3 67, 12 (30 .69
4 94 ,26
94 ,26 107 .8
107 .8 121 .4
7 121 4 134.9
i
J3 0.29-
-3
3
J3
0O
0.05
34 67 01 9<
Bubb le diarneter

Gootor-oa

FRACTION OF

138 121

(mi crons )

104

7 W«

BUBBLES

3 .9604E-02
1.5342E-01
2. 4TSLE-01
2.4752E-01
1.7822E-01
T.9208E-02
£ .9508E-02

135



INTERVAL

u I J)liuw - 7

ic Iecl

.>.)1 -Ty wuii 0 .'2 enripot
I wc i omp
ITeij o4 1
NUrtl:: [N! :.Rv'AL RANGE
55,49 66 55
;000 77,6
17 .6 §8 .65
BB .65 99 "1
99 71 -117
i, 'i
121 .B 172.8
132.8 143
?.3dr
a.25
< 19 99 190

3ubb le

diamet e

w Iv v

(Microns)

111

122

."ons

r' o

105

Iy Vvt

FRACTION OF BUBBLES

133

3
1
2.
2.
1
6
4
3

.8095E-02
.8095E-01

0000E-01

3810F.-01

,90482-01
.66672-02
.7617E-02
.80952-02

144



Lo T k! kI v v
Solution wviscosity was 0 cent ipo
Current used was 3 anp
The flowrate was 2 1/nin
Mean bubble diameter = 7 #1 o
Standard deviation “22.565 nve.ro. .
Largest bubble diameter * 180,250 micron
Smallest bubble diameter = 15,17
1 45.17 ~ 58.68
2 50 .68 - 72 .19
3 72 .19 ~ 85 ,69
i 85.69 - 99. z
5 99 .2 - 112.7
6 112 7 - 126.2
7 126 .2 - 139.7
8 139.7 - 153 .2
9 153 .2 - 166 .7
10 166.7 - 180.2
3.30r
0.05
72 86 99 113 126 HO 153
Bubble diameter (.microns)

FRACTION

15"

dl

0F

3.3333E-02
1.38B9E-01
2.3589E-01
2. 110 E -01
1 9444E -01
1, 1667TE-01
3.3333E-02
1 6667E-01
1,11 vIE-ii.
S 555AF-03

180

BUBBLES



Y

Solution

Current
The

INTERVAL

N =

—
O v o o 0w

5

[0)

flownate

rx V otr- / irtu

viscosity
used was 3

NUMBER

0-2b-

0.15-

was 3.

[>1iu ' I <& rx < i O R VA |
was 0.92 centipoit
anp
1/non
INTERVAL RANGE (microngs)
19 .87 60 .56
60.56 T1.25
71 .25 81 .95
81 .95 92.64
92,614 103.3
103.3 114,0
114.0 124.7
124,17 135 /4
135, 4 146.1
146 .1 i<6.n
71 02 93 103 HA4 125 135
Bubble diameter

(microns)

107

r ° 1

FRACTION OF BUBBLES
$.3691E-02
2. 08f.5E -01
2 2148E-01
2,21488-01
1.oo779E-01
£.6930E-02
2 . 6846E-02
2.684065-02
2. C134E-02
6 VIL4E-C3

15?

146
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W LV '/ oa>uw o diop Mouw o Lo o docl ol < vt o LU

Solution viscosity was 0 92 centipoise
Current wused was 3 anp
The DPlowrate was 4,60 1/nin

Mean bubble diameter ~ /3, 4Smicrons
Standard deviation = 17,984 nicrons
Largest bubble diameter = 153.53) microns
Smallest Dbubble diameter = 36.884 microns
INTERVAL NUMBER INTERVAL RANGE (microns) FRRCTION 0F BUBBLES
1 38.88 - 50.54 35552-02
2 50,54 - 62.21 2.50002-01
3 62.21 - 73.87 3.2317E-61
4 73.87 - 85.54 1.7683E-01
5 85.54 - 97,2 7.9268E-02
6 97,72 - 108,09 §.5366E-02
1 108.8 - 120.5 J.0488E-02
8 120.5 - 132.2 1.2195E-02
9 132.2 - 143.8 0.0000E+00
10 143.8 - 155.5 6.097T%E-03
0.35-
0.25!
0. 15
0.10
3.05
62 74 96 97 109 121 132 144 156

Bubble diameter (microns)
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1 . A\l .o
VIfA vv> r' / ibaa L |) T%aj ' i< gL« -G VW W< Voo lyovw
Solution viscosity was 0.92 centipoise
Current wused was 35 anp
The flowrate was 2 1/nin

Mean bubble diameter = 95.0SJ microns
(O A
Smallest bubble diameter = 49,0064 mnicron,
. FRACTION OF BUBBLES
INTERVAL NUMBER INTERVAL RANGE (microns)
5.8442E-02
49 61 .07
X 6? %g 73 .08 § 4410E-02
2 7308 85 1 1, 68832-01
; TR 97. 11 ) A0268-01
4 37 11 109 .1 2. 2078E-01
; 109, 1 121.1 1.55842-01
’ 121'1 1331 1.94812-02
7 1331 145 .1 3 ,04682-02
: ' ' 1.,94812-02
0 145, 1 157, 1
8.25r
r, ?2.1i0-
109 121 133 145 157

Bubble diameter (microns)



o<xv o' X o«u o Lp iuor' L ci < icl
Solution viscosity was 0.02 cent ipoise
Current used was 5 anmp
The flowrate was 3.75 1/min
Mean bubble diameter "3 60 microns
Standard deviation ~ BCr0microns
Largest bubble diameter ~ 125,832 microns
Smallest bubble dlame ter * 57.657 micr.ns
INTERVAL NUMBER INTERVAL RANGE (microns)
1 57.65 64 .47
2 01 47 71 .29
3 7 -.29 78.11
4 70, 11 84.92
5 §4 .92 91 .74
6 91 .74 98.56
7 99 .5% 105.3
8 105.3 112.2
9 112.2
10 119,70 125.8
a.30r
3.35r
M
U
D -
& 0.20
3
J3
Jek
o 0. 15-
1/ \
C
0 \
>
0 0. 1
1€
L
1.
0.05-
0.0P-$ 64 71 78 95 92
Bubble diameter

v L v oc

105 112

(microns)

Vi O

FRACTION OF

110

L'V v

BUBBLES

9 T7826E-02
oe“uE-oi
6304E-01
06S2E-01
1130E-01
1130E-01
5 43468-02
5 ,43488-02
1,08'7T0E-102
©,1739E-02

= PN e

119 126



W o v.r-/ 3u Lp H u

Solution Viscosity was
Current wused was 5 amp

r- 1 <o

at <

X cl e

.92 centipoise

The flowrate was 3.75 1/min

Mean bubble diameter
Standard deviation

83.670microns
14,9 mnicrons
25.
57.

Largest bubble diameter s 1 839 nicrons
Smallest bubble diameter = 657 microns
INTERVAL NUMBER INTERVAL RANGE (microns)
1 57,065 b4 47
2 bd 47 71 .29
3 71 .29 18, 11
4 78.11 §4 .92
5 84,92 91,714
6 91 .74 93.56
7 98.56 105.3
9 105.3 112.2
4 112.2
10 119.0 125.8
3.25
-Q
J3.
Y
%
1
u.
5 92 99
Bubta 1 ameter

110

ER A LS

FRACTION OF BUBBLES

9.7826E-02
1.o0e”us-oi
1.630/2-01
2, 0652E-01
1 . 4130E-C1
1.A130E-01
5. 4348E-02
5.0348E8 -02
1 .0870E-102
2.1739E-02

12 113 126

(microns)



I

W oci vvr / <»»u Lp Iturs i cx <rodocl vy Lw e ""rto My I oex

Solution wviscosity was 0.92 centi,noise
Current used was 3 anp
The flowrate was 4,60 1/min

Mean bubble diameter = 67,709 microns
Standard deviation - 15,380 microns
Largest bubble diameter ~ 126,325 microns
Smallest bubble diameter = 799 microns
INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 43,79 - 52,05 1.2963E-01
2 52.05 -60,3 1.9444E-01
3 60.3 - 613,55 2.77T73E-01
4 68,55 - 76.8 1.4815E-01
5 T6.8 - 85,06 9,25932-102
b §5.06 - 93.31 9,2593E-02
] 93.31 - 101.5 3.7037E-102
8 101.5 -109.8 1.8519E-102
9 109.8 - 118.0 0.0000E400
10 118.0 -126.3 9,2593E-03
- I
|74
o 0.15-
C
O
v
L
u.
0.05
60 69 77 95 93 102 110 119 129

Bubble diameter (microns)
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vy« iy K*
w or, I« r-/ wvou :L1>I,u 1" J-<"
s.lu,..n visc.,1,, 0.92 cen,ipoic

" rniuri ‘i

66.269 microns
Henn bubble diameter 17,845 microns
Standard deviation 140.270 microns
Largest bubble diameter a1 , 714 microns
Smallest bubble diameter

