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MASS TRANSFER AT GAS EVOLVING SURFACES IN ELECTROLYSIS
Dennis Wayne Dees

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Chemical Engineering
University of California

Berkeley, CA 94720
ABSTRACT

A novel micro-mosaic electrode was developed to resolve time-de-
pendent; mass-transfer distribution in the close vicinity of bubble
phenomena. The electrode, prepared on a silicon wafer using inte-
grated circuit manufacturing technology, consists of a 10 by 10 matrix
of coplanar, electrically isolated, square platinum segments on 100
micron centers, surrounded by a relatively large buffer segment.

A computer actuated data acquisition and control system was assembled
and the software developed to monitor the current to each of the seg-
ments and control the potential of selected segments.

The utility of the electrode to examine interfacial mass transport
phenomena which have characteristic lengths as small as 100 microns

has been clearly demonstrated. The effect of a single hydrogen bubble
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disengagement and of the coalescence of two bubbles, on the limiting
current of the reduction of ferric to ferrous ion was measured using
the micro—mosaic'e1ectrode in a horizontal: facing-up orientation. 1In
the absence of gas evo]ution,-large regular fluctuations in the limit-
ing current to the segments with a period of 29 seconds were observed.
This periodic behavior is attributed to free convection: a cellular
fluid motion moving across the electrode with a velocity of 40 mi-
crons/second. It was found that the mass-transfer enhancement due to
bubble disengagement is small when compared to that due to coales-
cence. Increases in the mass-transfer rate of more than an order of
magnitude over the free convection limiting current were observed for
the coalescence phenomena.

Two theoretical models were developed to account for the observed
effect of a bubble disengagement on'thé mass transfer-raté to the sur-
face. Numerical solutions of the convective diffusion equation were
obtained for the flow generated by an ascending fluid sphere near a
horizontal surface and for the filow in the wedge formed by the elec-
trode and the bubble in the region near the collapse of the bubble
contact area. The models correctly pfedict the observed direction of
the initial change in the limiting current beneath a separating and

ascending bubble.

<
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1. INTRODUCTION
1.1 Purpose of the Study

As with all processes occuring at gas-evolving surfaces, the mass
transfer is quite complicated and little understood. While the en-
hancement.of the average rate of mass transfer at gas-evolving surfaces
has been extensive]& studied (9-26), virtually nothing is known about
the relative contribution of the various individual bubble phenomena.

It is the purpose of this investigation to obtain quantitative
measurements of the effect of individual bubble phenomena on the rate
of mass transfer. A novel micro-mosaic e]ectfode was conceived for
the study and was built by Hewlett Packard Company. The unique pro-
perties of the electrode permitted individual bubble phenomena to be
controlled and their effect on the rate of mass transfer monitored.
1.2 Practical Applications

Gas evolution is one of the most common typés of electrosynthesis
reactions; a gas is evolved in many industrially important electro-
chemical processes. The importance of gas-evolving electrodes to
industry was a major impetus in performing this study. Although a
complete listing of all the industrial processes is beyond the scope
of this survey, some of the more significant processes will be noted;
Extensive reviews of the various processes can be found in recent

Titerature (1,2).



Of the many industrial processes involving the evolution of a gas,
the production of ch]orine is the best known. Sales of chlorine in
the U. S. are expected to,reéch 1.25 billion dollars in 1983 (3).
Chlorine is almost exclusively produced by the e]ectro]ysis'of agueous
solutions of NaCl, KC1, or HCIl.

High purity hydrogen is produced by the electrolysis of water.

The electrochemical production of hydrogen is limited to regions where
power is relatively inexpensive, but it does account for a significant
portion of the hydrogen produced. Commercial electrolyzers capable of
generating 40,000 m3 of hydrogen per hour are in operation.

Gas evolution generally occurs at the counter electrode in the
electrowinning of metals. The generation of oxygen is the most fre-
quent anodic reaction in aqueous systems, while in molten salt systems
the production of chlorine or carbon dioxide may alternatively be the
main reaction. The production of aluminum is almost exclusively done
electrochemically.

. Certain advanced rechargeable battery systems employ electrode
reactions that involve gas evolution on charging (4). Among these the
H2/N10(0H) and Zn/C]2 batteries are the most significant. In some
batteries a gas is evolved as an unwanted side reaction, such as the
Ni-Zn and Pb-acid batteries.

Electrochemically generated gas bubble streams are used in

flotation processes, because of the characteristically small bubble

size available by the method.

€
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This is only a small sample of the industrially important
electrochemical systems in which gases are evolved. New processes
are continually being added to this list. The production of hydrogen
in photo-voltaic electrochemical cells is one such ekamp]e.

1.3 Gas Evolution, A Qualitative Description

/ An understanding of the mass-transfer enhancement effect at
gas-evolving electrodes should be based on knowledge of the bubble
dynamics at the electrode. The bubble dynamics are obscured by the
small size of the bubbles (10-100 um) and their density near the
electrode. The rate at which bubble phenomena occur further com-
plicates the situation. Bubble behavior can be observed through an
optical microséope using a high speed movie camera (5). .Then by
correlating the observations of gas-evolving electrodes with physical
parameters, such as gas evolution rate, fluid flow rate (6), electrode
substrate, and electrolyte composition (7), a description of the bubble
layer can be developed.

Before describing gas evolution in the steady-state, it will be
instructive to examine the process during the initiation of elec-
trolysis. This is done by polarizing an inert electrode into a voltage
range where gas molecules are generated at the electrode as a result
of an electrochemical reaction. The molecules diffuse into the elec-
trolyte énd a supersaturated layer next to the electrode duick]y
develops as a result of the relatively low solubility of the gas in
the electrolyte. Gas bubbles are nucleated on the electrode and grow
through diffusion. As an example the concentration profi]e of

dissolved hydrogen near a cathode before and after the nucleation of



bubbles is shown in Figures 1.3.1 and 1.3.2 respectively. They
eventually reach a size where they touch other neighboring bubbles
and coalescence starts to occur. The bubbles continue to grow by
diffusion and coalescence until the hydraulic and buoyancy forces
exceed surface tension forces. They then disengége from the surface

2, it takes less

and rise. At current densities of about 500 mA/cm
than a second for a steady-state to be achieved (7).

The phenomena occuring during the steady-state evolution of gas
include all of those in the transient period. The process is further
complicated by the bubbles rising in the bulk electrolyte. Bubbles in
the bulk coalesce with bubbles on the surface, and also with other
bubbles in the bulk, as they rise along vertical electrodes. Because
of the cell geometry, bubbles in the bulk do not coalesce with bubbles
on the surface on horizontal electrodes, but in both cases the rising
bubbles in the bulk do generate a flow of electroliyte. The rising
bubbles drag fluid with them, which generates a circulating flow. This
flow can have a profound effect on the bubble dynamics both in the bulk
and on the surface.

A1l observable quantities such as characteristic bubble size and
shape in the bulk and on the surface, rate of coalescence, and gas
hold-up at the electrode are influenced by physical forces. 'One of
the strongest and most obvious is the effect of buoyancy on each
bubble. Surface tension effects are just as important and are.
generally much more system dependent; they are strongly affected by
electrolyte composition, the presence of surfactants, e]ectrode sub-

strate, and polarization. Drag forces on the bubbles from the flow
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of electrolyte are significant in many situations. The fluid flow due
to gas evolution is generally broken down into two types; microscopic
flows, which are generated by individual bubble phenomena and occur
within a few bubble diameters of the phenomenon, and macroscopic flows
which are a result of the rising swarm of bubbles. There is also the
possibility of having an externally driven flow, as in a forced con-
vection flow cell. These f]ows generally are not independent and do
not linearly combine. The manner in which all these forces interact
to determine the behavior of the gas evolving electrode is not well
understood and impossible to predict with any accuracy.

The vehicle of the mass-transfer enhancement at gas-evolving
electrodes is the fluid flow generated at the electrodea. This flow
serves to "mix" the electrolyte and thereby increases the mass transfer

rate at the electrode. The enhancement effect can be compared to that

of mass transfer in forced convection. The mass transfer rate to an

inert electrode where hydrogen is evolved at 1.0 A/cm2 is equivalent
to the mass-transfer rate in a 2 cm gap flow channel with a Reynold's
number of 100,000 or a rotating disk spinning at 8,000 rpm (35). It
is evident that gas evolution provides an extremely effective stir%ing
mechanism,
1.4 Literature Review of Mass Transfer at Gas-Evolving Surfaces

The mass-transfer enhancement at gas-evolving electrodes was
recognized as early as 1924 by Foerster (8). Ibl (9) was one of the
first investigators to attempt to quantify this effect in 1963. It

has been the subject of a great deal of research since about 1970.



There are certain simi]arities between nearly all the mass-transfer
studfes performed on gas evolving electrodes. An indicator ion is
added to a well-supported electrolyte. The electrode is then polarized
into a voltage range where a gas is evolved and the indicator ion is
discharged under mass transfer limited conditions (i.e., at limiting
current). The rate of reaction of the indicator ion 15 determined
as a function of gas evolution rate, under different experimental
conditions. |

The mass-transfer rate (N) is usually correlated in the form of a
mass transfer coefficient (k) or a Nernst boundary layer thickness (s),

(Ck - C;)
B I
N = k (CB - CI) =D ey

k = D/s | (1.4.2)

where CB and CI are the bulk and interface concentrations of the

(1.4.1)

indicator ion, énd D is its diffusion coefficient. The use of a
dimensionless Sherwood number (L/s) is also employed. The gas evolu-
tion rate is generally presented as a current density (i) or a
volumetric flux (v):

M
W

V= ——-—}—
=%

where Mw and p is the molecular weight and density of the gas being

(1.4.3)

evolved. The number of electrons being transferred in the production
of the gas is given by n and F is Faradays constant. Since volumetric
flux has the same dimensions as velocity, the Reynolds number (vL/v)

is sometimes used to correlate the gas evolution rate.

¢



Since the gas-evolving reaction and the indicator-ion reaction
occur together, the total reaction rate of one must be determined.
This could be done by measuring the total volume of gas produced, but
that tends to be inaccurate. The most popular method is to use one
component of a redox couple for the indicator ion and measure the
change in concentration of one ion after electrolyzing for a set time.
Care must be taken to avoid too large a concentration change as'we11
as the possibility of the reverse reaction occuring at the counter
electrode. Both methods suffer from not being able to determine the
area over which the redox reaction occurs. Ibl et al. (10) used the
ferric-ferrous ion pair (Fe+3/Fe+2) for studying hydrogen evolution.
Janssen and Hoogland originally employed the.cerric-cerrous couple
(Ce+4/Ce+3) (11) to study hydrogen, oxygen, and chlorine evolution, and
later switched to the ferricynanide-ferrocynanide couple kFe(CN)g3/Fe(CN)g4)
(12) for oxygen evo]utibn. Alternative methods include the use of
radioactive indicator ionslthat are deposited. The amount of deposit

- 203, *2

is determined by a Geiger counter. Hg =~ was employed by Rousar

et al. (13) to study hydrogen evolution. Alkire and Lu (14) measured
the amount of copper deposited to determine the reaction rate of Cu+2
at a hydrogen-evolving electrode.

The design of the gas-evolving electrode can have a significant
effect on the mass-transfer enhancement. Several different electrode
geometries have been studied. A great deal of the work has been done

on planar electrodes, -oriented either horizontally or vertically. Gas

evolving screen electrodes (15) and expanded-mesh, gas-diverting
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electrodes (60) have also been studied. Not only electrode geometry,
but also substrate material should influence the mass-transfer
enhancement.

Vertical, gas-evolving electrodes are extensively used in
electrochemical cells and have been studied by several investigators.
One of the most extensive studies was performed by Janssen and Hoogland *
(11). Platinum foils of different lengths (1-16 mm) were used to study
the evolution of hydrogen, oxygen, and chlorine in acid. Current
densities of the gas-evolving reaction (iG)were varied over two
orders of magnitude (10 - 1000 mA/cmz). Boundary layer thicknesses
less than 5 um were obtained at the high current densities. The
results generally followed relation 1.4.4.

s = ig, (1.4.4)
where g was -0.5 for hydrogen and -0.25 for oxygen. There was some
deviation from this relation at current densities greater than about

200 mA/cm?

where the current exhibited a greater influence on the

bounding layer thickness (i.e., |8| increased). The proportionality

constant varied with the gas evolved and also the length of the elec-

trode. The boundary layer thickness was found to increase with the

length of the electrode, at constant current density. In a similar : .,
work done by Venczel (16), no dependence on electrode height was found.

A more recent study by Alkire and Lu (14) was conducted on hydrogen *
evolution at a verticle copper electrode. They were able to perform a

more detailed study with a segmented electrode. Included in their work

are the effects of electrode orientation, separation gap size, and
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non-uniformity of the current distribution. Their’resu1ts indicate
that the local mass transfer coefficient increases with electrode
length. The different substrate material (Cu) and/or the larger elec-
trode length (2-12 cm) could be responsible to the direct contradiction
to previous work (11). The overall masg traﬁsfer coefficient for the
12 cm electrode is very similar to the earlier work by Janssen and
Hoogland (11) on the smaller electrodes. The role of surface roughness
was studied by Fouad et al. (17).

Nearly all the mass-transfer studies conducted on horizontal,
gas-evolving electrodes have been carried out by Janssen and his
associates (12, 18, 19, 20). The evolution of hydrogen and oxygen was
studied in alkaline and acid solutions. The'boundary layer thickness
followed relation 1.4.4, except for oxygen evolution in an alkaline
solution. In that case 8 goes through a transition at a current
density of about 30 mA/cm2. Values of g in relation 1.4.4 vary from
-0.36 to -0.87. It was found that for oxygen evolution, orientation
of the electrode (horizontal or vertical), had little effect on the
mass-transfer rate. Effects of surface material and roughness,
temperature, and pressure were examined. A stationary disk electrode
with muitiple rings was used to elucidate the enhancement effect of
the microscopic and macroscopic flows at the electrode (see Section
1.3). Hydrogen and oxygen was evolved at the disk and the boundary
léyer thickness was determined on the rings. The boundary layer
thickness was found to be an order of magnitude less at the disk, as

compared to the inner most ring.
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Gas-evolution studies conducted on systems with a forced fiow of
electrolyte are numerous. Rousar (13) measured the mass-transfer en-
hancement in a rectangular f]ow céanne] at relatively low hydrogen
evolution current densities (1 - 10 mA/cmZ). Hamzah and Kuhn (21)
also studied the mass transfer in a flow cell, as well as in a cylin-
drical concentric cell. The usefulness of a rotating ring electrode
for mass transfer studies at gas—eyo]ving electrodes was demonstrated
by Kodija and Nakic (22,23).

Theoretical models of the mass-transfer enhancement at gas-evo]ving
surfaces attempt to describe either the effect of the microconvection
or the macroconvection at the electrode. Models of the microconvection
generated by individual bubble phenomena have been developed with the
assumption that the effect of one bubble phenomenon override the rest.
There have been some attempts at developing relations that combine the
- microconvection and macroconvection models.

Ibl (10) was one of the first investigators to attempt to model
the mass transfer at gas evolving surfaces. His model is based on the
assumption that the enhancement effect is due to the disengagement of
the bubbles. Further, it is assumed that the separation of a bubble
forms a void that is filled by solution from the bulk. In this way
the gas bubbles accelerate the mass transfer by perodic destruction of
the diffusion layer. With these assumptions, the Nernst boundary layer
thickness is given by Equation 1.4.5.

[~ DR -
~JEv(iey (1.4.5)

Ll
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where e is the fractional surface coverage of the bubbles and R is
their radius.

In an attempt to improve on Ibl's disp]acement model, Rousar and
Cezner (24) examined two limiting cases of surface coverage. In the
first case the bubbleé occupy only a fraction of the surface area and
the current densfty of the reacting species (iR) is related to the

current density of the gas (iG) by:

. 1/2
SR 1R nG (11 DR) « 2 l / (1 4 6)
D, Co o V 3% ’ o
"R R R,B "G

where the subscript R refers to the reacting species and the subscript
G refers to the gas. Vh and y are the molar volume and bubble growth
constant of the gas. The second case, in which the bubbles occupy the
entire surface is given by Equation 1.4.7.

| 2

)1/

R Tr (7 O y ;1/3 (1.4.7)

¢ Fng DR CR,B - Ry G

Following Ibl's work, Janssen and van Stralen (20) developed a

model for the mass transfer enhancement as a result of the coalescence
~of bubbles on the surface. It is assumed that a void above a surface

area of o f Ri

is generated by a coalescence. This void volume is
filled with solution from the bulk, thus generating a mechanism for
mass transfer enhancement. Their result for the boundary layer
thickness is given by Equation 1.4.8.

= 0.6 f R;H2 712 pl/2 7l (1.4.8)

where n is the bubble density on the surface.
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Stephen and Vogt (25) propose a model based on the convection
generated by.the growth of a bubble. [t is assumed that as a bubble
grows a radial flow is generated, which enhances the mass transfer.
Furthef it is assumed that the enhancement effect is represented by
a mass transfer boundary layer correlation for a flat piate; Several
different correlations are presented depending on which mass transfer
boundary layer correlation and geometry are used.

A model of the mass-transfer enhancement at a horizontal surface,
due to the macroconvection generated by the bubble swarm as it rises,
was developed by Janssen (19). It is based on a mass~transfer corre-
lation for free-convection turbulent flow at a horizontal surface. A
phase averaged density difference was used fn-the correlation to de~
velop relation 1.4.9.

1/3
§ « 3451) , (1.4.9)

zgv

where z and u are the drag coefficient and terminal velocity of the
bubbles and g is the acceleration due to gravity. A similar model
is presented by Ibl (26)-for gas-sparged electrodes.

At a gas-evolving surface the mass-transfer rate is the result of
a combination of microconvective.and macroconvective effects. Beck
(27) proposed that these effects could be combined linearly according
to Equation 1.4.10.

k (1.4.10)

Ko = Kya * Ky ,
Alternatively Vogt (28) proposed Equation 1.4.11.

211/2 :
k. =k [ I+ hild ] (1.4.11)
0 MA kMA |
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Nearly all the theoretical models can be reduced to the form of
relation 1.4.4. The values of 8 from these models vary from -1/3 to
-2/3. Therefore it is likely that some experimental data can be found,
that fit one of the correlations quite well. In fact all the correla-
tions give an estimate of the mass-transfer rate accurate within an
order of magnitude; It is evident that more sophisticated modeling
is required to obtain more accuraﬁe predictions of the mass transfer
at gas-evolving surféces.

There has been virtually no experimental work done on the effect
of individual bubble phenomena on mass transfer. Some investigators
have examined the mechanics of bubble phenomena. Westwater and
associates (28,29) looked at the growth process of single bubbles.

The equilibrium size of a bubble upon disengagement was examined by
Kabanow and Frumkin (30). The growth and disengagement of single
bubbles at relatively high, gas-evolution rates was investigated by
Darby and Haque (31). A general review of the theoretical work on the
dynamics of single bubble bhenomena was presented by Cheh (32).

The need for more sophisticated models of the mass transfer at
gas-evolving surfaces and'the lack of experimental work on which to
base these models has prompted the present work.

1.5 Scope of Study

An experimental program was developed by which the mass-transfer
enhancement of individual bubble phenomena could be studied. This not
only included the design and constructioﬁ of a special experimental
apparatus, but also the development of a feasible experimental pro-

cedure. The system is capable of examining phenomena on an electrode
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oriented either horizontally or verticé]]y. Mass-transfer enhancements
caused by a single bubble disengagehent and by the coalescence of two
bubbles were measured.

The utility of the system to perform other eiectrochemica1 studies
was demonstrated. Spacial changes in the current, over distances as
short as 100 um, for the transient, local free-convection mass transfer %
to a horizontal surface were measured. The systém was originally
designed to monitor the transient current distribution on a surface,
but can also be used to study potential distributions with only minor
changés in the monitoring scheme.

A substantial amount of theoretical work was performed to explain
some of the experimental results. Mathematicél models of a single
bubble diSengagement were developed. One model describes the events
associated with the ascension of a bubble and the other is useful for
the actual disengagement process. Attempts were also made to model
the free-convection mass transfer to a horizontal surface.

1.6 Limiting Current Technique on Segmented Electrodes

Electrochemical methods have been extensively used to measure
mass-transfer rates since the early 1950's. Numérous reviews have been
written on the theoretical and experimental aspects of the limiting
current method (33,34,35).

Qualitatively the limiting current technique is easily described. >
If only one electrochemical reaction occurs at an electrode, then the
flux of reacting ions to the surface of the electrode is proportional

to the current to the electrode. By polarizing the electrode to a
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potential where the reaction is mass transfer limited, the current

(i.e., 1imiting current) will be proportional to the rate of mass

~transfer to the electrode. Theoretically one must have an infinite

overpotential to drive the surface concentration of the reacting ion

- to zero and create a mass transfer limited reaction. Fortunately the

limiting current is reached in some cases, for all practical purposes,
at only moderately high overpotentials before any other reaction
occurs. Since a current can be measured easily and accurately the
Timiting current method is an effective technique for determining
mass-transfer rates at a surface.

A large excess of non-reacting ions is often added to the elec-
trolyte (i.e., well-supported electrolyte) té eliminate the effect of
‘the electric field on the reacting ion. This is consequence of nearly
all the charge being carried by the non-reacting ions.

When a detailed description of the current distribution on an
electrode is desired a segmented electrode is often used. The
electrode is sectioned into individual electrically isolated seg-
ments. Each segment is insulated from the other segments and a
separate current collector is attached to each. The choice of size
and shape of the segments is based on the phenomena to be studied.

For example the characteristic length of the segment and of the
phenomena under study should be of the same ordef. The separation
between the segments must be minimized, in order to insure that the
electrode will simulate a continuous surface. By polarizing the in-
dividual segments to the same potential and monitoring the current to

each segment, the current distribution on the electrode is obtained.
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Local, mass-transfer rates can be measured by employing the
limiting current technique on a segmented electrode. This has proven

to be a powerful method.
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1.7 Nomenclature

C: Concentration, moles cm'3.
D: Diffusion coefficient, cm2 sec'l.
f: Fraction of « Rg that forms a void on the surface fol-

lowing coalescence.

F: Faraday constant, 96,487 C equiv.'l.

g: Acceleration due to gravity, cm sec~2,

i: Current density A cm2

k: Mass transfer coefficient, cm sec‘l.

L: Characteristic length, cm.

M,: Molecular weight, g mole~L.

n: Electrons transférred in reaction; equiv mole'l.
N: Molar flux, moles cm'2 sec'l.

R: ‘Bubble radius, cm.

s: Stoichiometric coefficient.

u: Terminal velocity of rising bubbles, cm sec"l.
v: Volumetric flux, cm secr.

V: Molar volume, cm® molel.

z: Drag coefficient (i.e. the ratio between the volume of liquid
transported upwards by rising bubbles and the volume of the

rising bubbles).
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Greek Letters

Correlation constant.
Bubble growth constant, c:msl3 sec"ll3 a~ll3,
Nearnst boundary layer thickness, cm.

Bubble density on electrode surface, cm'z.
Fractional coverage of surface by bubbles.

Kinematic viscosity of liquid, cm2 sec'l.

Density, g cm'3.

Subscripts
Denotes bulk property.
Denotes property of coalescence.
Denotes property of gas.
Denotes interface property.

Denotes bubble quantity at breakoff.

: Denotes macroconvection property.

: Denotes microconvection property.

Denotes overall property.

Denotes property of indicator ion.
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2. EXPERIMENTAL
2.1 Method

The limiting current technique was used to measure the local,
mass-transfer enhancement effect of individual bubble phenomena. A
single bubble disengagement and coalescence of two bubbles, both on a.
“horizontal surface, were studied. These studies were conducted with a
multi-electrode cell and the micro-mosaic electrode.

- +
3. e » Fe 2) was used as an

The reduction of ferric ion (Fe+
indicator ion reaction. Ferric sulphate was added to a well-supported
aqueous electrolyte (0.05 M Fe2(504)3; 1.0 M H2 504). A1l chemicals
were analytical reagent grade. The water used was from a reverse-
osmosis unit that was passed through 5 Cu11igan Cartridge Water Treat-
ment System, which included an organic trap, deionizer, and micro-
filter. The specific resistance of the water was always greater than
10 megohm-cm. The electrolyte was sparged with nitrogen for at least
30 minutes to reduce the oxygen concentration.

The working and counter electrodes in all cells were made of
platinum. A separator was not necessary and was not used. A mercurous
sulphate reference electrode fabricated by Radiometer (K601) served as
the reference electrode. The reference electrode was connected to the

cell by a Luggin capillary (36). A ground glass junction was placed

in the tube between the capillary and the reference electrode.
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The working electrode consisted of multiple segments. The multi-
electrode cell, although segmeﬁted, did not simu1ate a continuous
surface. The micro-mosaic electrode was a true segmented electrode.

All segmenté on the working electrode were initially cathodically
polarized into the 1imiting current region for the reduction of the
indicator ion and just above the potential for hydrogen evolution. A
value of -550 mV referred to the reference electrode was used in the
experiments. The onset of hydrogen evolution occurred at about
-625 mV, which gave a 75 mV cushion.

A single bubble was generated by reducing the potential of a single
segment into the hydrogen evolution region. The ability to generate
single bubbles was critical in controlling the individual bubble
phenomena. The micro-mosaic electrode was much more efficient at
geﬁerating single bubbles than the multi-electrode cell. A potential
reduction of 200-300 mV between. the bubble segment and the other work-
ing electrode segments was needed to nucleate and grow a single bubble.
As the bubble grew on a segment ofvthe micro-mosaic electrode, the IR
drop to the segment increased as its active area decreased. Thus a
higher potential difference was required during the latter stages of
growth to maintain the optimal current to the segment. The optimal
current for bubble growth on a segment of the micro-mosaic electrode
was 15 pA. It was 1-5 pA for the multi-e]ectrodé cell, according to

the condition of the segment.
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The bubble phenomena were generated by the controlled growth of
the bubbles. For a single bubble disengagement, a bubble was nucleated
and grown until it disengaged from the surface. Two bubbles were
nucleated on separate segments and were grown until theyvcoalesced in
the coalescence studies.

Observations of the electrode were made with a microscope during
the experiments. Magnifications of 20X-50X were used. The eye-piece
on the microscope was calibrated to allow for the determination of the
bubble size.

A special stand was used with the micro-mosaic electrode cell to
allow the electrode surface to be leveled. A standard bubble level
was used for this task.

The temperature was not controlled during an experiment. A Cole
Parmer digital thermometer (8502-20) was used to measure the
temperature following the completion of an experiment.

The current to the segments on which the only reaction occurring
was the reduction of the indicator ion was measured as an individual
bubble phenomenon took place. Since the indicator ion reaction was at
limiting current, the change in the current to the segments was a
result of a change in the mass transport rate. In this manner‘the v
local change in the mass transfer rate was determined. A schematic of
the reactions occurring on the working and counter electrodes is given

in Figure 2.2.1.
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2.2 Mass Transfer Studies with Multi-Electrode Cell
2.2.1 Electrochemical Cell

The multi-electrode cell, shown in Fig. 2.2.1.1, is a special
electrochemical cell, which was constructed by Cheh (32). The cell,
which was not originally designed to perform mass transfer studies,
was modified somewhat for this work. The top was removed to allow for
the placement of a Luggin capillary in the cell for a reference
electrode. A platinum wire, which was positioned in one corner of the
cell, was used as the counter electrode.

The working electrode, shown in Fig. 2.2.1.2, consists of a matrix
of circular micro-minature electrodes. It was fabricated by embedding
fine platinum wires in an epoxy base, then cutting the epoxy and wires
along a plane perpendicular to the wires. There are 19 wires in the
matrix each with a diameter of 125 um (0.005 in.). A schematic of the
pattern of the electrode segments is given in Fig. 2.2.1.3. The
electrode was polished with 1.0 ym diamond paste and was oriented
horizontally during experiments.

2.2.2 Instrumentation

Instrumentation capable of controlling the apparatus and monitoring
the current to an individual electrode segment was assembled. A
diagram of the system is given in Fig. 2.2.2.1.

The experimental method required the use of a potentiostat with
the ability to control two separate working electrode potentials
simultaneously. A Pine (RDE3) potentiostat/galvanostat performed this

task. One working electrode connection (K1) was made to a bus bar.
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CBB 808-9197

Figure 2.2.1.1 Multi-electrode cell.
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Figure 2.2.1.3 Schematic of the working electrode.
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A1l the electrode segments of the multi-electrode cell were connected
to the bus bar through a set of color coded wires, except the segments
where gas was to be evolved. The color code for the wires is given

in Appendix A, along with certain precautions that should be taken
with the potentiostat. The electrodes at which gas was evolved were
connected to the other working electrode connection (K2) on the
potentiostat. The reference and counter electrodes were also connected
appropriately to the potentiostat. The current to each of the two
working electrode connections was monitored with a set of Keithley
digital multimeters (173A) through the current followers in the
potentiostat.

Measuring the change in current to a single segment was made
possible by the use of a current follower placed in the line between
the electrode segment and the bus bar. The current follower was
basically a battery-powered operational amplifier that converted the
current to a voltage signal which was proportional to the current. It
was designed and built by the electronic shop in the College of
Chemistry at the University of California, Berkeley (DWG 961 Al). A
more detailed description of the device is given in Appendix A.

The characteristics of the voltage signal which was monitored made
it necessary to use a digital oscilloscope. During the bubble growth
period, which lasted from 20 minutes to an hour,lthe current to the
monitored segment and thus the voltage to the oscilloscope would remain

relatively constant. A transient change in the current lasting only a
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few seconds would occur as a result of the bubble phenomenon. The
transient was captured using the mid-signal triggering capability on a
Nicolet digital oscilloscope (1090A).

2.2.3 Results and Discussion

The mass transfer enhancement due to a single bubble disengagement
and the coalescence of two bubbles was measured with the multi-
electrode cell. The experimental method used is described in Section
2.1. Increases in current of over 35% were observed. The maximum
current change was reached in approximately 40 milliseconds and decayed
in a few seconds, following the occurrence of the phenomena.