FRACTION OF BUBBLEY
NTERVAL NUMBER

3 .16678-01
1 .71 54,03 2. 6667E-01
L $4 .03 66 .35 1 .83338-101
2 66 .35 78 .67 1.5000E-0"
3 78 .61 50 .99 6 66671E-02
4 90 .99 103. 3 0.0000EtOO
5 103.3 115,60 C.0000E400
6 115.6 127.9 1.6667E-02
7 127.9 140.2
8
)
X a.2:
3
0
C
" os
< 0.10-
u.
0.05
91 103 us 140

Bubble ameter Inml1cron ¢



c oIl Cr G iy<:« in « I
Solution wviscosity was 1.00 centipoise
Current wused was 1 amp
The flowrate was 2.0 1/nin
Mean bubble diameter = nicrons
Standard deviation “17.52% microns
Largest bubble diameter - 130.7/6 microns
Smallest bubble diameter = 57,763 microns
1 57.76 66. 89
> 66,89 76.01
3 76.01 §5.114
4 §5. & 94 .26
5 94 .26 103.3
6 103.3 - 11
7 112.5 121 .6
8 121.6 130 .7
0,251-
Y
U
J3
D
a
(o]
o
W3 iev
hie
0.0»n— -
58

Bubble

diameter

h)

(microns)

<t

ANNONMNDNR B

113

FRACTION OF BUBBLES

.4000E-01
.8000E-01
.2000E-01
.4000E-01
.000GE-02
. OOOOE-Q2
. ODOOE-02
. 0000F.-02



c: on <& . o (' <J o V Q' r' *n V" 1 1*='"

Solution wviscosity was 1.24
Current used was 1 anp
The flowrate was 2.0 L1/Nin

cent ipoise

:'TIS :EE

CNTIRVAL NUNBER INTERVAL RANGE (microns)
) 19.39 - 51.55
2 ST .55 - 060.72
60.72 - 69.88
j 69.88 - T9.04
79 .04 - 88.21
5 - 97,37
88 .21 :
76 97,37 - 106.5
106.5 - 119.7
° 115,7 - 124,38
7 1 Lo 1140
10
% 0.15k
J3
43
"t k,— 1, "7

Bubble diameter (microns,

FRACT
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5.0338E-02
1.5493E-01
1.54738-01
1 .1268F.-01
1. 400SE-01
1,4085E -01
9.8592E--02
§.4507E-02
§.22542-102
1. 4085E-02
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c; on <: o fx <j Iy <: r' lLri«> IR 1.~ v K<j/ 3
Solution wiscosity was 1.62 centipoise
Current used was 1 amp
The t'lowrate was 2.0 1/min
Mean bubble diameter * 76.208 microns
Standard deviation 3 15,120 microns
Larges bubble diameter & 114,81 7microns
Smallest bubble diameter - 44,651 microns
INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 4,65 - 52 44 £,0000E-02
2 52,44 - 60,214 1A4000E-01
3 60.24 - 68.03 9.0000E-02
4 68.03 - 75.33 2.,2000E-01
5 75.33 - 33,63 1.9000E-01
6 §3.63 - 91.42 1.2000E-01
91.42 - 99,22 1.300CE-01
3 99.22 - 107.0 £,0000E-02
107.0 - 114,38 3.0000E-02
n
)
" 0-20-
3
_O
o 0.15
0.05
107 115
Bubble diameter (microns)



lut Y ycosity was L HEO0 ent.,; L
uee n* ::sed was 1 anp

, 1 wre V'p was 2.0 1 wil

! j."iobie dione 161N 3 .3BB MiLfons
‘arvtard deviation 13208 nicrons
jrcjest bobble diameter 110 0399 microns
'ma ilest bubble diameter o0 947 microns
NTERVAL NUMBER INTERVAL RANGE <microns) FRACTION OF 9UBBLES
1 SO .84 59.33 1.219EE-01
S9.3s 67.86 2. 4390E-01
3 67. 06 76 .36 2. 19S1E-01
4 76 .36 84.87 2.3171E-01
84 .87 93.38 1.0976E-0O1
93 .38 101.8 4.3780E-02
101.3 110.3 2.4390E-02
u
a
—-a
3
a
O
C
@)
&>
b
v
u.
.05~
102 110

Bubble diameter (microns)
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Solution wviscosity was 2 97 centipoi
Current wused was 1 amp
The Flowrate was 2.0 1/nmir

Mean bubble diameter = 72.742 micron ,

Standard deviation - 12,537 microns

Largest bubble diameter = 108.170 microns

Smallest bubble diameter = 50.633 microns

INTERVAL NUMBER INTERVAL RANGE (microngs) FRACTION '"J DbuBBL
1 50.63 57. 02 . 1967: 02
2 57, 02 63 .41 14752-0
3 69 .81 2 13iiE-L
4 69 .61 459HE 0
5 76,2 82. 59 . 63932-0.
6 82.59 88 .99 b 5574E-01L
1 §9 .99 95.38 $.9130E-02
8 95, 33 1017 4,9180E-02
9 int ? <no 1 1 S393E-':

o 3.15-

Bubb 1 ameter mecrons s
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f;; o 11 <z . o f' cj Loy tit r~ i n tt Y:) "X 9 kg / ~ 3

Solution viscosity was $.8 centipoise
Currant used was 0.5 amp
The flowrate was 1.18 1/min

Mean bubble diameter ~ 0.204 microns
Standard deviation = 18 685 microns
Largest bubble diameter ~ 150,726 microns
Smallest bubble diameter = 39,079 micron
INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 39,07 - 50,24 1.2907E-01
2 50 .24 - 61,4 2. 1192E8-01
3 61 .4 - 12,51 2.4503E-01
4 72.57 - 33.73 1.9868E-01
5 §3.73 - 94,9 1.2583E-01
6 94 .9 - 106.0 5.2980F.-02
7 106.0 - 117.2 6,06225E-03
8 117.2 - 128.3 6., 6225E-03
9 128.3 - 139.5 0 ,OOOOE +00
10 139 5 - 150.7 1,324bE-02
0.25r
0.05
106 117 HO 151

Bubble diameter (microns)



Solution wviscosity was 5.0 cent Lpoise
Current wused was 0.5 a«p
The flowrate was 2.0 I/nin

Mean bubble diameter - "0.BSO micron.
Standard deviation = 21.273 micron,
Largest jubble diameter - 145,-1- micron
Smallest bubble diameter - 37350 microns
INTERVAL NUKBER INTERVAL RANGE (microns] FRACTION OF BUBBLES
1 37,35 49 .39 1 .5385E-01
2 £9.39 61 .43 2.1538E-01
3 61 .43 73,47 2.6923E-01
4 13. 47 35,01 1.61545—0%
5 85.51 97.59 9 .2208c- |
6 97.55 109.5 5 ,3246E-02
7 121 .6 3.0769E-02
0.0000E+06
121 .6 133.6
? 133.6 145,717 2.3077E-02
B. Ow= 61 13 86 38 110 122 134 MG

Bubble diameter (microns)



Ci o @t < o P Ly <iwor-
"Solution wviscosity was 5.8 cen
Currant wused was anp
The flourate was 1/niu
Mean bubble diameter Y08
Standard deviation ~ 21
Largest bubble diameter = 161
Smallest bubble diameter = 33
INTERVAL NUMBER INTERVAL R
1 33.11
2 17, 42
3 61 73
! T6. 03
5 90 .34
6 104 6
7 118.9
8 133.2
9 147, 5
3.38-
0.1t- /
0.08-
62 76
Bubb 1le

L11 v

tipoise

398
14
880
1L

ANGE

47, 42
61.73
76, 03
90 ,34
104 6
118
133
147
161

920 105

djameter

nicrons
nmicrons
microns
microns

(microns)

119 133

(microns)

FRACTION OF

120

,5232.>01
5823"-01

1
2
2.90012-01
1.
1
4
1
0
b

J*0T2%01

94T02-02

6338E -02

C9808E-02
. 0000Et-00
L 02232-03

162

BUBBLES
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Groori <. =P ¢y o« o0 ow >y ey oo

Solution wviscosity was 5.8 centipoise
Currant wused was 1 amp
The flowrate was 1.18 1/nin

Mean bubble diameter * 69.778 microns
Standard deviation " 19,652 microns
Largest bubble diameter = 12s'.65j microns
Smallest bubole diameter = 57 146 microns
INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 37, 14 48,7 1 .3287E-01
2 ig, " 2., 0280E-01
5 60 .27 71 .33 2.5175E-01
4 71 .83 §3 .39 2.2373E-01
5 §3.39 94 .96 g.z%ffg-gf
6 94 .96 106,5 . -
7 106.5 118.0 3 4965E-102
9 118.0 129.%6 2.7972E8-02
3.25-
0
3
I3
a
c
0
u.
0.35
118 130

Bubble diameter (microns)