Generating single large bubbles was not too difficult, but it was
found that other bubbles, which were orders of magnitude smaller, were
also nucleated. These smaller bubbles would coalesce with the large
bubble and shake it slightly. The vibrations produced were only minor
when compared to the effect of the phenomena being studied and did not
affect the results significantly. The coalescence of the small bubbles
with the large one did serve as a mode of growth for the large bubble.
Also it was found that some of the electrode segments were better for
growing bubbles than others.

Selected results from the bubble disengagement studies are given
in Table 2.2.3.1. The relative position of the electrode segments is
indicated by the number, which corresponds to the numbered segments in
Fig. 2.2.1.3. It was observed that the bubble size upon disengagement
was much larger than when a swarm of bubbles is produced. This is

generally attributed to the lack of macroconvection and bubble-bubble
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Table 2.2.3.1 Disengagement Studies With Multi-Electrode Cell

BUBBLE DIAMETER ELECTRODE AT WHICH % CHANGE ELECTRODE AT WHICH
AT TIME OF BUBBLE WAS IN CURRENT WAS
SEPARATION GENERATED CURRENT MONITORED

1.2 MM 10 38.3 19
1.2 MM 1 12.2 19

Table 2.2.3.2 Coalescence Studies With Multi-Electrode Cell.

BUBBLE DIAMETER ELECTRODE AT WHICH 7% CHANGE ELECTRODE AT WHICH
AT TIME OF BUBBLE WAS IN CURRENT WAS
COALESCENCE GENERATED CURRENT MONITORED
200 Micron 4

13.2 6
150 Micron 5

—

200 Micron 4

o2 1}
150 Micron 5
500 Micron 4

32.0 5
500 Micron 6
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interactions for the single bubble. Indeed the size of the bubble was
quite fortunate. Otherwise the mass-transfer enhancement could not be
studied with the multi-electrode cell. It can be seen that the mass-
transfer enhancement effect is about 12% near the edge of a single
bubble during disengagement. The drop from 38% under the bubble in-
dicates that the effect is localized. If the bubble had been much
smaller (10 - 100 um), the effect would not have been measurable on
the adjacent electrode segment. The enhancement was quite significant
within one bubble diameter of the disengagement.

The results of the coalescence studies are presented in Table
2.2.3.2. By comparing the first two sets of coalescence data, it is
seen that there was a much greater enhancement effect along the axis
of coalescence than a direction perpendicular to it. This would be
expected since the bubble movement occurs mostly along the axis of
coalescence. It was observed that the greatest enhancement occurred
between the two bubbles as can be seen from the last entry of the
table.

By comparing the results of the disengagement and coalescence
studies, certain similarities can be seen. The enhancement effect of
both phenomena are localized to one or two bubbles diameters of the
phenomena. This indicates that both phenomena can have a significant
effect on the mass transfer at gas-evolving surfaces.

These experimental results were considered in the design of the
micro-mosaic electrode, which was used to study the mass-transfer

enhancement effects further.
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2.3 Initial Mass-transfer Studies with Micro-Mosaic Electrode
2.3.1 Description of Micro-Mosaic Electrode

The micro-mosaic electrode was designed to study individual bubble
phenomena. It was prepared by Hewlett Packard Co. using integrated
circuit technology. The novel electrode serves as the core of the
system developed to measure the effect on the mass-transfer rate of
individual bubble phenomena.

The electrode, shown in Fig. 2.3.1.1, was fabricated on a 7.6 cm.
(3 inch) silicon wafer. The actual active electrode area is the
0.5 cm x 0.5 cm. platinum square at the center of the wafer. The lines
extending radially from the electrode are aluminum current conductors
that carry the current to the individual electrode segments. The con-
ductors are connected to a set of bonding pads which are laid out in a
square pattern near the edge of the wafer. The larger conductors carry
the current to the relatively large buffer segment of the electrode.

A magnified view of the center portion of the wafer is shown in
Fig. 2.3.1.2. The 1.0 mm x 1.0 mm segmented portion at the center of
the micro-mosaic electrode can be seen. The segmented portion is
surrounded by a relatively large buffer segment, which together makes
up the total electrode area. The buffer segment was added to eliminate
edge effects.

The 10 x 10 matrix of square platinum segments along with 12
specially positioned segments, shown in Fig. 2.3.1.3, make up the
segmented portion of the micro-mosaic electrode. The segments in the

matrix are on 100 micron centers. The maximum number of segments in
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CBB 809-1993

Figure 2.3.1.1 Micro-mosaic electrode.
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Figure 2.3.1.2 Magnified view of micro-mosaic electrode.
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the matrix is Timited by the area needed for the current conductors to
the segments. For certain long range bubble studies, a larger matrix
was needed. Specially positioned segments were included in the design
of the electrode to permit these long range studies. A closer view of
the individual segments can be seen in Fig. 2.3.1.4. Each segment is
98 micron on a side, with a 2 micron gap between adjacent segments.

The separate layers of material that comprise the micro-mosaic
electrode are shown in Fig. 2.3.1.5. An oxide was thermally grown on
the wafer and then covered by a nitride layer to form a non-conducting
base, upon which the electrode was built. The silicon dioxide Tlayer
between the aluminum conducting layer and the platinum electrode layer
protects the aluminum layer from the electrolyte. It also serves to
isolate each segment from the other segments. Holes were etched in
the oxide to allow for electrical contact between the platinum and
aluminum layers. The oxide layer extends to the inner edge of the
outer square of bonding pads. Adherence of the platinum lTayer to the
oxide was an anticipated problem. A relatively thin chromium layer
was placed between the platinum and the oxide to improve adherence.

A detailed description of the process steps involved in fabricating
the micro-mosaic electrode is given in Appendix B.
2.3.2 Description of Micro-Mosaic Electrode Cells

Two electrochemical cells were constructed to accommodate the
micro-mosaic electrode. Both cells are made of lucite and are
of similar design, except that one uses the electrode oriented

horizontally and the other vertically.
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CBB 809-1146

Figure 2.3.1.3 Segmented portion of micro-mosaic electrode.
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Figure 2.3.1.4 Segments in micro-mosaic electrode.
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Figure 2.3.1.5 Exploded view of micro-mosaic electrode.
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The electrochemical cell designed to accommodate the horizontally
oriented micro-mosaic electrode is shown in Fig. 2.3.2.1. Connections
to the micro-mosaic electrode are made through the printed circuit
board. The actual cell is the cube in the center of the apparatus,
which is 2.5 cm. (1 inch) on each side. Electrolyte is added and
removed through either of the two vents in the top of the cell. The
thermistor for the digital thermometer can also be Towered into the
electrolyte through one of these ports. A reference electrode cap-
illary was built into the cell; its connection is on one of the side
walls of the cell. There are two counter electrodes on opposing side
walls of the cell. The total counter electrode area is 2.0 cm2,
which is eight times the working electrode area. The window at the
top of the cell, shown in Fig. 2.3.2.2, is used to view the micro-
mosaic electrode, located at the bottom of the cell, during experi-
ments.

The printed circuit board is connected to the micro-mosaic elec-
trode via a set of Zebra connectors (Series 7000) made by Tecknit
Corporation. The pattern on the printed circuit board is shown in
Fig. 2.3.2.3. The conductors on the printed circuit board are term-
inated in a pattern that exactly matches the pattern of the bonding
pads. In this manner they overlap when properly aligned. Four Zebra
connectors are placed into slots in special ho]dérs built by the mini-
ature tin plated copper contact pads on both sides of the on the bot-
tom of the printed circuit board. Connections to the micro-mosaic
electrode are made by pressing the board and the electrode together

with the connectors in between. This is possible Zebra connectors.
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"CBB 800-12425
Figure 2.3.2.1 Micro-mosaic electrode electrochemical cell with
horizontal electrode orientation.
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Figure 2.3.2.2 Top view of electrochemical cell.
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Connections from the outside world are made with standard printed cir-
cuit board connectors (CCC 600-121-66).

A disassembled view of the electrochemical cell is given in Fig.
2.3.2.4, Assembling of the cell is accomplished by first placing the
micro-mosaic electrode in its 12.7 cm (5 in.) base. The base serves
to house and protect the electrode. Next the Zebra connectors are
placed in their holders, then the printed circuit board is fastened
onto the base. The spacers are then attached to the base, followed by
the placement of the actual cell. The cell is sealed to the micro-
mosaic electrode with a Viton O-ring (70 Duro, 2-028).

The electrochemical cell made to be oriented vertically, shown in
Fig. 2.3.2.5, has only a few design differences from the other cell.
The cell is thinner and the counter electrodes are smaller. The thin-
ner cell design and the depression in the side opposite the electrode
allows for a much higher magnification of the electrode during experi-
ments. The vents and filler tubes are displaced to be out of the way
while observations are being made. A disassembled view of the cell is
given in Fig. 2.3.2.6. It can be seen that the base and printed cir-
cuit board are for all practical purposes the same, while the actual
cell and the spacers are considerably different.

2.3.3 Instrumentation

The instrumentation for the early mass—transfer studies with the
micro-mosaic electrode was basically the same as was used in the mass-
transfer studies with the multi-electrode cell (see Section 2.2.2).

Some changes and improvements on the original system were made.
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CBB 823-28

Figure 2.3.2.4 Disassembled view of electrochemical cell.
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CBB 823-02076

Figure 2.3.2.5 Micro-mosaic electrode electrochemical cell with
vertical electrode orientation.
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CBB 823-02078

Figure 2.3.2.6 Disassembled view of electrochemical cell.
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Instead of 19 electrode connections, there were 112 connections,
along with the buffer segment connections, which were made to the bus
bar. As with the multi-electrode cell, all the connections were color
coded. The color code is given in Appendix C.

Like in the multi-electrode cell, the change in the current to
only one segment was monitored at a time. The current to a single
segment of the micro-mosaic electrode was generally smaller than the
current to one of the electrodes in the multi-electrode cell. For
this reason the current follower had to be modified for use with the
micro-mosaic electrode (see Appendix C).

A Hewlett Packard desktop computer (9825T) was interfaced with the
digital oscilloscope, for the purpose of storing data from the oscil-
loscope. A program was written for the computer which will transfer
the data from the oscilloscope and store it on magnetic tape. The
program will also retrieve data from the tape and plot the data on a
Hewlett Packard digital plotter (9862A), which was also interfaced to
the computer. A second program was developed, which will obtain data
from the tape and plot it against the inverse square root of time.
These programs, along with some general oscilloscope data transfer
and plotting routines, are listed in Appendix D.

2.3.4 Results and Discussion

A series of experiments was conducted with the micro-mosaic electrode
in the cell oriented horizontally. Initial experiments were performed
without any gas evolution on the electrode in order to characterize the
system. Following these experiments, the effect of a single bubble dis-

engagement on the rate of mass transfer to the electrode was studied.
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As mentioned earlier, a segmented electrode simulates a continuous
surface but consists of discrete segments. One method of determining
whether the micro-mosaic electrode acts as a true segmented electrode
is to observe its behavior upon the application of a cathodic poten-
tial step to the electrode. If the potential step is into the Tim-
iting current range for the reduction of ferric ions and above the
potential for the onset of hydrogen evolution, the current to the
electrode and to each individual segment should follow the Cottrell
equation (36). This equation relates the current to the time elasped

after the potential step;

’ D
I = nFA CB =3 (2.3.4.1)

This equation represents the rate of unsteady state diffusion to a sur-
face from a semi-infinite stagnant electrolyte. The current to each
segment and to the entire electrode should decrease inversely propor-
tional to the square root of time after the potential step if the mi-
cro-mosaic electrode acts as a continuous surface. Furthermore the
diffusion coefficient determined from the current to a segment and
the éurrent to the entire electrode should agree.

The current to the entire electrode after a potential step is
given in Fig. 2.3.4.1 (A), and in Fig. 2.3.4.1 (B) the current is
plotted against the inverse square root of time. As predicted by
Equation 2.3.4.1 the line in Fig. 2.3.4.1 (B) is straight and ex-
trapolates to zero at infinite time. The diffusion coefficient for
for the ferric ion was determined from Fig. 2.3.4.1 (B) is 4.58

-6

x 10 cm2/sec. This value can be compared to 5.4 x 10_6 cmz/sec,
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reported by Ibl et al. (10), and 4.22 x 10_6 cm2/sec determined by
Alkire and Gould (39).

The current to an individual segment following a potential step
was measured for several segments of the micro-mosaic electrode. A
typical example is given in Fig. 2.3.4.2 (A). A plot of the current
versus the inverse square root of time is given in Fig. 2.3.4.2 (B).
As in the case of the entire electrode current, a linear relationship
is found that can be extrapolated through zero. The average diffusion
coefficient determined from the results of the individual segment ex-
periments is 4.21 x 10_6 cm2/sec. This agrees with the value ob-
tained from the entire electrode current to within 8%. The micro-
mosaic electrode does appear to simulate a continuous surface.

The micro-mosaic electrode conductors that are connected to the
discrete segments have a finite resistance. The resistance introduces
a potential drop in each one of the conductors. The resistance for
each of the conductors was measured. The average resistance was 0.6
Kohm. Each individual conductor varied from the average by not more
than 0.1 Kohm, according to its length and pattern. This at first may
seem to be a large resistance, but it must be remembered that the cur-
rent in the conductor is of the order of 0.1 uA to 10uA. The poten-
tial drop for 1 uA would be 0.6 mV, which is quite reasonable for mass
transfer studies.

A1l currents are presented as currents rather than current den-
sities. To convert the current to a segment in microamps to a current

density in milliamps per square centimeter, one has to multiply the
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value by ten. Multiplying the total electrode current in milliamps by
four converts the value into milliamps per square centimeter.

In all the following graphs of current versus time the value of
time equal to zero has no real significance. During the experiments
current was passed for several minutes while the growth of a bubble
was taking place or a steady state was being approached. Time equal
to zero only indicates the beginning of data acquisition.

Bubble growth for disengagement studies could take as much as
thirty minutes. During this time the primary source of mass transfer
is free convection generated by a density gradient next to the elec-
trode; which results from the reduction of ferric ions. More accu-
rately the density gradient is generated by a decrease in the sulfate
ion concentration next to the electrode as a result of electroneu-
trality in the solution.

In an attempt to characterize the steady-state free convection,
the current to a segment and the current to an entire electrode was
measured in the absence of any gas evolution. The current to a seg-
ment is given in Fig. 2.3.4.3(A). There is a periodic variation in
the current, with a period of about 25 seconds. The average current
is approximately 0.29 uA and the peak-to-peak height is 0.24 uA. The
current to the entire electrode, shown in Fig. 2.3.4.3(B), is also
periodic. Its period is 27 seconds, which is about the same as the
period for the current to a segment, but the relative magnitude of
the fluctuations is much less. The peak-to-peak height is 0.026 mA

with an average current of 0.78 mA.
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The regular large, fluctuations in the free-convection limiting
current were not anticipated. Small fluctuations in the 1imiting
current to a horizontal electrode have been mentioned by Wragg (40),
without explanation. From the relative magnitude of the fluctuations
in the current to a segment and the current to the entire electrode,
it is apparent that some mechanism for averaging the electrode current
is taking place.