, noo<u

Solution
Current

Smalles

INTERVAL

ul w N

0 g

S

o T <, y ¢ « r-

in v, -

viscosity was $.3 centipoire
used was 1 anp
The flowrate was 3.0 1i/Min

NUMBER INTERVAL

32.97
15,16
57.35
69,55
31,74
73,93
106.1
ain i

s

-3

%% 3.201-

_O

0 0,15

Cc

0

% 0.10-

0.05-
57
Bubble

HS:. I 1 BE

bubble diameter =

% N < o« AN

RANGE (microns)

| 1
- —1 U1 o
CnGo P o H= o O o

© OO oy U W=
o — o o —1 o

— oo o -

70 02

diameter

94 108

(microns)
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FRACTION OF BUBBLES
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1
2
2
1
9
3
1
2

21T9E-01
O000E-01
.56 UE-01
L9231E-01
L01545-02
LBLE02E-02
L9231E-02
CO04TE-(02

131
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Solution viscosity was 5 82 cent ipoise
Current used was 1 omp
The fiewrate was 2.0 I/min

IIT EE

: FRACTION OF BUBBLES
INTERVAL NUMBER INTERVAL RANGE (Microngs)
1. 6901E-01
51 .35
! el 65 69 3.38038-01
2 b ' ). 53528-01
65,62 80 .03
! 94 137 1.97162-01
4 94 .37 108, 7 21452;&85
° 108, 7 123 .0 CU169E-
_{
0. 35r
M
47
3
J3
a 0.27
4
0. 15
u
to
0.05
51 66 83 94 109 123

Bubb’e diameter (microns)
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(0 11 . o P 1y «r" oiw " ovewg KA g w3
g

Solution viscosity was 1,3 cent ipoise
Current used was 1 anp
The f Iowrate was 2,90 1/Min

hean bubble diameter L 86 microns
Standard deviation SR Y K microns
Largest bubble diameter 3 128.01* microns
Smallest bubble diameter 3 27.779 microns

INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 27,17 - 371.89 1.3245E-02
2 37.89 - 48 i .3907E-01
3 19 - 58 .11 2. 0830E-01

2.18548-01
4 53,11 - 68,23
s 68,23 478,34 %.31327}3-0011
78.34 - 38.43 :

6 -
7 88.45 - 98.57 5.9338E-02
8 98 37 - 108.¢6 2.6490E-02
9 108, 6 - 1187 1.9868E-02
in 118.7 - 128.9 1.9368E-02

-90.20-

00. 15r

3.00

28 30

Bubble diameter (microns)
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, r -1 dy B - "

Solution v Iscos 1ltv was 5.3
Current wused was 1l.r amp
rhyy flour ate was 1.18 1/'Mln

cent tpoi e

i s s S , i I s 1 s
, FRACTION OF BUBBLES
INTERVAL NUKBER INTERVAL RANGE nmicrons)
8.27078-02
1 33T - gégé 1. 6S418-01
L de.87 - 99 2. L060E-01
3 RN 1.5739E8-01
66.94 - 17 .99
4 19y v 89 05 1,35348-01
5 : 0 1.20308-01
6 7905 - 6win§98-102
100.1 - 111.1 :
21 1.5033F-02
? 09 - 131 1, S038E8-02
0.30F -1
0. :e-
u.
0.05
55 67 70 89 100 111 122 133

Bubble diameter (microns)
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Solution viscosity was 5.3 centxpoise
Current used was anp
The flowrate was 1/nin
Mean bubble diameter 69.37*1 microns
Standard deviation 20 .062 micron-
Larnest bubble diameter 129,406 microns
Smallest bubble diameter 31 574 microns
INTERVAL NUMBER INTERVAL RANGE (microns)
1 31 .57 43 .8
© 13 .3 56.03
3 56 .03 63 .26
4 80 .49
5 §0 ,49 92.71
6 92.71 104.9
T 104.9
B 117.1 129,14
v
u
a
C
0
0%
44 56 68 80 93 105
Bubble diameter (microns)

FRACTION

IT?

129

OF BUBBLES
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o f! ¢ Ly <y~ inow Vo> ! B<y/ v *3

viscosity was 5,0 centipo isa
sed was 1.5 anmp

The flowrate was 2.90 1/nn

Mean bubble diameter x 69,234 nicrons
Standard deviation = 22,348 nicrons
Largest bubble diameter = 150,069 microns
Smallest bubble diameter = 33,961 microns
INTERVAL NUMBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
1 33,96 - 46,060 1,37407-01
2 16.36 - 59,76 2 51917-01
3 59,76 - 72,66 2 §191E-11
4 72,66 - 85.560 1 14502-¢C1
5 §5.56 ~ 98.14%6 i 14502-01
6 98.46 - 111.3 33969'-062
7 111.3 - 124,72 3 0534L-62
8 124,2 - 137.1 T 6336E-03
? 137.1 - 150,0 7 6336E-03
0.25H
v
J3
3
J3
o 0.15-
C
0
0.05
86 98 111 124 137 150

Bubble ameter (microns)
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<ii M c st
Esoiotion Jeity was 1 *12 can pci
Current used was 1.0 amp
The fliwra* B w is 0 1/nm
hean budoie diafie Xtr - 72,627 micron
Standard deviation 3 15.636 microns
Largest bubble diameter - 100.216 micron
Smallest bubble liameter ~ 40 63"~ micron,
INTERVAL NUMBER INTERVAL RANGE (microns FRACTION OF BUBBLES
1 £0 .63 £8.83 i-?ig;;-ﬁ%i
£3,83 - 571 03 1 -
2 1
a 65.23 - 13 42 2.53106E-01
73,42 - §1.%62 1.3190E-01
-89 1.39248-01
6 39.82 - 9' 6.3291E‘02
98 01 - | §.8608E-02
ol

Rubb 1 ameter (microns)
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&P ey Sow Lylirx I ow. c20 1< < i
Solut ifon viscosity was 2.07 cent ipoisd
Current wused was 1.0 anmp
The flowrate was 2.0 1/min
hean bubble diameter = 1.1.5CTmicron:,
Standard deviation - 14,2%cmicron’
Largest bubble diameter - 113,904 micron
Smallest bubble diameter = 42 426 micr on-=
INTERVAL NUMBER INTERVAL RANGE (microns j rkii N
1 12,42 - §$2.673 1 "66E~
2 52.63 - 02.E1 v 2766¢c-
3 62.84 - 73,05 2.7660E-(
T 73,05 - §3 27 - 55328-1, -
5 §3.271 - 93,48 1 7021E--£7
93.48 - 103.6 1 .0000E+0
7 103.6 - 113.9 4.28538-01L
0.25r
v
JJ
O
3
J3
0.15-
c
O
, 0.10
19
L
1.
0.05-
104 1M
Bubble diameter 'microns'



on . . MC » U XP » « J« -
Solution wviscosity was 2. cisnt ipoisd
Current wused was 1.0 anmp
The flowrate was 2.0 1/win
Mean bubble diameter 67.870 microns
Standard deviation LL.26l microns
Largest bubble diameter 92.552 microns
Smallest bubble diameter 38,218 microns
INTERVAL NUKBER INTERVAL RANGE (microns)
1 38.21 47,27
5 17,27 56.32
3 56 .32 65.38
! 65.38 T4 4
5 74 .44
6 83 .49 92.955
3.48§
3.35
g  3.30-
0.25
C
C
0
0.15
io
L 0.10F
U_
3.05
Bubble diameter

S» °

FRACTION

(microns)

k «

130
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3, « - . oI M< muXPh « ««
Solution viscosity was 3.17 centipoipti

Current used was 1.0 anp
The flowrate was 2.00 1/ni.n

. .1SEES

Smallest bubble diameter = 10,306 microns
INTERVAL NUMBER INTERVAL RANGE (microng)
) 16,3 60 .03
2 60 .03
s 73 .77 §7.5
| 87 .5 101.2
5 101.2
114.9 12§.7
’ 128 7 142 ¢
8 142,14 156.1
v
J3
-3
X)
(o]
(@]
x>
1.
is]
1.
u_
8.00"
68 74 88 101 115

4y O

129

Bubble diameter (microns)

<

131

[« ~ 3

FRACTION OF BUBBLES

142

o R NCY YN

w o

2500E8-01
250 0E-01
JIT6TE-Q 1
LI1500E-T1
. 50005-101
L SC6:C-02
.ulu'. E+UC
. 33332-03

156
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o n <: o rzil i1>c: « >
Solution viscosity was centipois”
Current used was a*xp
The flowrate was 1/nn
Mean Dbubble diameter = 33.,8"6 microns
Standard deviation =170 microns
Largest bubble diamerer = 146,850 microns
Smallest bubble diameter B 52.506 microns
INTERVAL NUMBER INTERVAL RANUE (microngs)
1 52.57 63. 05
2 63.05 13.952
3 73.52 84
I 84 94 .47
5 94 4T 1049
‘ 104.9 115.4
7 115.4 125.9
%; 125.9 - 136.3
-5 0.23-
0. 10-
u.
94 105 115 126
Bubble ameter (microns)

1 P I> "

1
I
2
2.
1.
6
2
1
3

132

« WA "lU A

BUBBLES
y LA9EE-01

124815-01
JA3VE-CL

147
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lau ¥ ;>1111-VYV, 3 y 1< <1 '3
Solution viscosity was 1.06 con.ipoiso
Current used was 1.G anp
The flowrate was 2.00 1/nm
Mean bubble diameter 74.626 m}crons
. . 13.893 microns
Standard deviation .
s 106.594 microns
Largest bubble diameter 37.940 \
Smallest bubble diameter = : microns
FRACTION OF BUBBLES
INTERVAL NUMBER INTERVAL RANGE“"mcrons)
37 94 44 8 1.2346E-02
1 ! 51 .67 3.7037F-02
2 b : 9 .9765E-02
3 51.67  93.93 8.6420E -02
. 58.53 65 .4 1.7284E-01
_ 65. 4 72 .26 2,2222E-01
" 12,26 79 .13 1.8519E-01
] 79.13  85.99 8.6420E-02
85.99 92 .86 6. 1728E-02
s 92,86 99,72
in 99 .72 106.5
0.25H
o 0.Ibr
r; 0.10-
0.051-
100 10?