The ferric ions in the electrolyte were not replenished during an
experiment. Therefore the bulk concentration decreased during the ex-
periment. The rate of decrease can be estimated from the average cur-
rent to the electrode. With a total current of 0.78 mA and an elec-
trolyte volume of 12 ml, the rate of decrease was 0.03% per minute.
Therefore during a 30 minute experiment there would be less than a 1%
change in the bulk concentration.

The change in current to segments at various distances from the
center of a bubble disengagement was obtained. Since only one segment
was monitored during a bubble disengagement, several experiments were
run to obtain a distribution. The results of these studies are given
in Figs. 2.3.4.4-6. The diameter of the bubbles upon disengagement
was approximately 1.5 mm. The relative size and position of the bub-
ble upon disengagement is depicted by the diagram of the segmented
portion of the micro-mosaic electrode. Also, the segment at which
the current was monitored is indicated on the diagram by a blackened

square. It should be noted that all segments monitored are well under

the bubble.
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The current to a segment 224 microns from the center of a bubble
disengagement is given in Fig. 2.3.4.4. An increase in current of
about 20% was observed. The rise time is approximately 0.2 seconds.
This is much longer than the rise time of a few milliseconds for the
studies with the multi-electrode cell.

At a segment 316 microns from the center of a buble disengagement,
shown in Fig. 2.3.4.5, there is no increase at all. Instead there is
a decrease in the current. It should be mentioned here that only in-
creases in the current were observed with the multi-electrode cell.

The change in current 400 microns from the center of a bubble dis-
engagement was obtained for two bubble disengagements. The results
are given in Fig. 2.3.4.6. There is a slight increase in the current
before the decrease that goes well below the initial value. The shape
of the curves is similar, although their initial values are quite dif-
ferent. The difference in initial values of the current is a result
of the fluctuations in the free convection background current.

Generally the results for the buble disengagement studies with the
multi-electrode cell are significantly different from those obtained
with the micro-mosaic electrode. The overall enhancement effect is
much less for the micro-mosaic electrode. Indeed, a decrease in the
current was noted for some segments.

2.4 Mass-Transfer Studies with the Micro-Mosaic Electrode Coupled to

a Data Acquisition and Control System.

2.4.1 Description of Data Acquisition and Control System
A data acquisition and control system was assembled and the soft-

ware developed for the micro-mosaic electrode cell. The system is
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capable of monitoring the current to each individual electrode segment.
It also can control the growth of single or multiple bubbles during
experimentation. A schematic of the entire system is given in Fig.
2.4.1.1 and the physical layout is shown in Fig. 2.4.1.2.

Connections to the individual segments of the micro-mosaic elec-
trode cell, shown in Fig. 2.4.1.3, are made in a manner similar to
those in early experiments performed with the micro-mosaic electrode
and are described in Appendix C. From the electrochemical cell, the
connector cables lead into a junction box. Inside the junction box,
there are 10 terminal strips with 12 screw connections on each strip.
The terminal strip connections are attached via a set of multi-conduc-
tor cables, to the current inputs of a 120 channel current follower.
There are also two bus bars inside the box. The bus bars are con-
nected to the two working electrode connections of the potentiostat.
The wires leading from the buffer segment on the micro-mosaic elec-
trode are attached to one bus bar. The wires connected to the seg-
ments where bubbles were to be grown are attached to the other bus
bar. Each of the remaining wires leading from the other segments is
attached to a connector on one of the terminal strips. A1l the wires
are color coded and the connections are numbered. These are given in
Appendix E.

Two different potentiostats were used for the experiments. A Pine
potentiostat, which is described in Section 2.2.2, was used for the
experiments in which bubbles were generated. A Princeton Applied Re-
search potentiostat (173) was used in the experiments in which only a

single, working-electrode potential was needed.
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CBB 820-09963

Figure 2.4.1.2 Data acquisition and control system for micro-mosaic

electrode cell.
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Figure 2.4.1.3 Micro-mosaic electrode cell connected to the junction
box for the data acquisition and control system.
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The 120-channel current follower was designed specifically for use
with the micro-mosaic electrode. It was designed and built by Scribner
Associates, according to the requirements of the micro-mosaic elec-
trode. The common of the system can be floated away from ground, but
for the experiments it was connected to the ground of the potentio-
stat. The current-to-voltage conversion for each channel during the
experiments was 1.0 yA/volt. This can be changed to 0.1 uA/volt.
Further details on the multi-channel current follower are in the
instruction manual.

A1l the voltage outputs from the 120-channel current follower were
connected to a Neff Series 400 multiplexer (System 620). The number
of multiplexer input analog channels can be adjusted from 16 to 256
by units of 16. This is done by adding 16 channel multiplexer cards
to the system. Eight cards with 10 Hz filters on the inputs (620450)
were used during the experiments, giving a total of 128 available
channels. A single card with direct inputs (620451) is also avail-
able for use with the multiplexer. The eight channels, not attached
to the current follower, are connected to a set of BNC connectors.

Two of these channels were used for timing function inputs. Four
more were used to monitor each of the working electrodes' current

and potential on the potentiostat. The sampling rate of the multi-
plexer can be set between 1.25 kHz and 10 kHz. The gain can be ad-
justed from 5 mV to 10.24 volts full-scale. The data are transferred

over a digital interface to a computer. The computer also controls
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the total number of channels scanned along with the gain. More infor-
mation on the multiplexer and also a description of how the system can
be altered according to experimental needs is in Appendix E.

Eight of the current-follower outputs are attached to BNC connec-
tors as well as to the multiplexer. The connectors can be used to
monitor the current to a particular segment by an external device. A
Nicolet digital oscilloscope (4094) was used to monitor four segments
during experiments. After completion of the experiment, the data were
transferred to a computer through a digital interface bus. The digi-
tal oscilloscope was used in the same manner as described for the
earlier experiments. Besides its capability to obtain data much
faster, it also served as a check for the multiplexer.

A triangular wave voltage function was supplied to two multiplexer
channels by an Interstate Electronics Corporation Series 70 function
generator (F77). The frequency of the wave was set to generate two
complete waveforms in the total amount of time data was saved by the
computer. The amplitude was set to be less than the full-scale vol-
tage on the multiplexer. The computer used the waveform as a clock
for the other data obtained from the multiplexer.

The total current to the segments where bubbles were grown was
monitored with a Hewlett Packard digital voltmeter (3455A) attached
to the potentiostat. The voltage was monitored by the computer,
through a digital interface bus, in the experiments where bubble
growth was controlled. Two Keithley digital multimeters (173A)
were attached to the potentiostat to monitor the current to and

potential of the buffer segment of the micro-mosaic electrode.
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The analog signal from a Hewlett Packard digital function genera-
tor (3325A) was connected to the summing potential input of the work-
ing electrode on the potentiostat used for bubble growth. The function
generator was used as a digital-to-analog (D/A) converter allowing the
computer to control bubble growth.

The heart of the system, a Hewlett Packard desktop computer (9825T)
is pictured in Fig. 2.4.1.4. Special attention should be paid to the
"hard-working" author at the keyboard. The computer serves as a con-
troller on an interface bus (HP-IB). The digital oscilloscope, digital
voltmeter, and digital function generator are controlled by it. There
is another interface for the multiplexer and one for the Hewlett Pack-
ard flexible disk drive (9885M). The Hewlett Packard digital plotter
(9862A) is interfaced to the computer during data retrieval and
plotting.

During an experiment, data acquisition by the multiplexer is ini-
tiated from the keyboard of the computer. The data are then stored in
a memory buffer on the computer. When the buffer is loaded, the data
are discarded until the computer is directed to save it. The computer
can be directed to save the data from the keyboard or an internal trig-
ger. The internal trigger is set by a sudden change in the current to
segments where gas is being evolved. Once triggered, the amount of
data saved by the computer is optional. If the memory of the comput-
er is to be loaded only once, then data are saved starting one half
second before triggering plus data taken thereafter up to a total
of about 3 to 30 seconds depending on the scan rate set on the mul-

tiplexer. If the memory of the computer is to be loaded multiple
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CBB 820-9967

Figure 2.4.1.4 Computer, digital plotter, and flexible disk drive for
the data acquisition and control system.
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times, the data are loaded onto a flexible disk after which the comput-
er stores more data. This process is continued until data are saved
for a set length of time. It should be noted that data are not saved
while the computer is loading the memory onto a flexible disk, which
takes a few seconds.

Control of the bubble growth is accomplished by the computer
through the digital voltmeter and function generator. The current
to the segments where gas is being evolved was kept at set value with
a proportional-derivative-integral (PID) control loop (38) programmed
on the computer. The controlled variable is the voltage diference be-
tween the segments where gas is evolved and the other segments. For a
voltage difference less than a set value, the voltage is set according

to the following function of time:

t

dl
¥ = kC I+ D gt + 1/TI Idt {+ V
0

S -
If the voltage difference needed to maintain the constant current is
greater than a set maximum value, the maximum value is used. If there
is a sudden change in the current, greater than a set value, the volt-
age difference is set to zero. The difference can be set to zero from
the keyboard of the computer also.

A "hard-copy" of the experimental results can be obtained through
the digital plotter. The current to a segment can be plotted as a

function of time for a given segment or position on the electrode at a
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set time. The current can also be plotted against the sequence number
in which the data was taken. |

A listing and a more complete description'of the computer program
is given in Appendix F. More details on the system can be found in
Appendix E. |
2.4.2 Results and Discussion

The data acquisition and control system was used to extend the
early studies with the micro-mosaic electrode and to investigate other
bubble phenomena. A1l studies were conducted with the electrode ori-
ented horizontally. |

The data acquisition system is capable of producing an immense
amount of data. It would not be possible or even desirable to include
in this work all the data obtained. The results from the experiments
have been examined and only selected typical and/or especially inter-
esting data are included here. Generally data are presented in the
form of a graph of the current to a segment versus time. The segment
for which tﬁe data were obtained is indicated by numbering the curve
on the graph, according to a numbering system described in Appendix C.
The size and position of bubbles on the electrode are given in separ-
ate figures for the studies on bubble phenomena. The segment in the
first row and first column of the matrix of segments (i.e., segment
number [1,1]) is in the upper left hand corner of the diagrams. Rows

then go acroés the page and columns go down the page.
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It should be noted that the ordinate on the graphs of current
versus time has only positive values on some graphs and both positive
and negative values on others. Generally only positive values will
appear on the ordinate. For these graphs a positive value indicates
a cathodic current. On graphs with both positive and negative. values,
a cathodic current is negative and a positive vé]ue indicates an
anodic current.

Free-Convection Studies

The fluctuations in the free-convection limiting current to the
segments were studied further. Upon repeative experiments it was ob-
served that the current to any given segment would fluctuate with a
very regular pattern during some experiments and in others exhibited
no detectable pattern. Indeed the fluctuations would almost disappear
at times. This irregular fluctuation in the current will be referred
to as chaotic behavior. This fact made understanding the physics of
the phenomena_next to the electrode quite difficult.

A comparison of the regular fluctuations in the current to various
segments for different experiments revealed that the fluctuations var-
ied in shape. The current curves can be placed in one of two differ-
ent classifications, either a symmetric or an asymmetric-form. A curve
belonging to each classification is shown in Fig. 2.4.2.1. The asym-
metric fluctuations are much more common than the symmetric fluctua-
tions. Generally the symmetric fluctuations occurred near a region on

*

the electrode where chaotic behavior was prevalent.
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The period of the regular fluctuations in the current to various
segments is relatively constant with an average value of 28.8 seconds.
Nearly all the periods measured are within two seconds of the average.
Although the period of the fluctuations remains constant, the fluctua-
tions of neighboring segments are not in phase with each other. An
Examp]e,is given in Fig. 2.4.2.2. In this figure the current to a
segment is compared to the current to two other adjacent segﬁents. It
is seen that the current to each of the adjacent segments is out of
phase with the other segment, but that the amount of phase difference
is dependent on the relative position of the segments on the surface.

In one of the free convection experiments there were regular fluc-
tuations in the current to all the segments.- The phase difference in
seconds was measured for all the segments relative to one segment.

The fluctuations in the current to one segment which was chosen as a
basis were ahead of the other segments in the matrix. The phase
difference is reported as seconds of phase lag behihd the one seg-
ment. The results for two rows in the matrix of segments is given

in Fig. 2.4.3.3(A). The two rows plotted contain the segmenté of

the least and greatest phase lag. An almost linear relationship
between the phase lag and the column distance is apparent. It is

even more instructive to see the results plotted as lines of con-
stant phase lag over the surface formed by the matrix of segments,
shown in Fig. 2.4.3.3(B). The lines of constant phase lag are plotted

every two seconds; the arrow points in the direction of increasing
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Figure 2.4.2.3 (B)
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Lines of constant phase lag of the fluctuations in
the free convection limiting current to the matrix
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arrow indicating direction of increasing phase lag.
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phase lag. This plot ihdicates that there is some regular fluid flow
across the face of the electrode. Furthermore, from the distance be-
tween the lines of constant phase lag a velocity could be determined
of 40 um/sec.

The periodicity in the regular fluctuations in the current to a
segment indicates a repetitive, fluid-flow pattern next to the elec-
trode. The size of this characteristic, fluid-flow pattern can be
estimated from the period of the fluctuations and the velocity at
which it travels across the surface. By multiplying the average
velocity of the f]ufd—f]ow pattern by its average period, one ob-
tains a characteristic length of 1.1 mm.

The results of one of the free convection experiments exhibited a
chaotic behavior of the current to segments in a region several hun-
dred microns wide in the middle of the matrix of segments. Regular
fluctuations in the current to segments were observed on eifher side
of the chaotic region. Comparing the fluctuations in the current to
two segments on one side of the region to two segments on the other
side is quite revealing. An example of this is given in Fig. 2.4.2.4.
By noticing the relative position of the segments and also their phase
difference, it is clear that the fluid flow pattern moving across the
surface is traveling in opposite directions towards the chaotic region
on opposing sides of the region. A sample for comparison of the
current to segments which bridge the region of chaotic behavior is

given in Fig. 2.4.2.5. The current to segments in a row next to the
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region of chaotic behavior indicates a smooth transition of the flow
traveling in opposite directions. This is shown in Fig. 2.4.2.6.
Generally the chaotic behavior is much more prevélent than the smooth
transition, but both do occur.