Bubble diameter (microns)



° ( z Lo < <Bu L Iln 1w
Solution wviscosity was 1 14 centipoise
Current wused was 1.0 anp
The flowrate was 2.00 1/mn
Mean bubble diameter 71,940 m%crons
Standard deviation 12,773 microns
Largest bubble diameter I12.314 microns
Smallest bubble diameter £6.459 microns
1 4o .45 54 .69
2 54 69 62.92
3 62.92 1 .13
4 71 .15 79 .30
5 79.38 87 .61
6 87 .61 95 .85
: 95.35  104,0
8 104,70 112.3
M
u
3.20-
o 0.15r
c
o
0.10-
0.05
Bubble diameter

FRACTION OF

(microns)

§
2
2
1
1
§
0
1
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23333E-02

0000E-01
C5333E-01
2 3333E-01
.S000E-01

233337-102

00Q0E+00
L0006 TE-D2

112

BUBBLES
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Solution wviscosity was 2.2 cdntipoise
Current wused was 1.0 anmnp
The flowrate was 2.00 1/Min
Mean bubble diameter = "3.833 micron.
Standard deviation = AN oe3S9 microns
Largest bubble diameter = 139.69- micron”
Smallest bubble diameter = 48,748 microns
NTTRUAL NUNBER INTERVAL RANGE (microns) FRACTION OF BUBBLES
. 18 .74 - 57.01 11 474709772'_%11
2 57.01 - 65.28 2 233/1-01
3 65.28 - 73.55 1.71572-01
! 73 .55 - 81.81 1 1E647-01
s 81 .81 - 90.08 1.01692-01
6 90 .08 - 98.35 '
: £ .2373E-102
7 98.35 106.6
1 S 114 g D .0000E +00
8 06.6 : '
114.8 - 123.1 8 LTL6E-03
\Y% . '
- 1314 0 .O0000E+00
10 123.1 ' 2 474AF -0}
11 131.4 - 139.6
3,25
o 3.15F
u.
0.05-
55 74 82 90 98 10°? 115 123 131 140
Bubble diameter (microns)

135



C ov, <: . o 2 Jn c ito X P h « t *
Solution wviscosity was 2.5 centipoise
Current used was 1.0 anmp
The flowrate was 2.00 1/Min
Mean bubble diameter = 7,184 nmnicrons
[ [ J e — *
EFHENnh::. =—s*. .
INTERVAL NUMBER INTERVAL RANGE (microns)
1 51 .73 - 61,171
2 61,71 - T1.7
3 11,17 - 81,69
n 31069 - 91,67
5 91,67 - 101.¢6
0.25
v
J3
3
_LJ
0.15
Cc
o
>
U,
H
@
u.
0.03
Bubble diameter

136

mnn LI ]

/An3

FRACTION OF BUBBLES

2.8000E-01
2.5000E-01
2. .5000E-G1
1.230065-01
4

-scnnE-ni

102

(microns)
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The results obtained from measuring the bubbles leaving the electrode
surface are tabulated .n table A 5.1 below. These results were all

obtained using a flowrate of 2,00 £/min and a current of 1,0 A.

Table A 5.1 Measurements of Bubble Sizes Leaving the Surface

T

Concentration of Viscosity Mean Bubble Diameter Standard Deviation
glycerine or of Bubble Diameters
MgSCH

(kg/m3) (CP) () (um)
0,92 127 37

36,7 kg/m3glycerine 1,00 112 40
36,7 kg/mGlycerine 1,50 95 41
332 kg/m3 glycerine 2,40 90 33
386 kg/m3 glycerine 3,00 89 33
150 kg/m’ MgSOu 1,44 114 40
280 kg/m3 McSOt 2,07 105 41
350 kg/m3 MgSO- 2,54 99 31

Histograms showing the distribution of the above runs are now presented.
When results are available from the runs measuring bubble sizes on the
electrode surface, the two distributions are superimposed on the same set
of axes. The bold bars represent the bubbles leaving the surrace while

the hatched bars represent the bubbles on the surface.



C on e : . o ' z .tn e i» o J. P ' <» V « cC<!» 3 u y / M - a
Solution viscosity was 5.0 centipoise
Current wused was 1.0 anp
The flowraie was 2.00 1/nin
Mean bubble diameter = 67,498 nicrons
Standard deviation " 6 .629 microns
Largest bubble diameter = 80 .18" microns
Smallest bubble diameter = 58 -392 microns
‘ FRACTION OF BUBBLES
50,39 - 57 94 10?;2}3%%
57.94 - §3.5 L3 TE9E-
2 ) 3 ,6842E-01
63.5 69.06
> 69.06 - 14 6 PoBIlGE-01
4 ' 1.0526E-01
74,62 - 80.18 '
0.35

0.25k

&Sul)olo GN

0.20k

o

0.10"

0.00L

Bubble diameter (microns)
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Fraction Of Bubbles
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c3
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nj
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336  kg/m'
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(microns)
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Fraction Of Bubbles

(33

N~

CS

Bubble

Diameter

(microns)
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Appendix 6 Measuring the Current Density

Kasper (1940) showed that the current distribution over a plane electrode,

when the opposing electrode is a line electrode is:

where i * the current density on the plane electrode, a distance

r from the line electrode

a = perpendicular distance between the line and plane
electrodes
I, = current per unit length of the line electrode.

Figure A 6.1 is a pictorial representation of the sysram when viewed

from above.

Area photographed
Plane electrode

\

r\ a

:.Ine electrode

Figure A 6.1 The Line and Plane Electrode System described by Equation 1
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Inherent in equation (1) is the assumption that the current density does

not vary in the direction parallel to the line electrode.

For the system used in the experiments it was assumed that because the
anode was so narrow compared to the cathode, the current densities could

be calculated by equation (l1). For the experiments:

a = 31 mm
length of the anode = 1lengthof line electrode = 88 mm
r = position where photographswere taken, relative

to the anode W 60 mm

33 x 10~3 1/88 x 10"3
Hence 1 * —, ,60 x M-"'r '

i * 33 1 A/m2

where I = measured current.
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Appendix 7 Soiv ng the Population Balance

In the analysis section, section 5, it was shown that the population

balance reduces to

00

g6 1""2 f£(1)dl da)

n»jtz]i‘pm} ﬁ'
o

30

2£ 18n - - f # — It""3 fuldt (1b)

Depending on whether the rate of bubble growth is taken <o -e

u(t) * ("a;

or u(£) - - (Zb) respectivly.

A computer program was written to perform these calculations.

The integrals on the right hand side of equations (la) and (1b) vere

evaluated using a Simpsons rule integration. The bubble diameters

measured on the electrode surface were sorted into an odd number of size

intervals. The fraction of bubbles in each interval, f (£) * was then

Qlailated by dividing the number of bubbles in each interval by the

total number of bubbles measured (subroutine "Interval"). The value of

n-2
the integrand could then be evaluate by multiplying £f(t) by t ox

1n’ # depending on whether equation (la) or (1b) is being used, where t

is the bubble diameter at the mid point of the respective interval, and
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n is the order of the moment being considered (lines 1080 - 1110).

Hence:

J! p(l)cZ =y :p..+ 42+ 38+ LOl. .+ @n_3+23n_2>4pm-1 + ?n

Where p(*) is the integrand of equation (la) or (1b)

h = interval length
P = wvalue of the integrand in theV 2Zinterval
m number of intervals (m must be an odd number)

Having evaluated the integral (subroutine "Integrate"), gé6n can be evaluated
from (la) or (1b) (lines 1130 - 1140) since the constants in front of the

integral are known quantities (I is simply the mean of lubble sizes on -.e

surface) .

Having evaluated giS , an assumption about the distribution leaving -he
surface is made. Either a normal or a gamma distribution can be assumed.
The parameters of the required distributions are then evaluated and the
moments of this distribution can be calculated (lines 1290 - 1560) as
outlined in appendix 2. The results are printed out in subroutine 'Output".
The results are presented in section 4. Sample print outs are presented
after the program listing. These samples show the output of the program
when first a normal and then a gamma distribution is assumed and either
equation (2a) or (2b) is used to describe the rate of bubble growth. The

results are all for the same run.
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n is the order of the moment being considered (lines 1080 - 1110).

Hence:
£ p(£)df = y jPi + 4p2 + 1P3 + 4pi» > ... + 4Pm_3 4'2?m-2 * 4pm-1 + ?m
0 L

Where p(f) is the integrand of equaM-w <la) or <b)
h * in" erval leng.
p- MW value of the integrand in theithinterval

m * number of intervals (m must be an odd number)

Having evaluated the integral (subroutine "Integrate"), gS* can be evaluated
from (la) or (1b) (lines 1130 - 1140) sin-e the constants in front of the

integral are known quantities (Z is simply the mean of bubble sizes on -he

surface) .
Having evaluated an assumption about the distribution leaving the
surface is made. Either a normal or a gamma distribution can be assumed.

The parameters of the required distributions are then evaluated and the
moments of this distribution can be calculated (lines 1290 - 1560) at?
outlined in appendix 2. The results are printed out in subroutine "Output".
The resul' ; are presented in section 4. Sample print outs are presented
after the program listing. These samples show the output of the program
when first a normal and then a gamma distribution is assumed and either
equation (2a) or (2b) is used to describe the rate of bubble growth. The

results are all for the same run.
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11 1 Program to caicatate t'e moments 3t in* uibtriontions af. | te
21 " bubbles on and leaving tht electrodt suffice,

51 The parameters k.a and § m tht population belnnce are also

4| evaluate-' Allowance is mode for the assumption of & -.rig;

§i or a gemma distribution of bubbles leaving the electrode

si surface. The neccesorv changes in the program to allow for

1< these qssump:tons are shown in lines 1430-1560,3620 § 368Q-3660

80 e R

)4 CONTROL 1,12)1 Switch 1ff keys,

100 GRAPHICS Off

tlo 007207 2 USING 't K; IK' 1 Clear the screen

120 60SU5 Read 1 lead in th. bubble diameters on the electrode su'-'ace
130 GCLEAL

id]  Flag=0

150 ?ltr=3 Defines plotter position

Lbi  Pts'INTERNiM.* Defines plotter type

00 Pratr=l Defines printer position

130 PRINTER IS Prntr
190 PLOTTER I§ Pltr 7?8

208 GCLEAR
0 GINIT
L 'Udgr 2708186 "* (' e CLEAR SCREEN

VAE HE IEAN BBIE TIMHR N THE HEORDE IRAE

40 to) 1 Necn=mean bubble diameter
2P oceaf/t

240 CALCULATE THE STANDARD DEVIATION OF T * BUBBLE DIAMNETERS

270 §AT Dommv* Mean)-Data

286 HAT Dummy= Dumnmy Dummy

90 Stodet:SUN(Dumnyl 1 Stddewsstandard devia'ion :» bwbbk diameters

300 Stddet:S3R(Stdden/ N-D]

310 PRINT USING 320;Nean,Stddev

320 INAGE 'Mean J \DDD ODD,' microms',/, ‘Standard deviation " DDD 0DD," microms'
330 Smallest*MINi.a'a(t)) 1Smallest-smallest bobble diameter

340 Llorqest:«AX(Datail)) Largest 'largest Dbuable diameter

180 PRINT USING 360 jargest, Smallest
360 IMAGE | 'The largest bubble is \DD6.0D ' microns' /,'The smallest bubble is ', DDD.0D,' microns'
378 60 T0 SUBROUTINE 'Interval 70 SORT THE BUBBLE DIAMETERS INTO INTERVALS

340 Interval call CALi Intervol(W,Data(d Interval(I),Divno.Divlen,Largest,Smallest) 1

390 160 T0 SUBROUTINE 'Prinmt 0 DISPLAY THE INTERVALS ON THE SCREEN

400 Print call: CALL Print (Viscosity*,Current8 Flow* Pratr N -qest,8mallest,Dim, Diulen, Mean,Stddev, Interiald i
411 IF Pratr«7lt THEN 2lot coll ' since the no of intern; has been decided
120 0

430 IN2OT "Do yeu wish to change the number of intervals)', t*
44) IF URPCH*(Y*I1, 11)="Y" THEN

180 GOTO Interval coll and ort into inew no. of interval
460 ELSE

{1 fr=r

436 INPUT 'Do you wantto print thetesult§v, NS

493 IF {JPCH(NLILl . m-"Y" THEN

09 fratr:701

GOTO Prim' call  and jr.it e i . an 'he external printer



520
531

543
§51

560

513

580
590
600
610
621
631
0il
650
iol
(!
681
693
100
111
120

! SUBROUTINE

Pint
00

It

END IF
END IF i

"PillY

colI1;CAIL PIRt(Pltr Pt ,FPil«* Divno,Diil(n, Largest,smallts”

TR0l

-

"Flit' DRANWS A
! 0N THE ELECTRODE SURFACE

IN APRENDIK 2.

2 USING
IF ritr=705 THEN Fitjng

HISTOGRAM 0f THE BUBBLEDIAMETERS

THIS ISTHE SAME

1 CLEAR SCREEN

INPUT "Do yo» wisd to moke any changes?',!*
I J2CtiTllt, 1] )=,i" THEN
§070 Interval

ELSE

ENl

“$=||
INPOT

"De

yoi

call 1 to change the number it

want ihard

IT UPCS(NEIL,11)="1" THEN

Pl'r=195
PS HPGL

GOTO Plot_call 1 to pit

END IF

I7

1

copy?’

the histogran on

"tereah

the plotter

HEASURED

ROUTINE ASSUBROUTINE

Wean.Stddet



520 END IF
531 END IF !

540 | SUBROU'iINE 'Plit' DRAWS A HISTOGRAM3f THE BUBBLEDIAMETERS  MEASURED
§51 ! ON TtC ELECTRODE SURFACE. THIS ISTHE  SAMEROUTINE ASSUBROUTINE
568 P'RUE" IN APPENDIX 2.

570 pitt call'.CALL PIMtPltr S File«, 90Unf Diilen, L<irqest, Sn<illest Nean Stddei, Interval (t>, N)

580 OUTPOT 2 USING 0, K*;'l1K* ' CLEAR SCREEN
590 IF Pltr=10§ THEN Fitjrtg

600 ygHtt

610 INPUT Do yoe wiih to make any changes?' !*
§21 TP JRCH(YS(1,11)='Y' THEN

630 6070 Interval call 1 to change tht number of intervals,
0o 0 ELSE

650 Ns="

601 INPOT 'Do yit want ahard copy?' Nt

671 IF 'JPCS(NS1L,11)="Y" THEN

680 Pltr=785

§93 PS-'HRGL!

108 6070 PUt.call ! to plot the histogram on the plotter.

110 END IT
720 END IF !
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Fit prog: ' Start of the nmoments calculation,

T4l CONTROL 1,12;1
780  Pratrtl ! This wvariable defines theprinter location as the screen.
761  GRAPHICS OFF
170 O0UTRPUT 2 USING §,R";IK' I Clearsalpha screen.
781 Rate flagl! IThisvariable will define which rate eqectin is used.
m FOR 1=1 107 1This loop will
990 OftKEY I GOSUBDummy Iswitch off the soft keys
300 NEXT I lthat are not needed.
§21  ON REY § LABEL "J=kt'-1/:' COSUB U.half ' This keyselects the rate
gtq ! Equation L!=1tN/2
340 ON KEY 9 LABEL 'U'kV-2/3' COSUB U.Ethirds 1 This Hy selects the rate
qen | equation U=ktd-2/3
§61 PRINTER IS Prntr
97§  PRINT 'Use soft keys to select a rate equationt*
383 ON CYCLE .3 6070 Check 1 and see if a rate equation has been selected
390 Hover:6070 Hauer 1 until a rate equation has been chosen,
911 Carry on:OF KEY 9 60808 Dynny ! This deactivates the
710 0N KEY 9 60SUB Dummu isoft keys affer a rate
si CONTROL i eqlation has been selected
930 OUTRUT 2 USING ' M VX # i Clear alpha screen
941 No int=Dione I Number of intervals
950 ALLOCATE F(i:Ni,int),1(l:No_int)
»63  1F Rate flag=l 1HEN tlheck to see
971 Const* (2*33IVAL;Current$))/(P'CI96484 6t33.Stfleanll B-6) ' -hich rate

| .
980 END IF Poomst s
COJ 17 Rote.flagzd THEN > used § then
imic  ComstF(7t33tVAL{Currents))/(PIt2t96484 6133 1) 1 evaluate the
ma BN I 1 constant in
1828 1 front of the
1039 ! integral.
1340 1T Rate flag<>? AND Jate.fleg<>d THEN I tlake sore

I
ST BEER 1541 PRate.flag
1368 DISR CORRSEIIIILLLIT LTI 1 bhas net
11 $700 1 obtains!
1580 END 1T Lanother
1001 I value.
101 FOR =1 10 No.int bloop to find 1
{110 L(I)*(Smallest>IIdivlen-Di«len/2)tl I-b iat the experimental
1128 NEXD I P points.
t13f OUTRUT 2 USING "MV** ' | Clear the screen
1140 1 THIS 1002 CALCULATES X HORENTS
BST No ef me ents=18 1 = the number of nmoments to be calcelated.
<160 ALLOCATE W wevo:liN«.0f.moments) Brtalt:Ne of.mements), 6(l:No of.noments)
1170 00TPUT 2 USING ,I)K';,IK" 1 Clear the screen
1iCO No eval*ld 1 No. of function evaluations to evaluate the nmoments of qU).
1191 RLLOCATE Fvncd.Ne.eval)
1200 FOR 1=1 10 No.of.moments 1
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1210 IR 7+l 10 Hi.int "L, 0P 10
1221 IFRote.fkqd? >0 F(J)=1l.E*(dlntervel(J)«.<J)"'(I-2) levahate the
1230 IF Rete flag-§ THEN F(J)=l.E+<>ilnteruQl(J)ILty)'(I-3) lintegrand

1241 NEXT "81otQCh L

1281 CALL Intigrete(F(l), Ni.irt Diilenll.E-6, Integral)! Evoliate the integral
1264 IntegraklntegrallCnmstll
1270 fl beta(I)=Irteqgral 1 1 q*beta(n)

1290  NEXT I

1290 Neto=No»ie neanSl.E~§ 1 N*nn ( LE'DCONVER - 0 n
1301 Siqwl=«oi:*,stddei<l.E-§ 1Standarddeflation (

1310 H=6*Sigma/(Nu_eoaltl) 1 Steplength  forinteqrating  g¢<l),

1321 ! EVALUATE THE INTEGRAL Vnlgtl) de THE r 1h MOMENT.