Making further conclusions about the free-convection flow from
the experimental results of these limiting current studies would be
too speculative at this stage.v However; by comparing this work to
previous studies of free convection at horizontal surfaces, some
postulates about the fluid flow can be made. One of the most ex-
tensive and earliest studies of free-convection mass transfer at
horizontal surfaces was performed by Fenech (41), (42). Using an
oblong rectangular electrode that could be considered infinite in
one dimension and finite in the other, which was embedded in a co-
pianar insulating wall, several conclusions were made about the na-
ture of the fluid flow above the electrode when edge effects are
important. Basically the flow could be broken down into two types;

a cellular flow occuring next to the electrode and a larger secondary
circulating flow in the bulk electrolyte. Furthermore it was observed
that the cellular flow was affected by'the secondary flow within a few
centimeters of the edge of the electrode. In the absence of any edge
effects only a cellular flow, called Benard cells (43), would be ex-
pected. A plume flow (43) would develop from a point source (i.e.,

| a situation where only edge effects are present). Therefore the com-

bination of these flows over a finite electrode would seem reasonable.
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Tﬁe micro-mosaic electrode is the two dimensional analogy to
Fenech's electrode in that edge effects occur across the electrode as
a result the electrode being finite in both dimensions. The secondary

.(plume) flow for the two cases was hypothesized by French (42) and is
shown in the top two schematics of Fig. 2.4.2.7. The predicted flow
for four sides is also shown. The pattern of the resulting cellular
flow cannot be determined, but it does appear to be occuring and
traveling across the surface at about 40 um/sec. Furthermore the
characteristic length in one dimension is about one millimeter.
Limiting Current Studies During Bubble Growth

The 1limiting current distribution surrounding a bubble during
growth was measured. The data was obtained over a 20 second period
after the bubble had been growing for several minutes. The bubble
had attained a diameter of 0.9 mm, which did not chénge significantly
during the data acquisition period. The relative size and position
of the bubble on the electrode is depicted in Fig. 2.4.2.8.

The current to a segment 900 microns from the center of the bubble
is shown in Fig. 2.4.2.9 (A). This segment is 450 microns away from
the edge of the bubble. The curve exhibits the "normal" free convec-
tion limiting current. Closer to the edge of the bubble, smaller am-
plitude fluctuations in the current are observed. This is seen in
Fig. 2.4.2.9 (B). Whether the decrease in amplitude can be attrib-

uted to the presence of the bubble cannot be determined.
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Figure 2.4.2.7 Summary of hypothesized secondary natural convection.
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A clear transition occurs in the current to segments within 200
microns of the edge of the bubble. This is shown in Fig. 2.4.2.10 (A).
The period of the fluctuations increases dramati;al]y. The current to
a segment just under the edge of the bubble is given in Fig. 2.4.2.10 (B).
The larger period fluctuations seem to be quite stable at this segment.
The transition in the current must parallel a transition in the free
convection surrounding the bubble. Examining the current to segments
well under the bubble, shown in Fig. 2.4.2.11, reveals the same large
period fluctuations. A decrease in the amplitude is also evident.

This is likely a result of the bubble hindering fluid flow near its
base.

| It is clear that the bubble has a significant effect on the free
convection surrounding it. This effect appears to be limited to about
one diameter from the center of the bubble. There is no reason to be-
lieve that this effect is symmetric'around the bubble. In fact the
nature of the free convection pointed out earlier indicates that the
current distribution is asymmetric. Also the hydraulic forces on the
bubble from the free convection would be asymmetric.

It was found that segments having a side or corner adjacent to a
segmént on which a bubble was growing had a net anodic current. An
example of this is given in Fig. 2.4.2.12. The anodic current can
result from a combination of two factors. The hydrogen generated at
the one segment reaches the other segments and is.oxidized. Another

‘possibility in that the potential difference between the segments

causes the less cathodic segments to act as bi-polar electrodes.
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Limiting Current Studies After Ceasing Bubble Growth

The current to the segment at which a bubble is being grown is
shown in Fig. 2.4.2.13 (A). What happens to the current of a bubble
growth segment when the potential difference is suddenly changed to.
zero is shown in Fig. 2.4.2.13 (B). The step change in the potential
occurs a half second after the beginning of data acquisition. It
should be noted that there is a small anodic current after the step
change. This could perhaps be attributed to hydrogen being oxidized
at the electrode.

It is quite instructive to examine the current to segments sur-
rounding the segment at which a bubble is growing when the potential
difference is set to zero. The effect on a éegment with one of its
sides adjacent to a bubble growth segment is given in Fig. 2.4.2.14 (A).
The sudden drop in the current indicates that the segment was acting
as a bi-polar e]éctrode. Since'an anodic current persists after the
drop, it can be concluded that hydrogen is being oxidized at this seg-
ment also. Similar behavior, shown in Fig. 2.4.2.14 (B), i;lexhibited
by the segments with a corner adjacent to a bubble growth segment,
with the difference that the current after the change is cathodic.
This indicates that not as much hydrogen reaches these segments,
as could be expected. There is no effect on any of the segments
not adjacent to a bubble growth segment. Some sample current
curves at various distances from the bubble growth segment are

given in Fig. 2.4.2.15.
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General Comments on Bubble Disengagement and Coalescence Studies

The effect of a bubble disengagement on the rate of mass transfer
to an electrode was studied further. The coalescence of two bubbles
and disengagement of the resulting single bubble was also studied.
Efforts were made to just study coalescence, but these were not suc-
cessful, because disengagément from the surface was essentially sim-
ultaneous with the coalescence phenomena. The studies include both
long and short time experiments.

Before discussing the experimental results it will be helpful
to review some basic facts about the effect of laminar fluid flow
on the rate of mass transfer to a surface. For any effect whatso-
ever on the mass transfer rate, the flow must occur in a region of
varying concentration, which for aqueous systems generally implies
the flow should be near the electrode (i.e., < 1 mm from the sur-
face). The fluid flow near the electrode can be separated into two
velocity components; one parallel to tﬁe electrode and one perpen-
dicular to it. Flow parallel to the electrode only generates a
change in the mass transfer rate to the electrode if there exists
a concentration gradient parallel to the electrode. A concentra-
tion gradient parallel to the electrode implies a non-uniform 1im-
iting current distribution. A well known example of this case is
the mass transfer to a flat plate in laminar flow. Flow perpendic-
ular towards an electrode increases the rate of mass transfer if
the concentration of the reacting species decreases next to the

electrode. Likewise flow perpendicular away from the electrode
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will decrease the rate of mass transfer for the same concentration
gradient. Generally one can say that a flow will increase the rate
of mass transfer if the local concentration of the reacting species
is increased by the movement of fluid.

Bubble Disengagement Studies

The results of one experiment from the bubble disengagement studies
yielded most interesting results compared to all the other experiments.
These results will be used to illustrate the short time effect of a.
bubble disengagement. The results are typical of what was observed
in thé other studies and are also in agreement with the results of
the earlier work with the micro-mosaic electrode. The diameter of
the bubble at the time of disengagement was 1.53 mm. The relative
size and position of the bubble is depicted in Fig. 2.4.2.16.

The net anodic currents to the Segments adjacent to the bubble
growth segment were measured. This usually prevents obtaining any
reasonable mass transfer data from these segments; however in this
experiment the bubble did not disengage until approximately a half
second after the data'acquisition was triggered. Since the poten-
tial difference is set to zero at the time that the data acquisi-
tion is triggered, the current to the segments adjacent to the bub-
ble growth segment was cathodic for a half second before the bubble
disengagement. An example of the current to a segment adjacent to
the bubble growth segment is given in Fig. 2.4.2.17 (A). An in-

crease in the cathodic current at disengagement is observed.
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Figure 2.4.2.16 Schematic of the micro-mosaic electrode showing the
perimeter of the bubble at the time of disengagement.
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Examining the changes in the current to segments farther away from
the center of the bubble, a general pattern cah be seen in‘the initial
direction of the chénge in the current at the time of disengagement.
Within 200 microns of the center of the bubble, a small absolute in-
crease in the current is observed. At distances greater than 200
microns, but still well under the edge of the bubble, the current
is seen to decrease. Near and past the perimeter of the bubble a
more substantial increase in the current to segments is observed.l
This pattern is shown by examining Figs. 2.4.2.17, 2.4.2.18, and
2.4.2.19 (A). fhe segments represented in these Figures form a line
that extends radially from the center of the bubble. The same gen-
eral pattern is observed in the current to segments on the opposite
side of the bubble. These results are given in Figs. 2.4.2.19 (B)
and 2.4.2.20. It should be noted that the behavior is generally
consistent even though the current before the event may pe differ-
ent. An example of this can be seen by comparing Figs. 2.4.2.17 (B)
and 2.4.2.20 (A). The time constant for all the initial changes in
the current is of the order of 0.1 seconds.

While the pattern of the initial direction of the change in the
current to segments surrounding the bubble is general, it is not uni-
versal. Segments can be found which will deviate from this pattern.
An example is given in Figs. 2.4.2.21 and 2.4.2.22 (B). These seg-
ments form a line extending radially from the center of the bubble
along a diagonal. It can easily be seen that the increase in the

current at the time of the event occurs past the 200 micron radius
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previously reported. Generally the deviations from the pattern for
segments well under the bubble are few and do not occur bver a larger
area. This can be seen from Fig. 2.4.2.22 (A) in which an initial de-
crease in the current occurs at a segment adjacent to one at which the
current increases. The deviations that do occur are usually found near
or past the perimeter of the bubble. An example of thié is giQen in
Fig. 2.4.2.23.

It was pointed out earlier that the limiting current to the seg-
ments during bubble'growth is governed by free convection. It is safe
to assume that at long times after the bubble disengagement the cur-
rent to segments is also govefned by free convection. The abrupt
change in the current to the segments surrouhding the bubble at the
time of its disengagement indicates that the convection generated by
the bubble dominates the free convection. This is also indicated by
the general patterh of the direction of change in the current. There
seems to be no consistent pattern in the change of current to the seg-
ments after the first %ew tenths of seconds following the beginning of
the event. This‘can‘be seen by comparing the current curves from seg-
ments [2,6] and [1,6] in Figs. 2.4.2.20 to segments [8,6] and [9,6]
in Figs. 2.4.2.17 (B) and 2.4.2.18 (A). From other work (44) done in
this laboratory, the time required for a single bubble of this size to
disengage and rise to a height of one bubble diameter above the elec-
trode is less than a tenth of a second. Therefore one would not ex-
pect that the convection generated by the bubble disengagement to be

important for longer than a few tenths of seconds. Further it is



n.6A -
n
Sp.up b
[T
faa)
=
)
=
—
E.
o
x.
pons |
“vp.2at

(7,71
O — N
0.2m . .
n.o 1.0 2.0
TIME (SECONDS)
(R)

Figure 2.4.2.22

8.60

2.48 t

CURRENT (MICROAMPS)

[9,181

—“\\\~‘._--__"—‘_’,.——1

a.an

(.0 2.0
TIME (SECONDS)

(8) XBL 836-10368

Limiting current to a segment before and after the disengagement of a bubble.

e01



p.6A } ' aEat | ]
n o
=0.40 1 | ; 040 (6 () l
(a8 3 ‘>\
S S 7~
= = —
- ~ f"_-——-—
= = [6/B1
Lad
o : &
S p.op pb [B/A] ; SER A" ]
[(S5,1R]
n.on — 4 8.80 L .
n.o 1.0 2.0 . 0.8 1.@ 2.8 .
TIME (SECONDS) » TIME (SECONDS)
(A) (B) XBL 836-10364

Figure 2.4.2.23 Limiting current to segments before and after the disengagement of a bubble.

€01



104

reasonable to believe that after this time the free convection is at
least as important as the convection generated by the bubble disen-
gagement,

It will be instructive to look at long time disengagement studies
to examine free convection being reestab1ished after the bubble dis-
engagement. The results from the disengagement of a 1.2 mm diameter
bubble will be used to illustrate this. The relative size and posi-
tion of the bubble on the micro-mosaic electrode at the time of dis-
engagement is depicted in Fig. 2.4.2.24.
| The trend in the direction of change in the current to segments
caused by a bubble disengagement is usually maintained from one to
three seconds. At that time the current fluctuates a local maximum or
minimum. Following this, the current fluctuations relatively slowly
and unpredictab]y'for about 10 to 15 seconds. An illustration of this
behavior is given in Fig. 2.4.2.25. The bubble disengaged 0.3 seconds
before time equal to zero on the graph. An initial increase and de-
crease in the current is shown. After the 10-15 secdnd period, the
now fami]iar free convection limiting current pattern resumes. The
compiete cycle is exhibited in Fig. 2.4.2.26.

Bringing together all the observations of the current to segments
before and after the bubble disengagement, the effect on the mass
transfer rate to the surface can be described. As the bubble grows
the limiting current is governed by free convection. When the hy-
draulic and buoyancy forces exceed the surface tension forces, the

bubble starts to rise and its contact area collapses. The convection
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Figure 2.4.2.24 Schematic of the micro-mosaic electrode showing the
perimeter of a bubble at the time of disengagement.
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generated by the disengagement and rising of the bubble causes an ab-
rupt change in the current. After a few tenths of seconds, the bubble
is several diameters away from the surface. Then the flow generated
by the bubble has little effect on the rate of mass transfer to the
surface and free convection starts to ddminate again. One to three
seconds after the bubble disengagement free convection governs the
limiting current, but another 10-15 seconds is required to establish

a steady state.

The direction of the abrupt change in the current when the bubble
disengages can be explained by the flow generated by the bubble. As
the bubble pulls loose from the electrode and rises, fluid is drawn
up with the bubble. The void generated by the rising bubble and fluid
is filled by an inward radial flow. Therefore under the bubble the
direction of flow is inward and upward. Providing that the radial
concentration gradients are not too great, there is a net decrease
in the current as a result of the upward flow. Near fhe collapse
of the contact area, the inward flow is turned down toward the elec-
trode resulting in an increase in the current. Near and past the edge
of the bubble, a recirculation flow occurs. The recirculation flow is
basically a downward and inward movement of the fluid, which causes an
increase in the current.

Variations in the current from the general pattern can occur for
several reasons. An asymmetric collapse of the contact area could
~affect the flow significantly. This could induce some horizontal

movement of the bubble upon release, which would affect the flow
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also. Both these phenomena have been observed in this laboratory (44).
An unusually large radial concentration gradient near the electrode
could affect the change in current. This would most likely occur near
the center of the bubble and in the free-convection transition region
around the edge of the bubble.

The overall effect of the microconvection, generated by a bubble
disengagement, on the locai mass transfer rate to a horizontal elec-
trode is relatively small. Even considering the rate of disengagement
that is obtained on a gas-evo]vfng electrode, a significant increase
would not be expected. In fact a net decreasé in the mass transfer
rate could result from the disengagements.

Simultaneous Bubble Coalescence and Disengagement Studies

In contrast to the disengagement events, a significant increase
in the rate of ‘mass transfer was observed for simultaneous coales-
cence and disengagemént of bubbles. Order of magnitude increases in
the current to segments are not uncommon. An example of this is given
in Fig. 2.4.2.29 (A) where the relative size and position of the bub-
bles before coalescence is depicted in Fig. 2.4.2.27. The largest
increases in the current were observed between the bubbles along the
line of coalesence, but increases in the cufrent were observed on
nearly all the segments surrounding the bubbles.

The change in the current to the segments between two coalescing
bubbles can be seen by examining the results from the coalescence
and disengagement of a 0.495 mm diameter bubble and a 0.540 mm diam-

eter bubble. The relative size and position of the bubbles on the
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Figure 2.4.2.27 Schematic of the micro-mosaic electrode showing the
perimeter of the bubbles at the time of the event.
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Figure 2.4.2.28 Schematic of the micro-mosaic electrode showing the
perimeter of the bubbles at the time of the event.
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micro-mosaic electrode is shown in Fig. 2.4.2.28. Data were obtained
approximately 0.1 seconds after the start of coalescence.