1330 FOS J«i 10 No.of.fienents

1340 FOR1*1 170 Ne.eoal

1330 Step len=z(Neta-3ISmfW)t(211-1)*8/2

1360 Fenc(I)=Step.ien'JIEXP(-(Step.len-Ne.a)Ll(Step.len-Neta)/(2I8iqnalSigna))/(Siqf«IS8.8--§70-
1370 NEXT I

13b0 CALL Integrate(Pine(I), He.eiel B, Integral)l Go to subroutine 'Integrate

iled ! to evaluate the moments.

1400 Beta(Jd)*Integral 13 ieta(n)

141) 9(J)=9 betaty)/Beta(d) 13 g calculated from beta(n),

1420 NEXT I o'

1421 Gm1570. .. . . . . .. . 0
A43) !'tnn**im «nm uiimim tmiwn*m mui»m i» *iinm «im i

1441 ! 1f a gmmmdistribution is required lines 1231 to 1421 sould be
1450 i replaced by the following program lines:

1461 Gunao(((Nene nean/Nuvie. stddev)'2§) 1 Evaluate & L b parameters in
14y9  Gmb=Wovie.nean/(Hooie.s.ddev'2)*1. 846 ' gamma distribution,
1481 FOR N=1 170 No.ef.moments

1490 Beta(N)*l

1500 FOR 11 T0 X Loop to calculate

1510 Beta(N)=B<t3(N)1(Gam.a*l) beta(n) frvm the

1520 NEXT I parameters in the

1531 Beta(N)*Beta(N)/(6an.b N) gamma density function.
1540 Q(N)=9 beta(N)/Beta(N) Calculate q from beta's.

1550 NEXT N
1560 'stm saim im uiiittm nsiiM m iniimiimmnmum xwm ai

1570 ! CALCULATE q F7CH beta(3).
1580 9 calc36133*VAL(Cirrentt)/(2IPII96484,6%33.5%8eta(3)) 1

1591« NOW PRINT OUT THE RESULTS USING SUPtOUTI* 'Qutput’.
1600 I IF A GAMMA DISTRIBUTION WAS ASSUMED THEN REPLACE THE PARAMETERS
1610 ! 'Nets' AND 'Sigma’ IN LINE 1620 WITH 'Gam.a’' AND 'Gam.b'.

1620 CALL 0,ip,t(File* Viscosity* Current* Flow* Rate.flag, 9(0' N,to, Sigma,%.beto(«> No.if nomentl, Beta(*) Hme.mean, II

one stdde, Mean, Stdde», %.colc, N _on)

lo30* ytx"

1640 IN2UT 'Do you want to change the number af interva.s?' It

1650 DCALLOLATE F(l),L(t),9 beta(l), 8eia(D, Finc(l), 9(t)

1660 IF UPCKIT*I1, 1))*'Y' THEN Inter,al.call ' to change the no. of intervals
1673 rtx!

1680 INPUT 'Do you want to change the rate eipreston?', t$

1690 IF U2CH(TtILl, 11)="1" THEN Fitjrog 1 to chtnge the rote equation wesed.
1700 CONTROL 1,12;0 I Switeh off keys.

1711 PRINTER IS I

1720 §T0P !
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1211 Kd« =1 10 Ne.nt

I'L*op 10
1221 IFRat«. floq=2 750 F(J)=1.E*blIfttervQl(J)XL(d)"(I-2> levoliatt the
1213 17T Retl"flaq=3 THENF (J)*1 , B*tMIntirveUJ)IRI) (I-3) linteqrand
124§ NEXT J lal eoch L

1251 CAU Inteqret«(F(1> Ni dint,Diilenll.E-6,Int<qrel]! Evoliatt the inteqn
1261 Inteqral=InteqrallCornstll
1270 § beta(I)=Inleqral 1 5 qtfeta(n)

1281 NEXT I r,
1290 Neta=No«te utonll.E'D 1 Mean "OIM-GCONVEX.) 0 n
1300 3iqiM=No«ie Stddeill . E-6 I §tandarddenatied, (

1310 B=6*Siqma/(No_e*altl) 1 Steplength  forintegrating (1),

1321 1 EVALUATE THE INTEGRAL l*n*qU) U THE n th MOMENT.

1331 FOX 1=1 10 Ne.of.newnts

1340 FOX 1=1 Tu No.eiel

1350 Step len=(Neto-3ISigtta)*(2I1-1)18/2 ) ) oo

1360 f«nc(I)=Step.len'JIEXP (- (Step len-Neta)l(Ste9.len-Neta)/(2ISignalSigna))Zz(Siqf«t:Ji-$Fw!
1371 NEXT I

1380 CALL Inteqrote(Finme(*) No_eval B Integral)l Goto subroutine '.migrate
! I toevaliatethe moments.

1400 Beta(J)=Inteqral 1 = beta(n)

1413 9(J)Mi.bite(y)/Beta(d) !'* gecalculated from beta(n),

1420 NEXT I !»

1421 6070 157 .. . e e .. e e ..
1433 \ttnlell‘l’llleuI’llVluntlltlll’llllll’ll’llllnutlltlnlltlllllmullll

1443 ! If a gamma distribution is required lines 1291 to 1421 sould be
141§ i replaced by the following program lines:

1469 Gam a*(((Hone.mean/Notie.stdde»)'2)*1) 1 Evaluate alb paraneters in
1470 Gam b=Nooie.mean,'(Hovie.stdde»*2)*1 E46 1 gamnma distridution.
1486 POXN=1 TO0 io.if.moments
Beta(lN)=1
1500 FOR 1=1 TO * Loop to calculate
1519 Beta(N)=Betd(N)*(Ganm atl) beta(n] from the
1520 NEXT I parameters in the
1531 Beta('t)*BetatN)/(Gflm.b'N) i gamna density fonction,

—

1540 §(N)=W.betailN)/Beta(N)

155§ NEXT N
1566iimmtmmmsmmimsmsmsismmrammmmmimtm

Colcola.e q from beta's.

1571 " CALCULATE ¢ FPSCH beta(3).
1530 9 calc=6833IVAL(Cirrintt)/(2121%96434.6133.8%8etac3)) 1

1593 1 NOW PRINT 00T THE RESOULTS USING SUBROUTINE 'Ootpwt',
1600 ' IF A GANNA ptciXIBUTION WAS ASSUMED THEN REPLACE THE PARAMETERS
1619 ! 'Neta' AND 'Siqmo' IN LINE 1621 WITH 'Gam.o' AND 'Gan.bt.

1620 CALL Ootp,t(Filet, Viscosity,Current* Pl ow* Rate flag, 8.+
o«14,stddei,Nean,Stdde«,(.cok,N on]

lod0" y§="

1640 INPUT 'Do yog want to change the number of intervals)', t}
1656 DEALLOCATE ®(*),mt* ,( beta(*), 3<ta(*) Finc(¥), Q(*)

1660 IF URC*(Y¥»il,11)=*D7" THEN Interval.call ' to change the no. of intervals
1670 yt="

1680 INPUT 'Do you want to change the rate eipresion?' Y«

1694 IF URPCI(lt[l,0)='Y" THEN Fit.prog I to change the rate equation osed.
1701 CONTROL 1,124 I Switch oft keys.

1719 PRINTER IS 1

1720 §To0P !

H,a,8iqmr, 6 bejo(*),No.of.moments, Betat*), None.mean,*
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1731 Duwvr RETURN "' Dummy nut in* 13 deactivate the soft keys
1741 U half:Rate flag=? I Defines the rate equation

1750 RETURN ! 1 as U=kt'-t/2

1761 U.2thirds;Rate.flag=3 1 Defines the rate equation

1770 RETURN 1as U=kt'-2/3

1780 Read: ! Rear data off the disc.

1770 MASS STORAGE IS ' *9121,700,.

1601 LINPUDT "Enter the name of the data file" Filet

1810 ASSIGN ?file T0 Filet

1320 ENTER ?F;le,l;N,Viscosityt, Currents FIowt 1 Reads in the viscosity

j07] i current and flowrate used.

1340 ALLOCATE Data(N), Dummy(N), Interval(N!

1853  ENTER fFile,2;Dato(l)

1860 ASSIGN Rftlt 10 I ) .
187C INPUT "Enter the mean and standard deviation 'f bubble dimeters leaving the surface
10tt0  INPUT "Enter the value of N' N on 1 No of nuc.ea’ion sites per unit
1890 RETURN !

[

P .
Movie mean Novie s . e
area

1900 Check:IF Rate flog=l OR Raie f:ags3 TgEN  Checks to see if a rate equation

1911 OFF CYCLE has b':en chosen

1920 6070 Carry n If so continue with calculations
1930 ELSE ) otherwise wait

19490 6070 Hover until one 1is entered

1751  END IF

1960 END



1978
1784
1990
2100
2011
2020
2130
261
2080
2360

Integrate:SUB Inteqrate(Fd) No.mt B, Integral)
Integral=F(1)*F(Ne.int)
POfi 1=2 TQ N*.int-1 STER 2
Integral-ilntegrahOlf (I)
NEXT I
FOR 1=3 170 Ne.int-2 STED 2
Inteqral=Inteqralt2*F(I)
NEXT I
Integral=Inteqralli/3
SUKEND !

I Using Simpsons Role.
" §tart adding.

i Add the 41 terms.

i Add the 21 terms.

I Multiply by h/3.



2970 Interval :sus InteriaMV.Dotoi*), Interval (*) Divne,Duten Largest, S*taxest!

2080
2070

2190
2110
21121
2130
2140

2150
2160

21
2180

iy

2200
2210
2220
2231
2240
2251
2260
2271
2280
2291
2300
2311

0PTION BASE 1

4

A

INPUT 'Enter the norter of intervals yovrequire - take sure its an odd number .stmo

IT Divnid 0P FRACT(Divai]¢]O0 «IFRACT(Diva,/2)=¢  THEN
T 1 o500,1
DIS? 'THAT IS NOT FUNNYY
RAIT 2
6070 2091
1N 17

REDIN Interial(Divne) 1 Intervol()=nemtier if bubbles in each interval

NAT Interval* U)
Divlen»(Largest-SmalleSt)/DuniDivlen=lenqth if each nmterva

! Liop t» place etch bubble in its correct interval

FOP 1*t1 T0 N
FOP 10 Divno

IF Dotadh'-'SmallesuJIDivlen AND Data(l))=Smallestt(J illDivlen THEN

Interval!J)tlnterval (J)¢+!
6070 Skip
END IF
NEXT J
BEP 500,1
918P '"ESROR IN 1811¢
§TO0P

Skip:NEXT I

WAT Intervalt (1/N)Slnterval

157

2330 Print;SUB PnnKViscisityl, Current0,Flu-*,Pmtr N, La-gest .Smallest Divnu.Divlen, Mean, Stddev,Intervall¥)

2341
2350
2361
2370

/
2380

2391
2400

2411
71

2431
2440
2451
2469
2470
2480
2490
2510
3511
2520

PRINTER IS Prntr

IF Pratr*! THE* PRINT CHRKI12) 1 CLEARS SCREEN

PRINT USING 2370;Viscusit,* Current* Fiiwt

INAGE "Sulvtiin nscisitv is centipuise',/,"Cur, ent used -as

PRINT '‘Thenumber  if punts used is ';N

PRINT USING2400,Hean, Stddev
INAGE "Mean bibble diameter

PRINT USING 2420jlorgest, Smallest

VKV

anps

£ DDD.DDD, 1 micmns',/,'Standard deviatun

!/Y

IMAGE 'Largest bubble diameter *+' DDD.DDD.' ' micrans',/,'Smallest bubblediameter
PRINT 'IN iVAl -OUMBER', TAB!21),'INTERVAL RANGE (micrms)' TABI169),"FRACTION

PRINT '-eeoeenonn- CUTAB(21) e e e ToORB(6I', ¢

FDR 1t1 70 Dinme
YI[1, SL#VALL(INE(iSmallestt(I-1)tDivlen)1101)/100)
1%16,81¢" -

Ttt9, L3L*VALL(INT((Smelle*tvI*Divlien)ll11)/100)
PRINT USING 250»;1,Y% Interval(I)

INAGE 5X,DD,20%,%,25%,D.0DDD

NEXT I

SUBEND !

The

*

L]

jF BLBBL.*

Jiwra e is

. o-ir,
.DDD.DDO, mice

00D DDD, tier

uns

ns

Al



2530 SUB Piet(Pltr,2I,Filil, Diwi.Diilen, Largest, SnollesiiMeen.Stddte, Intermits), *

2841 0PTION BASE 1
2550 Pliti! Plstting mun e

2560 Tip-W¥(Inter«al($)) 1 Tap * SIZE OF LARGEST INTERVAL
2571 Tap» (INT(Top>1Ll)t1)/H

2580 PLOTTER IS Pltr.Pt

2591 ALPHRA OFF

2600 GRAPHICS ON

2610 IF Pltr=3 THEN GCLEAfI

2620 IF Pltr=3 THEN 2701! If the plater is'nt the screen then pick up 4 pen
2630 GRAPHICS OFF

2640 OUTRPUT 2 USING "0.K'/SK"

2650 DIS? "Pat & pen in the platter and press 'COLT' whenreedy'
2661 PAUSE

2670 ALPHA OFF

2630 GRAPHICS OR

2690 0UT2UT T05;'SRPL1"" Pick ap a pen

2700 DEC
2110 LINE HPE
2110 LDIR 0

2730 WINDOW S*allest-2*Dialen,Largest+Di*len/2,-Tep/5/0p*1.3 Plat scale
2740 LORG 5

2150 CSIZE 1,.8

2760 CLIP Smallest, Larges*, 0, Tap

2770 AXES Dialen,.05 Smallest, 0" Draw aies

2780 CLIP OFF !

2791 i Drawhistegran

2580 FoR 1=1 TO Diana

2810 IF Inter,altD'0 THEN 2840

2820 CLIP Smcllestt(I-1)*DialenSmallest+IODialen, 9 Interval(i)
2830 FRATE

2840 NEXT I

2650 CLIP OFF

2861 csI11f 3,-5
2870 LORG 5!

2880 ' Label X axis

2890 FOR 1=0 TO Diana

2909 WOVE Smallest+IIDialen, -Tap/30
2910 LABEL USING '0DD.DD';Smalle -ttHOtalen
2920 NEXT I

2930 HOW: (Lorgts;¢Smallest)/L, 'fep/l)
2940 CSIIE §,-5

2950 LABEL 'Bubble diameter 'micrens)t
2960 CSIZE 3,-5!

2070 ! Label T axis

2980 FOR 1=0 70 Tap STEP .05

1990 WOVE Smallest-Oialen/d,1
3090 LABEL USING " Z.DD';I
3010 NEXT I

3020 CSIZE 4,-5

3030 HOH Sn llest-Dialen, Tap/2
3040 LDIR 90

3050 LORE 6

3060 LABEL "Fractian ef bubbles' !

3070 1 Graph heading



31)40
30990

3100
310

3129
KRR
31
3150
3lel
3170
3130

3190

3201
3200
3229
3230
3240

3250
3261
32
3280
3298
3301
3300
33l
3330
3341

3350

3360

3319
3380
3390
3400
341l
3420
3430
3440
3450

ICFG 5
IDIR 0

CSIIE 8,1
HOVE 'LQrqesviiwllest)/2,Taptl.?

P08 1#1 T0 LEN(File§)
IFFiled[1,11=,.¢ 1108

NEXT I

LABEL Filet

LIND TYPE 3,1

LOIR I

LORG S 1

Label mean and standard denahen

NOVE MNean.0

IDRAW I,Top

INOVE -Stddet !