The current to the segments that are located on the axis of coa-
lescence is given in Figs. 2.4.2.29 (B) and 2.4.2.30. Significant in-
creases in the current are observed in all casesQ The largest peak in
the current exceeded the maximum value set on the multiplexer. The
increase in the current is large enough and rapid enough that some
distortion, from the 10 Hz filters on the multiplexer inputs, could
have occurred. This would tend to decrease and round-off the maximum.
The maximum occurs at different times for various segments, but always
within less than 0.2 seconds after zero time.

The current to segments located between the two bubbles that
fall on a line perpendicular to the axis of coalescence is given in
Figs. 2.4.2.30 (B), 2.4.2.31, and 2.4.2.32. Two general trends can
be observed: the height of the peak generally decreases and the peak
occurs sooner the larger the distance from the line of coalescence.
These trends are easily seen in Figs. 2.4.2.30 (B) and 2.4.2.31, but
are obscured in the curves in Fig. 2.4.2.32 (A) since the peaks were
not obtained. There seems to be very little effect 500 to 600 microns
away from the line of coalescence, as can be seen in Fig. 2.4.2.32 (B).

When two bubbles coalesce, the fluid between them is squeezed out
~in all directions. Under and between the two bubbles there is a sig-
nificant flow toward the electrode, which results in the observed peak
in the current to segments located in a narrow region between the bub-

bles. For approximately equal size bubbles, the region is widest in
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the center. This would be expected from the movements of the bubbles
during the occurrence of the event.

Increases in the current are observed outside the narrow re-
gion between the bubbles. These increases are not as intense and
they occur over seconds rather than within tenths of seconds. This
behavior can be seen in the results from the coalescence and disen-
gagement of a 0.945 mm diameter bubble and a 0.765 mm diameter bub-
ble. The relative size and position of the bubbles on the electrode
is shown in Fig; 2.4.2.33. The initial current before the event was
not obtained. The data begins 0.31 seconds after the start of the
event.

Because the first 0.31 seconds of the curkent to the segments
after the event was not obtained, it is difficult to make conclusions
from the results. However some general observations can be madef In-
creases in the current are observed for segments located under the bub-
bles. This can be seen by examining the current to segments under the
0.945 mm diameter bubble given in Figs. 2.4.2.34 (A), 2.4.2.35, and
2.4.2.36 (A). There appears to be only a small increase and sometimes
a decrease in the current to segments located bast the edge of the bub-
bles, as can be seen in Figs. 2.4.2.34 (B) and 2.4.2.36 (B). Of the
segments past the edge of the bubbles, the ones located nearest the
wake created by the coalescence seem to be affected the most. This
seems to be generally true of the segments located under the bubbles
also. The wake formed by the bubbles during coa]escehce should be be-

hind the bubbles and along the axis of coalescence.
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Figure 2.4.2.33 Schematic of the micro-mosaic electrode showing the
perimeter of the bubbles at the time of the event.




B.60 |

a.44

CURRENT (M!(ROAMPS)

n.nd

AN

v
e

(5, 1M

——

'y

'y

2.1

TIME (SECONDS)

n.60

n.4ya \[EIH] 4

CURRENT (MICROAMPS)

A 'S

.8 2.1
TIME (SECONDS)

XBL 836-10479

Figure 2.4.2.34 Limiting current to segments beginnihg 0.31 sec after the event.

611



B.68

8.48

CURRENT (MI1CRORMPS)

{1,b1

A

l.u

TIME (SECONDS)

2.0

8.68

a.4a

LJ

CURRENT (M1CRORAMPS)

'

(8,6}

a.a

TIME (SECONDS)

Figure 2.4.2.35 Limiting current to a segment beginning 0.31 sec after the event.

2.8

XBL 836-10477

0cet



8.60 [ - 0.60 } -
in n
=0.48 f - So.upt -
z z
& (9,61 ]
= ,f’,,~—"””'—_—‘——— : =
i . W
& ; tael & [A/S)
85-25 - . aﬂ.lﬂ S
[B,5]
B.0n L 1 a.gn s R
n.n 1.8 2.0 n.n 1.8 2.1

Figure 2.4.2.36 Limiting current to segments beginning 0. 31 sec after the event.

TIME (SECONDS)

~

TIME (SECONDS)
XBL 836-10478

121



122

The long time studies of the simultaneous coalescence and disen-
gagement reveals a behavior similar to that observed in the long time
disengagement studies. A sample of the current to two segments after
the beginning of the event is given in Fig. 2.4.2.37 where the rela-
tive size and position of the bubbles is given in Fig. 2.4.2.28. Some
information after the event was lost, but it was less.than a few tenths.
of a second of data. After a few seconds the current is governed by
free convection, but another 10 to 15 seconds are required to obtain a
normal stable pattern.

Significant increases have been observed in the rate of mass trans-
fer to the surface as a result of the microconvection generated by the
simu]fanéous coalescence and disengagement of the two bubbles. The
relatively small increases observed from the disengagement studies and
the area on the electrode exhibiting the greatest enhancement effect
indicates that the substantial increases can be attributed to coa-
lescence events. Therefore, considering the frequency of coalescence
on a gas evolving surface (20), coalescence induced fluid motion pro-
vides a very effective mechanism for mass transfer enhancement‘to a
surface.

2.5 Stability of Micro-Mosaic Electrodes

Although'the micro-mosaic electrode has proven to be a very effec-
tive experimental device for studying bubble phenomena, it is unfor-
tunately not indestructable. The micro-mosaic electrode is susceptible
to physical erosion and chemical corrosion when it is exposed to the
experimental ‘environment. This severely limits the useful lifetime of

the electrode.
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Adhesion of the platinum to the oxide is a major problem. Even
the chromium layer that was added.does not prevent this. Any fluid
flow exerts a net force on the elements of the electrode which erodes
the platinum éway. It has been observed that a bubble will pull loose
the bubble growth segment upon disengaging from the electrode. This
does not always occur, but after enough bubbles (i.e., approximately
4 to 6) the segment will be affected. The results ofvthe erosion
can be seen in Fig. 2.5.1. A missing segment in the lower right
hand corner is quite visible. Gouges in the surface are also appar-
ent. The darker segments can be seen better in Fig. 2.5.2. The seg-
ments are darker as a result of having less platinum on the surface.
Erosion is apparent from the microscopic roughness of the segments
and its rounded
corners.

The aluminum is subject to corrosion when it comes into contact
with the electrolyte. This occurs as a result of the erosion of the
platinum. Pin hole defects in the oxide layer can also expose alumi-
num. The rate of corrosion is relatively slow, requiring days oflex-
posure to have a significant effect. The rate would be enhanced by
adding chloride ions to electrolyte, so this should be avoided.

A series of 29 experiments were conducted ovér a 24 hour period.l
The micro—mosaic electrode used in the experiments was originally new.
The experiments were conducted at approximately equal intervals and
the electrode was exposed to the electrolyte during all the 24 hours.
Initially ten segments on the electrode were defective. The rate at

which segments stopped passing current can be seen in Fig. 2.5.3.
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CBB 823-02040

Figure 2.5.1 Segmented portion of an "old" micro-mosaic electrode.
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CBB 823-02038

Figure 2.5.2 Segments of an "old" micro-mosaic electrode.
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0f even greater importance is the fact that the electrode will
degrade in the cell after it has been used. This occurs whether
there is air, deionized water, or electrolyte above the electrode.
The degradation is not visible or necessarily permanent, but elec-
trode segments do stop working. The source of this degradation was
not determined. Both X-Ray Flouresence and Scanning Auger Microscopy
were used to examine the elemental composition of the surface, with-
out success. It was observed that the wetting characteristics of
the oxide would change after it had been exposed to the electrolyte.
Whether this is relevant to the problem was not determined.

The current to segments surrounding a defective segment was ex-
amined during bubble disengagements to determine the effect of the
defective segments on the experimental results. The effect of a sin-
gle bad segment is given in Fig. 2.5.4 (A), while the effect of two
bad segments next to each other is shown in Fig. 2.5.4 (B). The rela-
tive size and position of the bubble on the micro-mosaic electrode at
the time of disengagement is shown in Fig. 2.4.2.16. The inward fluid
flow parallel to the electrode generated by the bubble disengagement
can significantly enhance the mass transfer rate when an unusually
large radial concentration gradient is created by defective segments.
This is the reason for the significant mass transfer enhancement ef-
fect observed for a bubble disengagement with the multi-electrode cell.

The defective segments only affected the current to neighbor-
ing segments. Probably the ultimate example of this can be seen
in Fig. 2.5.6 where the relative size and position of the bubble at

disengagement is given in Fig. 2.5.5. Nearly all the micro-mosaic
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Figure 2.5.5 Schematic of the micro-mosaic electrode showing the
perimeter of the bubble at the time of disengagement.




[9,81

T '}

1.8 T = .0
B8 | e = B8 |
(9,91
~— Tl
U n
o. o.
E E.E F 5 § u.E -
= =
o [+
o - o]
= =
— —
& Byt 4 S B b
o= o=
= e
= =
o <
0.2 v . 8.2 F
n.a 4 4 g.a
B.da .8 2.0 n.a

TIME (SECONDS)

.2 2.1

TIME (SECONDS)
XBL 836-10472

Figure 2.5.6 Limiting current to a segment before and after the disengagement of a

1.4 mm diameter bubble.

£



132

electrode elements were defective, including the buffer segment. This
is indicated by high value of the free convection limiting current.
The inward parallel flow causes a significant increase in the current
to a segment, shown in Fig. 2.5.6 (A), while there is a decrease in
the current to the neighboring segment, shown in Fig. 2.5.6 (B).

Once the number of defective segments reaches 30 to 40, the
assumption that the electrode simulates a continuous surface breaks
down completely. Experiments that do not require this assumption can
still be conducted.

2.6 Mass-Transfer Studies with a Replica of the Micro-Mosaic

Electrode
2.6.1 Description of the Replica of the Micro-Mosaic Electrode

A replica of the micro-mosaic electrode was constructed. It has
the same dimensions as the micro-mosaic electrode and is made of plat-
inum, but it is not segmented 1ike the micro-mosaic electrode. The
replica does have a small (125 um diameter) platinum disk at the cen-
ter of the electrode, which is insulated from the main electrode.

The replica consists of a 0.5 cm x 0.5 cm platinum foil embedded
in a 12.4 cm x 12.4 cm lucite base, shown in Fig. 2.6.1.1. The elec-
trode and the lucite 1ie in the same plane. A 125 um (0.005 in.)
diameter platinum wire embedded in epoxy serves as the disk in the
center of the electrode. The relative size of the epoxy area sur-
rounding the wire is shown in Fig. 2.6.1.2. Electrical connections
to the main electrode segment and the wire are made from the bottom

of the base.
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Figure 2.6.1.1 Replica of micro-mosaic electrode.
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XBB 836-5272

Figure 2.6.1.2 Wire electrode segment at the center of replica.
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The base was designed to fit the cell built for the micro-mosaic
electrode with the electrode oriented horizontally. The replica with
the cell is shown in Fig. 2.6.1.3.

2.6.2 Method and Instrumentation

The replica of the micro-mosaic electrode was used to examine the
relationship between the mass-transfer enhancement effect of micro-
convection and macro-convection at a gas-evolving surface oriented
horizontally. This was accomplished by evolving hydrogen on the main
electrode segment and monitoring the current to the wire, which was
polarized in the limiting current region for an indicator ion.

The indicator ion reaction, electrolyte composition, and reference
electrode used in the studies of individual bubble phenomena were not
changed for this study (see Section 2.1). The wire was polarized at
-500 mV relative to the reference electrode, which was well into the
limiting current potential range for the reduction of ferric ions.

The main electrode segment was polarized from -800 mV to -1000 mV
relative to the reference electrode, which was in the hydrogen evolu-
tion potential range. The effect of the gas evolution on the current
to the wire was measured.

The instrumentation for the replica is basically the same as used
in the early mass-transfer studies with the micro-mosaic electrode (see
Section 2.3.3). The only real difference is the number of electrode
connections to be made. Since the electrode only has two electrical
connections, the wire and the main segment, it is a much easier system

to use.
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CBB 836-5375

Figure 2.6.1.3 Replica with micro-mosaic electrode cell.
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Other mass transfer experiments conducted with the replica
included a potential-step experiment and free convection studies.
2.6.3 Results and Discussion

Potential-step experiments similar to those conducted on the
micro-mosaic electrode (see Section 2.3.4) were performed on the
replica. The current to the entire electrode after a potential-step
into the limiting current range for the reduction of ferric ions is
given in Fig. 2.6.3.1 (A). This can be compared to Fig. 2.3.4.1 (A),
which shows the result of the same experiment with the micro-mosaic
electrode. The total e]ectrodevcurrenf plotted against the inverse
square root of time, shown in Fig. 2.6.3.1 (B), exhibits a linear
behavior as predicted by £q. 2.3.4.1. The dfffusion coefficient

6 cm2/sec, which

determined for the ferric ions is 4.96 x 10~
is within 8% of the value obtained using the micro-mosaic electrode.
The free convection limiting current to the entire electrode and
to the wire is given in Fig. 2.6.3.2. The amplitude of the fluctua-
tions in the current to the entire electrode are much smaller than
was observed for the current to the entire micro-mosaic electrode.
In fact the fluctuations are almost obscured by the noise in the
signal. The average current to the entire electrode is 0.68 mA
which is about 13% smaller than the average current to the micro-
mosaic electrode. The fluctuations in the current to the wire are
quite apparent. The fluctuations are not as regular as was observed

with the micro-mosaic electrode, but the period of 29 seconds is the

same as in the previous studies. It was not determined whether the
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irregular fluctuations were a result of the relatively wide epoxy in-
sulating area surrounding the wire or the chaotic behavior observed in
the free convection limiting current. |

The experimental method developed to examine the role of micro-
~convection and macroconvection on the mass transfer rate to a gas-
evolving surface was only partially successful. It was observed in
the individual bubble studies with the micro-mosaic electrode (sée
Section 2.4.2) that é potential difference between two adjacent seg-
ments could cause an anodic reaction to occur on one of the segments
even though both are polarized cathodically relative to the reference
electrode. Oxidation of hydrogen, generated at the main electrode
segment, was observed on the wire. This results in a net anodic
current to the wire at small gas evolution rates.

The results are given in Figs. 2.6.3.3, 2.6.3.4, and 2.6.3.5. The
current to the wire is shown in graph (A) and the-current to the main
electrode segment in graph (B). In graph (B) of all the figures the
cathodic currents are recorded as positive values. A cathodic current
is negative on graph (A) in all the figures.

The current to the main electrode segment is the result of two
cathodic reactions (2H+ + 2e” > Hys Fe'' T+ e » Fe+++). The Nernst
boundary layer thickness and thus the average current to the wire,
in the absence of the oxidation of hydrogen, can be predicted from
the average current to the main electrode segment and the experimen-
tal results of Jannssen and Hoogland (12). The predicted average cur-
rent to the wire; in Fig. 2.6.3.3 (A) is -0.65 A, in Fig. 2.6.3.4 (A)

is -0.94 yA, and in Fig. 2.6.3.5 (A) is -1.62 uA. In each case the
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predicted value is larger than the actual measured current, indicating
that there is indeed an anodic side reaction taking place on the wire.
As a result of the side reaction on the wire it is difficult to
make conclusions regarding the relative importance of micro-convection
and macro-convection on a gas evolving surface. However some observa-
tions can be made about the characteristics .of the current versus time
curves. If the oxidation of hydrogen on the wire is not mass-transfer
limited, then the fluctuations in the current can be attributed to
variations in the mass-transfer rate of ferric ions. Furthermore if
the macro-convection can be considered in the steady-state the fluctu-
ations can be associated with the micro-convection near the surface.
This is indicated by comparing the time constant of the fluctuation,
which is of the order of 0.1 seconds, to the ones obtained in the
individué] bubble studies. Since increasing the gas evolution rate
will also increase the rate of bubble phenomena, the frequency of the
fluctuations should increasé with the gas evolution rate. The ampli-
tude of the fluctuations shod]d not change significantly because the
same phenomenon are occurring, only at a faster rate. Both trends are

observed.
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2.7 Nomenclature

Electrode surface area, cmz.

1

A:
C: Concentration, moles cm'3.
D: Diffusion coefficient, em® sec™l.

F: Faraday constant, 96,487 C equiv.'l.
I: Total current, Amps.

k .+ Proportional control constant, Volt Amps'l.

n: Electrons transferred in reaction; equiv mo]e"l.
t: Time, seconds.

V: Potential, Volts.

Greek Letters

t: Control constant, seconds.

Subscripts
B: Denotes bulk property.

D: Denotes differential control constant.
I: Denotes integral control constant.

S: Denotes initial set point value.
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3. THEORETICAL CONSIDERATIONS

To theoretically describe the mass-transfer enhancement to a hori-
zontal surface as a result of a bubble diengagement would require that
a set of unsteady non-linear coupled partial differential equations be
soived numerically. Modeling of this sophitication is beyond the scope
of the present work. However; it is instructive to examine a series
of models which describe individﬁal aspects of a bubble disengagement.
These include the bubble shape, mass-transfer effects from the ascen-
sion of the bubble, and mass-transfer effects from the collapse of the
bubble's contact area. The models are quite useful for explaining some
of the experimentally observed mass-transfer effects from a bubble dis-
engagement. Since the free-convection mass transfer to a horizontal
surface plays an important role in the expeimental studies, the trans-
port equations describing the phenomenon are developed.
3.1 Relevant Transport Equations

Several basic assumptions are made in the theoretical work
presented here._ First it is assumed that dilute solution transport
equations for an isothermal system are applicable to the experimen-
tal system. This is a common assumption for aqueous systems of low
to moderate electrolyte concentrations. Secondly, the electrolyte
is considered to be well-supported. Considering that there is approx-
imately an order of magnitude higher acid concentration than tﬁe con-
centration of the reacting ionic species concentration, this also
should be valid. Finally, with the exception of the density in the
free-convection work the transport properties are assumed to remaih

constant.
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-Initially there are three ionic components in the aqueéus electro-
lyte (H+, So7, Fe+++). As a result of the ferric ion reaction, a
fourth is produced (Fe++). The mass transport equation for each ionic
species is given by:

3C_i : )
—L 4 v Ve, = z,u.FV * (c,V9) + D.V
t v C,| Z1U,'F (C'l ) D1

3 C. (3.1.1)

1

where the subscript (i) refers to the ionic species (i = 1 for SO4=;
i=2forH; i=3FforFe ':i=4forFe ). The electroneutrality

condition is given by:

4
2. 2i¢; =0 : (3.1.2)
a1

Following the development of Levich (46), for a well-supported elec-
trolyte the concentrations and potential can be written in terms of a
perturbation expansion. If the concentration of the reacting species
is zero in tﬁe zero approximation and all terms higher than the first
order terms are neglected, the dependent variables are given as fol-

lows:

Cq = c? + ci (3.1.3)

C, = cg + c% (3.1.4)

S (3.1.5)

Cq = ci (3.1.6)
1

©
i
©
—
w
—
.
~
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In writing the perturbations in this manner, it is assumed that

the supporting electrolyte does not react and therefore the zero
approximation terms are constant. This is not strictly true since
the protons do react at bubble growth segments. Substituting Equa-
tions 3.1.3-7 into the four mass transport equations for the ionic

species (Equation 3.1.1) and deleting all second order terms we ob-

tain:

1

jil'+ v -Vcl = z,u,F c0 V2¢ 1, D V2 c1 (3.1.8)

at 1™ °171 "1 1 1 o
1 _

352 +v °Vc1 = Z,U,F cOV 2 ¢1 +D v2 c1 (3.1.9)

at 2~ 272 T2 2 2 e
1

aC

3?2 tve VC% = D, v C§ (3.1.10)
1

ac . \

Sfi tve Vci =D, v Ci (3.1.11)

It is seen that the reacting species follow the well known con-
vective diffusion equation. The electroneutrality condition and
Equatidns 3.1.8 and 3.1.9 can be combined to eliminate the elec-
tric potential and the concentration of one of the supporting

electrolyte species, resulting in Equation 3.1.12.

1
ac z,u, (D, = D,)
1, 1 2 1 3"1Y72 3.2 1
— + vy Ve =D 9" c; + v C
at 1 e 1 Zquq - Z,U, 3
z,u, (D, - D,) ,
s 412 4 2l | (3.1.12)

zlu1 - 22u2 \ 4
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De-is given by Equation 3.1.13.

Z4u,0, - z,u,D
D = 1zlu2 - zZu2 L ' - (3.1.13)
171 272

The fluid flow is governed by the overall mass ba]ahce equa-
tion and the momentum balance, or Navier-Stokes, equation, given by

Equations 3.1.14 and 3.1.15 respectively.

Vev=0 (3.1.14)
ok vewy - _%.v.p +v2 gv+g | (3.1.15)

The development of the transport equations which describe the ex-
perimental system in this work is not new. The reader should refer to
either Newman's (45) or Levich's (61) monograph for a more detailed

development.
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Nomenclature

c: Concentration, moles cm'3.
D: Diffusijon coefficient, cm2 sec'l.
F: Faraday constant, 96,487 C equiv.'l.
g: Acceleration due to gravity, cm sec'z.
P: Pressure, dyne cm'z.
t: Time, sec.

. . - 2 -1 -1
u: Ionic mobility, cm® mole J = sec .
v: Velocity, cm sec'l.
z: Charge number of species.
Greek Letters

) . . -1 -1
u: Viscosity, g cm © sec .
v: Kinematic viscosity (up_l), cm2 sec'l.

p: Density, g em3,

$: Electric potential, volts.

Subscripts

i: Denotes ionic component

1: Denotes SOZ

2: Denotes H+

3: Denotes Fe' "

4: Denotes Fe++

e: Denotes binary diffusion coefficient for supporting electrolyte.
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Superscripts

0: Denotes zero approximation term.

1: Denotes first approximation term.
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3.2 Equilibrium Shape of a Bubble Attached to a Horizontal Surface

In the individual bubble phenomena studies, bubbles were observed
from above. This allowed the measurement of the maximum bubble diam-
eter, but the overall bubble shape could not be determined. However
it is relatively easy to predict the equilibrium shape of a bubble
on a horizontal surface. Since the bubbles were grown at a slow
rate (~ 30 minutes to release), their shape should be very close
to the equilibrium shape before the initiation of the bubble event.
The equilibrium shape of bubbles on a horizontal surface indicates
the deviations of the bubbles studied with the micro-mosaic elec-
trode from a spherical cap shape. The possibility of having a rel-
atively large bubble with a small base will aiso be determined.

The development of the equations which govern the shape of the
bubble can be found in numerous references (32), (47). Starting with
the Laplace equation, which relates the principal radii of cur?ature
of a surface to the pressUre difference across the surface, a set of
honlinear coup]ed ordinary differential equations can be derived.

The differential equations, first solved by Bashforth and Adams (48),
relate the shape of a bubble to the radius of curvature at the top of
the bubble (RO) and a dimensionless group defined by Equation 3.2.1:

2
(p_-»0.) gR '
A o= 2 3 0 ' (3.2.1)

The differential equations are given by Equations 3.2.2-4:

sing . 1 _ 54,3 (3.2.2)

X R
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o132
(gf
dx (3.2.3)

el
1

sin ¢ = = TR (3.2.4)
T
dx

with the tilde quantities defined as:

X = x/RO (3.2.5)
z = Z/R0 (3.2.6)
R = R/R0 (3.2.7)

The coordinates of the bubble are shown in Fig. 3.2.1.

The equations are more easily solved by transforming the independ-
ent variable to the arc length measured from the top of the bubble.
Equations 3.2.3 and 3,2.4 are then given by Equations 3.2.8 and 3.2.9

respectively:

\,11/2 |
s
. \ds/ (3.2.8)
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XBL671- 359

Figure 3.2.1 Schematic diagram for a bubble attached to
a surface.
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sin § = — (3.2.9)
where the dimensionless arc length is defined as

s = E/RO ' (3.2.10)

and the equation relating the two bubble coordinates and the arc length

~\2 ~\2
1 = | &) 492 (3.2.11)
ds ds

Equations 3.2.2, 3.2.8, 3.2.9, and 3.2.11 can be solved numerically by

is:

the Runge-Kutta method (49) with initial boundary conditions at zero _

arc length as follows:

zZ =0 (3.2.12)
X = 0 (3.2.13)
2z _ (3.2.14)
ds

A description and listing of the program which solves the set of
differential equations and determines the shape of the bubble are
given in Appendix G.

Knowing the physical parameters of the system and the maximum
bubble diameter, we can completely deScribes the shape of the bubble,

except for the relative position of the base. That is determined by
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setting either the contact angle or the radius of the contact'area.
The only thing that is known about the confact area was that it was
nof large enough to cover a complete segment and interrupt the cur-
rent. Therefore the radius of the contact area is taken to be 50
microns. The values of the surface tension is assumeq to be 70
dyne/cm and density difference is approximately 1.0 g/cm3.
The diameter of the bubbles studied varied from about 0.5 mm
to 1.5 mm. The shape of the largest bubble (1.53 mm diameter)
is given in Fig. 3.2.2 and the smallest (0.495 mm diameter) in
Fig. 3.2.4. An intermediate size bubble (1.1 mm diéméter) is
shown in Fig. 3.2.3. It can eagily be seen that the smaller
the bubble the more accurate a spherical appkoximationAbecomes.
This is to be expected bécause surface tension effects become

more important as bubble size decreases. Even the largest bub-

_ ble deviates only slightly at its base from a spherical shape.
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XBL 837-10752

Figure 3.2.2 Shape of a 1.53 mm diameter bubble (y = 70 dyne/cm, tic
marks at 0.1 mm intervals).
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XBL 837-10750

Figure 3.2.3 Shape of a 1.1 mm diameter bubble (y = 70 dyne/cm,
tic marks at 0.1 mm intervals).
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XBL 837-10751

Figure 3.2.4 Shape of a 0.495 mm diameter bubble (y = 70 dyne/cm,
tic marks at 0.1 mm intervals).
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Nomenclature

a: Radius of contact area, cm.

g: Acceleration due to- gravity, cm sec™2,
R: Radius of curvature, cm.

s: Arc length, cm.

x: Bubble surface coordinate, cm.

Z: Bubble surface coordinate, cm.

Greek Letters

a: Gas phase.

g: Liquid phase.
y: Surface tension, dyne cm‘l.
o: Contact angle.

A: Dimensionless group.

p: Density, g em3,

¢: Bubble coordinate angle.

Subscripts

a: Denotes a phase.

g: Denotes g phase.
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3.3 Mass Transport to a Horizontal Surface Near an Ascending

Fluid Sphere

After a bubble disengages from a horizontal surface, it rises away
from the electrode. In the following, the effect of the fluid flow
generated by the rising bubble on the rate of mass transfer to the
surface is determined for a low Reynolds number (Re << 1) flow. This
js accomplished by numerita]]y solving the transport equation for the
ferric jon (Equation 3.1.10) with the proper boundary conditions. The
velocity distribution surrounding the fluid sphere is obtained from an
analytical solution developed by Wacholder and Weihs (50).

For a low Reynolds number flow, the Navier—Stokes Equation 3.1.15

reduces to

0 =P+, y+opg (3.3.1)

The derivation of this equation is presented in standard textbooks and
monographs (51), (52). As is often done with rotationally symmetric
flows, Equations 3.1.14 and 3.3.1 can be combined by defining a stream
function, which depends on the coordinate system chosen. For the as-
cending fluid sphere a bispherical coordinate system (53) is most con-
venient. This special coordinate system is shown in Fig. 3.3.1. In

this coordinate system the stream function is defined by:

2
v - (coshg - COS n) %%_ : (3.3.2)
n ¢ sin n '
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Figure 3.3.1 Bispherical coordinate system.
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2
(coshe - cos n)° a3y (3.3.3)

V") =
& ¢ sin n an

The resulting fluid flow equation is given by:

vz(v2 v) = 0 | | (3.3.4)

Equation 3.3.4 was solved by Wacholder and Weihs (50) for the fluid
inside the sphere (interné] flow) and outside the sphere (external
flow) with the proper matching conditions on the surface of the
sphere. The external ve]ocities can be obfained from their solu-

tion using Equations 3.3.2 and 3.3.3:

-3 sinhg& Nn(E) Vn(cos n)

T2
Vo =
" o~ ’ 2 ¢ sin n (cosh& - cos n)1/2

-]

1/2
+ (cosh€2 - €OoS n) [An (n-1/2) sinh (n-1/2)¢&
c” sin n

+ Bn (n-1/2) cosh (n-1/2)E& + Cn(n+3/2) sinh (n+3/2)¢

+ Dn(n+3/2) cosh (n+3/2)&] vV, (cos n) ' (3.3.5)

e Z 3 wn(a) Vn (cos n)
: i 2 c2 (cosh& - cos n)1/2

_ [(cosh& - cO0S n)1/2 } Wa ) [n P, (cos n)
n-

cos
c2 n

*+ (n+1) P4y (cos n)]‘ (3.3.6)
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Where Pn (cos n) is a Legendre polynomial of degree n and c, wn(s),

and Vn (cos n) are defined by Equations 3.3.7-10.

d tanh a (3.3.7)

()
1]

cosh™! (dja) ‘ (3.3.8)

a

wn(E) = A, cosh (n-1/2)¢ + B, sinh (n-1/2)¢

+ Cn cosh (n+3/2)¢ + Dn sinh (n+3/2)¢ (3.3.9)

\

Vn (cos n) = Pn_1 (cos n) - Pn+1 (cos n) (3.3.10)

The drag force on the bubble was determined by Wacholder and Weihs

and is given by:

F= orufua wry ¢ (5o ‘ (3.3.11)
where
§(Ge) - g[ig%_)] s S
n=1

(Zn_?gnz%3*3) { o [2 sinh (2n*1)a *+ (2n+1) sinh 2a

- 4 sinh? (n*+1/2)a + (2n+1)2 sinh® ]
+1/2 [(2n+3) €2 + 4 e~(2ML)a _ (5n 1) e 22}

{c [a sinh? (n+1/2)a - (2n+1)2 sinh® a]
+ [2 sinh (2n+1)a - (2n+1) sinh 2213t (3.3.12)

~and o is defined by Equation 3.3.13

e (3.3.13)
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It should be pointed out that the velocity of the sphere (U) is posi-
tive when the sphere is approaching the surface.