LINE TYPE 1

CSILZE 2,-5

LABEL CHBt(124)

HOVE MNean-Stdde», T4p
IDRAW 2IS8tddec,0
LABE. CNRtil24)

HOVE Mean,Tap

LORG 4

LABEL "N"

HOVE Mean-5tdde»/2,Top
LABEL §'

HOVE Mean»Stdde»/2,Top
LABEL "#4§" '

1 Fit a aerwl cvnt

WINE Smallest))

FOR Mmollest 10 Largest STED Divlen/lj
EipcnentsDinlen*fXP(*((I'Hton)/Stddev)*2/L1/istddev]SCGRE2L?I
DRAW I, Exponent

NEXT I

IF Pltr*3 THEN 3440

0UTRUT 705;'§?"'1 Pvt pen down

GRAPHICS OFF
SUBEND '
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3,6, o..p,.:SUi
eon, rtene stddei Mean,Sidd(*, 0 _colc, Hon

N DIN Attliol
3486 POIKTES I8 701;VIDTH (80) 1 Qutput

»3490 PRINT '"tedD';Filt§;'tedh't

|z ey
17.11,

Fsll! W B BStwd'iennl if BHbble dioMiirs m Iy« »rf«l

Z -

monmorn
I ,

to printer*

=000

\o
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. cH»»» e

S bSSSawsw; ssS

»3621 1 If a qonww jistnbitun was assumed then '"hange line 361)
»3631 PRINT USING 3640;Ntto,Sii)wt>

according./»

v

»3641 INAGE ‘'Neta =" %, MD 5DE,' n",/,"Sigmaz X ND.SDE, X, m ,/ >
»3650 o If 2 ganma distribution was assumed, line 3640shou.d  re«edd
>3660 L TMAGE 'a »\X, M.SHE,[,"b =' X, MO.50E, %, U*',/

»3670 PRINT USING 3680>

>3631  IMAGE '1610D',i7%,'-2

>3696 PRINT USING 37il;9.calcf

»37101 INAGE 'g * ".D.IDDDDE," m s [ calculated from the ard moment ) , >4L61) ,/ Tt
»311} 1*33tVALvCorre«td)/(4tPL106484.6133.8INon) 'Calculate therate>

»3726 IF Rate flag=2 THEN K=(K/(Meantl.E-6))".S
»3131 IF Rate*flag=3 THEN K=R"(1,3)

»3140 PRINT USING 3750

»3756 IHAGE '>4i;D' 18%,'-2">

»3761 "RINT USING 3771;Nun>

»3176 IMAGE "N - ', D.DDDE,X,'m', ">6L6D","( calculated
»3781 IF Rate.flag=2 THEN >

,3790 pRINT 'i(1) = 8<k*2)/r>

'constantdepending on which>
'rateequation is used»

N T
fromthe measured H)

»3801 PRINT USING 3811>

3811 THAGE 'miD" ;22%,,1/2,4

»3821 PRINT USING 3830,K>

»3331 INAGE 'where k &', X,D.DDE X,'m/s",">416D",'( calculated from the measured ¥ ) A

>3841  END IR,
>3850 IF Rate flag*! THEN >

»3361 PRINT VD) o L4d(k*3)/(1¢2)*V

13871 PRINT USING 3880>

3880 TMAGE *5411D v, 22%,"1/3%

»3891 PRINT USING 3901:D

»3911 INAGE "where k =",X,D DDE,X,"m/s',"016D",/>

»3910 END IF>
Y3926 PRINT USING 3930>
Y3991 INAGES4LIDT, 20X, 'i 2", 28X, 'i', 17K, "2¢

iy wmom . ¢c ki </, <o onL-wtiuw, - diet, d, M., iix, vh

3961 PRINT ">416D%
»3971 FOP 1*1 10 Ne.of.moments>

>3980 PRINT USING 3990;I,8.beta(I) Beta(I),Q(I)}

>3996 IMAGE DD, 10X,D,SDE,L18X,D.8DE,13%,C.5DE>

YETLL NEXT D> k

»4011 PRINT '">416V I Go to the top of the next page,>

y4128 PRINTER IS tfe
94130 suseNd '\l

iv, wde-1i



Solution

A* umin

Net a
gtanm

o U+ W

i

t S7T445E>06 m

vy

, normal

di*tribeti.n

2700 0E-04 m
i 600 0 0E-05 n

>k '2 «'L
L

1 ,50"
622

-2 -I
1 - /2
.1' £L n
'%02
r -02

L 01776E-05
t 26399E -0°
1 551635E-13
91227E-1"
2 .38659E-21
© 02816E-2
T :>1226E--29
r i479°F 3"

of

nubble

dimeter

81 ior PC ic ter'2,

1.265482 v
1,13 186E- 03
> 51636E-12
2 84322E-16
>.12532E-20
; 01304E-23
1,73061E-27
5, r,4214E-31
i 48455E-35
011222-3

iMuing

( c11co Iatf-'d from the Ird moment

ml)

88.740
21.705

127,000
56,000

microns
microns

micron-:
microns

rhe surface

)

(1/m-Q)

3.59563E+06
4,40143E+Q6
4.02879E+06
3,28838E+06
2.53317E+06
1.88765E+06
1,37904E+06
9 9540 4E W05

.13323E+05
5.09"86E+05



Solution wviscositv =0
Total current "ol
ilowrate oo

ASBUrtina a

Neta
Sigma

normal

L.2TO000E-04 w
3.60000E-05 mn

-1

g v 3.87445E406 n

V= 8.9¢06E+06 n °

(1) =

where

L4 (kA3) [ <1A2)

1/3
ko= 4, 49E-05

n/s

i 2

'™ zr\” 3).
5., 11330E+402
3.07569E-02

1 0T465E-09
1. 19951E-09
1. 40208E-13
1

1

2

3

3

q <Si (calc)

SN

L 052325-17
L9790 75-121

AE2041TE-2)
L02309E-29

95 TH9E-33

O'\O‘\O\]mw““

distribution of

bubble diane.n.

( calculated from the >

Ri (Dredicre .

1.26348E-0"
1,73196E-08
2 .51630E-12
3 34322E-1%6
6. 12532E-20
£, 013.14E-23
1,-730615-27
J.04214E8-31
5 . 484555-35
1,011225-3%8

.5 7 ¢J hi.-: on
1,705 micr -
127,00/ np "
wur ¢ -ic B
u.no
: rowenr

4 i/m S

042185401
66301E+0.
03221E40f
1211 OE t-Of
28899510-
631055406
t4397E+06
956275+105
511995+0=
914695%0=
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Solution vt,cositv - 0'"2 ¢?P
pVv oA rrmX © T vanin i 38.740 micron':

"=

21 .7 nicron
the surface b3 croms

127.000 microns
36.000 micrrns

S*ndard'Zuttin"Lbbirdioneu."S on the surface

Assunind a danna distribution of bubble dianeters leauind the surface

!

a = 1 ,14452E8+01
b= 9.79938E>04 t/«
-2 -1 ( calculated fronm the Jrd moment )
3,79563E406 m 1
N o= 8.9606E+06 n
1 = B (kA2) /1
u(l) ( )/ 1/2
where k - 3.20E-05 n/s
(predicted) 1lull < (1/m”%s)
rjxRi(calc) <m_\znl22. L 270005404 3.582835+0¢6
£ .550208+02 ' i 4,374555+06
1 1,742505-08
7 .62267E-102 } 3.946845+060
2 2.508615-12
3 1 0T3T7T9E-09 S o0UB405-1¢ 3.122125+40¢6
1.26399E-09 ! ) 2.283805+06
4 6.794145-210 1
1.55165E-13 } 1,581015+06
5 1.209525-23
6 1.012275-17 ) 276655-771 1,048295+-06
2.38659E-21 ' ) 6.702985+05
1 §,517635-31
9 3.02816E-25 9 495495-35 £ 150725+05
9 3.912268-29 2f062705-38 2.495745+05
10 3.147985-33



Solution viscosity 0.92 ¢?
Total current - 1 &
Flowrate 8 - 1/«n
Assumino , ga.M, distnbux.on
a -1, 14452E8+01

b = 9.79938E+404 1/n

¢ , 3.7V563E+06 n"2gs"" <

N =

u (i)

8.966E+06 m

= 9(ka2)/1

i/;
where k - 3.20E-05 m/s

O TN WNPR

©

gx-Bi (calc)
55020E+02

4,
7.3
1.0
1.2
1)
1.9
2
3
3
5

2
1
6
5
1

(m1l/m'

207E8-02
JTO9E-05
JO99E-09
165E-13
2278-117

. 3B80659E-21

02816E-25
912260E-29

14T98E-33

of bubble

calculated

-n

diameters

from the

B.i(predicted)

1.27000E -04
y TA250E-08

1
2
4
b
1,
2
4
9
2

rd

r n€ d"r/\.

(m.

leauind

moment

A

the

)

127,001"
36,001

163

38.740 microns
21.705 microns

XCrons
microns

surface t

#Cl/mAs)

3 38283E+406
£03T455E+060
3.94684E+06
JL.12212E+06
2.28380E+06
1.58101E+06
1.04829E+06
6,70298E+05
£, 150728405
2,49

1
90 THESDD



Solution viscositv 0.92 cP
Tot 31l current %- 1;/ .
Flowrate nin

Assuming a gamma distribution

S3o= 114528401

b = 9.799388+04 l/n

g , 3.79563E+06 m'2!-"1 <
-2

N = 3.966E+06 m

u(l) = 144 (kA3)/ (1A2)

1/3

where k - 4.49E-05 m/s

grfti fc 3Ic) (m' jn_ 21.

5. 1153CE+02
L07569E-02
01 465E-05
19951E8-09

o oy T N

§
1
1
1
1.
1
2
3
3

10

of

calculated

ft In.-

bubble

diameters

fron

ro —
o e —

O O = DO

the 3rd

evicted)

2270002-04

CTE250E-08

L90861E-12

CO04349E-T6

T9414E-20

20952E-23

L2T665E-27

63E-31
9E-39

A1
A2
L06270E-38

leaving

(M

moment

the

)

21

(SRS
o~

le4

§8.740
103

o o
o
o o

surface

microns
microns

microns
microns

!
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