The mass transport equatfon for the reacting species (Equa-
tion 3.1.10) is solved numerically using the Crank-Nicolson fin-
ite difference method (54). The equation is solved over two time
periods. In the initial périod the bubble is held stationary at a
specified point above the surface and the mass_transfer to the sur-
face is controlled by diffusion 6f thé species to the electrode.
The concentration of the reacting species is initially uniform, then
at time equal to zero the surface concentration of the species is set
to zero. After a specified time the bubble is released and allowed to
rise. During this time period it is much mofe convenient to step nu-
merically in the distance from the surface to the bubble rather than
in time. During the initial time period quation 3.1.10 transforms
to Equation 3.3.14 and in the second fime period it converts to

Equation 3.3.15.

0 - 3 | A _(cos x ncoshaf -1)f ac
B‘Ei m 72 sin « ; 3;
A sinh a € gé 22 2% 22 8% (3.3.14)

+ e 2 - -
- Y2 1 3E 1r2y2 an2 2.2 a£2
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Re Sc (cosh a £ - cos n n)vn
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+
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an

a vy
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e
vn/(-U)
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D3t/a

= _d/a
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|
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.

The dimensionless variables and numbers are defined as follows:

aE

(3.

.15)

.16)
.17)
.18)

.19)
.20)
.21)

.22)

.23)
.24)
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Re = al-y)
\Je.
ve

S¢ = =
D3

The spatial boundary conditions for both time periods are:

% = 0 at n = 0
an
2% = 0 at :1 = 1
an

E = 0 at E =0
% = 0 at E = 1
12

(3.3.25)

(3.3.26)

(3.3.27)

(3.3.28)

(3.3.29)

(3.3.30)

The initial condition for the first period is given by Equation 3.3.31

and for the second period the concentration distribution from the end

of the first period is used.

c = 1 For all ; and E

(3.3.31)

The flux of the reacting species and thus the current at any time can

be obtained at any time by Equation 3.3.32.

(3.3.32)

The velocity of the bubble at any time and distance from the electrode

is determined by setting the drag force (Equation 3§3.11) equal to the
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buoyant force on the bubble. The actual time during the second period
is determined by integrating along the path of the bubble according to

Equation 3.3.33.

d
t = to-f L d(a) | | (3.3.33)
} |

A description and listing of the program used to solve the model is
given in Appendix H.

Besides the numerical accuracy the only real limitation to the
model is the assumption of a low Reynolds number flow. Since the
drag on a rising bubble in an infiﬁite fluid (i.e., in the absence
of a surface) increases proportionally with the radius of the bub-
ble and the buoyant force increases with the cube of the radius, the
terminal velocity increases with the square of the radius. Thus the
Reynolds number increases with the cube of the radius of the bubble.
This severely limits the maximum size of the bubble for which the
model is applicable. The Reynolds number reaches a value of one
for a bubble with a radius of 73 um. This is much smaller than
the bubbles examined in the single bubble disengagement experi-
ments, but the bubbles at a typical .gas-evolving electrode in
the field are generally smaller than this maximum. It should
be noted that this model does not include any effects of the
actual disengagemeﬁt process or of any free or forced convec-

tion other than caused by the motion of the bubble itself.
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The calculated current distributions are presented as graphs of
reduced current density to the electrode versus reduced radial dis-
tance from the center line of the bubble along the electrode. The
current density is reduced by the current density to the electrode
in the absence of the bubble. This current density is given by the
Cottrell equation (Equation 2.3.4.1). The Nernst boundary layer

thickness from the Cottrell equation is

sy = {703t | (3.3.34)

The radial distance is rendered dimensionless by the radius of the
bubble. The physical parameters used in the modeling work are listed
in Table 3.3.1.

The numerical accuracy depends on the time step size and the mesh
size. Because of the relatively small time step size needed to obtain
a stable solution, the limitation on the accuracy is the mesh size.
The results of two runs which are equivalent except for different mesh
sizes are given in Fig. 3.3.2. Far away from the sphere the reduced
current density should approach one and, as expected, the smaller mesh
size is more accurate. Values for various mesh sizes are about the
same for the first diameter from the center. All other computational
work was performed with 40 x 40 mesh points;

The initial distance of the center of the bubble from the surface
(dr) is the one parameter that is difficult to determine for the
model. As can be seen in Fig. 3.3.3 varying the distance slightly

when the bubble is close to the surface makes very little difference



Table 3.3.1 Input Parameters For Program
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Parameter Value Units
3
External 1.06 g/cm
Density -
-5 3
Internal 8.18 x 10 g/cm
Density :
External 1.19 cp
Viscosity
-3
Internal 8.75 x 10 cp
Viscosity
Bulk 0.1 M
Concentration
-6 2
Diffusion 4.58 x 10 cm /sec

Coefficient
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Figure 3.3.2 Limiting current distribution during the first time
period (ti = 1.0 second); (A) 20X20 mesh points;

(B) 40X40 mesh points.
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1.5 T T

3

X8L838-6113

Figure 3.3.3 Limiting current distribution during the first time

period (a = 25 microns, t, = 1.0 second); (A) d. = 27.5

microns; (B) d. = 27.0 microns.
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in the current during the first time period. IHowever the rate of
ascension is affected greatly as a resuit of the change in the drag
on the bubble.

The results of the modeling work is given in Figs. 3.3.4-7. The

fact that the rate of mass transfer (i.e., current density) is de-
creaéed by the convection generated by the ascension of the bubble

is immediately apparent. Asvcan be seen by comparing Fig. 3.3.4 and
Fig. 3.3.5, this trend does not depend on the initial distance of the
bubble from the surface. It also does not depend on the Nernst bound-
ary layer thickness or the size of the bubble, which is apparent from
comparing Fig. 3.3.4 with Fig. 3.3.6 and 3.3.7.

The characteristic decrease in the current density differs signif-
icantly from those observed experimentally (see Section 2.4.2). The
fact that the time constant for the modeling work is two orders of
magnitude smaller than the one observed experimentally, even though
the bubbles are more than an order of magnitude larger, indicates that
the ascension of the bubble alone does not determine the overall time
constant. The co]]apse of the contact area plays a major role in de-
termining the overall time constant. The decreases in mass-transfer
rates are observed much farther from the center line of the bubble in
the modeling work. This is a general characteristic of mass transport

in low Reynolds number flow.
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1.5 I ' I

3

XBL838-6108

Figure 3.3.4 Limiting current distribution before and after the
release of the sphere (a = 25 microns, tr 1.0

second, d = 27.5 microns); (A) t = 1.0 second,
= 27.5 m1crons;'(B) t = 1.003177 seconds, d = 28.7

- microns.



175

3

r/a

X8L 838-6109
Figure 3.3.5 Limiting current distribution before and after the
release of the sphere (a = 25 microns, tr = 1.0
second, dr = 27 microns); (A) t = 1.0 second,

d = 27 microns; (B) t = 1.001657 seconds,
d = 27.5 microns.



176

.5

3

r/a

XBL 838~ 6ll!

Figure 3.3.6 Limiting current distribution before and after the
release of the sphere (a = 25 microns, t, = 0.5
seconds, dr = 27.5 microns); (A) t = 0.5 seconds,
d = 27.5 microns; (B) t = 0.50143 seconds, d = 28
microns.
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r/a

xBL838-6110

Figure 3.3.7 Limiting current distribution before and after the
release of the sphere (a = 50 microns, t.=1.0
second, dr = 55 microns); (A) t = 1.0 second, d = 55
micron; (B) t = 1.0008806 seconds, d = 56.25 microns.
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Nomenclature

Radius of sphere, cm.

: Velocity coefficient (see reference (50)).

: Velocity coefficient (see reference (50)).

Bispherical length parameter, cm.

C: Reduced concentration (see Equation 3.3.16).
c%: Ferric ion concentration, md]es em™3,
cB:'Bulk concentration of ferric ions, moles cm’3.
Cn:.Velocity coefficient (see reference (50)).
d: Distance between sphere center and surface, cm.
D,: Diffusion coefficient of ferric ions, em? sec7l,
Dn: Velocity coefficient (see reference (50));

Drag force on sphere, dyne.
g: ACce]eration due to gravity, cm sec'z.
_i: Current density, Amps cm'z.
n: Summation variable.
N3: Flux of ferric ions, moles cm"2 sec'l.
P: Pressure, dyne cm'z.
Pn: Legendre polynomial of degree n.

Radial distance along the surface from the center axis of the

sphere, cm.

: Reynolds number (see Equation 3.3.25).

: Schmidt number (see Equation 3.3.26).

Time, sec.

Reduced time.
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U: Velocity of sphere, cm sec'l.

v: Velocity component, cm sec'l.

v: Velocity, cm sec'l.
v: Reduced velocity component.
V_: Velocity coefficient (see Equation 3.3.10).

W_: Velocity coefficient (see Equation 3.3.9).

Greek Leiters

a: Value of on surface of sphere (see Equation 3.3.8).
y: See equation 3.3.24. ”

§: Correction factor (see Equation 3.3.12).

: Nearnst boundary layer thickness, cm. |

n: Bispherical coordinate.

n: Reduced bispherical coordinates.

x:  See Equation 3.3.23.

u: Viscosity, g cm'1 sec'l.

2 1

v: Kinematic viscosity, cm® sec” .

€: Bispherical coordinate.

£: Reduced bispherical coordinate.

o: Density, g em3.

g: Viscosity ratio (see Equation 3.3.13).

Y: Stream function, cm2 sec'l.
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Subscripts

f: Denotes final period.

i: Denotes initial period.

r: Denotes quantity at the time of the release of the sphere.
ﬁ: Denotes n component.

£: Denotes £ component.

o: Denotes infinite distance from sphere.

Superscripts

i: Denotes internal phase.

e: Denotes external phase.
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3.4 Mass Transport in a Wedge

As a bubble disengages, the contact area collapses which generates
a fluid flow near the base. Modeling the movement of the gas-liquid
interface along the surface is quite difficu]t. In order to gain some
insight into the mass transfer enhancement effect of the contact area
collapse a somewhat idealized situation is examined. Neglecting the
effects of the curvature of the gas-liquid interface, the area sur-
rounding the base o% a bubble can be approximated by a wedge, pic-
tured in Fig. 3.4.1. The wedge is formed by a solid surface (i.e., .
the electrode) and a shear free surface (i.e., the gas-liquid in-
terface). The flow is generated by moving the solid surface rel-
ative to the free surface, or equivalently, by moving the free
surface relative to the solid surface as in the collapse of the
contact area. It is assumed that the collapse occurs at a con-
stant ve1ocity and that the Reynolds number for the event is
much less than one. _

As was done in Section 3.3 the Navier-Stokes equation for a low
Reynolds number flow (Equation 3.3.1) can be combined with the overall
mass balance equation (Equation 3.1.14) by defining a stream function.
For the flow in a wedge a cylindrical coordinate system is the most

convenient where the velocity components are given by:

1 2y |
Vr = F ﬁ (3.4.1)
vo= - (3.4.2)



182

|

—F-————---
o®
4

xBL838-6117

Figure 3.4.1 Schematic of wedge relative to the bubble.
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The general solution to Equation 3.3.4 in this geometry can be found
in a number of texts (55). The fluid flow boundary conditions are

given by Equations 3.4.3-6.

vg= 0 e = 0 (3.4.3)
Vg = 0 e = 9, (3.4.4)
Vo= U 6 = 0 (3.4.5)
%%ﬁ'; -0 o = o (3.4.6)

Equation 3.4.6 is the no stress condition on the free surface. The

particular solution of Equation 3.3.4 is:

U . 2 .
V., = — [sin® o, (sin @ + & cos o)
r sin e, cos 90-90 0
- 85 Cos 8 * (sin 8y cos 90) (cos & - e sin 8)] (3.4.7)
vV, = m [e sin® o, sin @ - @, sin o
e ~ sin e, COS 8,-0 0 0
0 0%
+ (sin 8y cos eo) e cos o] (3.4.8)

The stream lines for the wedge flow are shown in Fig. 3.4.2.
The mass transport equation for the ferric ions (Equation 3.1.10)

in cylindrical coordinates is given by:

acl scl v ol acl 32c1
3, 23483 g3 3
at r ar r a0 3|lr ar ar :7 ag2

(3.4.9)
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The boundary conditions on the surface are as follows:

ach |
39— = 0 [ = QO ‘ (3.4.10)
¢t =0 6 =0 (3.4.11)

A parabolic concentration profile is chosen as the initial condition.
The parameters for the initial profile are determined such that they
meet the boundary conditions and that there is a linear increase in

the current from thé tip of the wedge to the point where the edge of
the bubble would be. Past the edge of the bubb]é the current is set
equal to the value at the edge. As in Section 3.3 the méss transport
equation is solved numerically using the Crank-Nicolson method. Once
the concentration distribution is obtained, the current to the elec-

trode is determined by calculating the flux using Equation 3.4.12.

. 5 __3 (3.4.12)

The results from the solution of the mass transport equation in a
wedge are related to the collapse of the contact area of a bubble by
first assuming the bubble to be a spherical cap. From Section 3.2 it
is seen that this is a very good assumption for bubbles less than one
millimeter in diameter and acceptable for 1.5 mm diameter bubbles.
Then, by setting the bubble diameter and the éontact angle, the size
of the contact area is determined (see reference (5)). It only re-

mains to set either the velocity or the total time of the collapse
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and the problem is completely defined. A description and listing of
the program are given in Appendix I.

The numerical results for the collapse of the contact area of
a bubble are given in Fig. 3.4.3. An increase in the current den-
sity surrounding the base of the bubble is observed during the col-
lapse. As expected, the greatest enhancement effect occurs on the
section of the electrode originally covered by the base of the bub-
ble. The effect of changing the contact angle can be seen by com-
paring Fig. 3.4.3 to Fig.A3.4.4. It is seen that the larger the
contact angle the greater the enhancement effect. This is due to
the fact that the contact area increases with the contact angle,
which results in a higher collapse velocity.-

The accuracy of the model is questionable since flow effects from
the bubble rising during the coliapse of the contact area or from free
convection are not included. The model should bé most accurate near
the base of the bubble. 1In this region the behavior of the current
is similar to that observed in the experimental results.

The model allows us to estimate the enhancement effect of a bub-
ble disengagement on the electrode area shielded by the base of the
bubble (i.e. the bubbles' contact area). In this respect it will
be instructive to examine the solution of the model at large Peclet
numbers. As the Peclet number increases, transport by convection
becomes increasingly more important than transport by diffusion and
three distinct regions of the concentration distribution in the wedge
become apparent. One of these is a narrow region next to the

electrode surface (o << 1/{35). In this region the transport of
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X8L838-6100

Figure 3.4.3 Limiting current'distribution during the disengagement of a
1.49 mm diameter bubble (e0 = 20°, tr = 0.2 seconds); (A) At
the time of release (t = 0.2 seconds); (B) 0.1 seconds before
the release time (t = 0.1 seconds); (C) Initial distribution
(t = 0.0 seconds).



188

4 l I I I
3 -
~
£
2
qa 2 -
E
l = pu—
o)
O
D
0] | | |
0.0 0.2 04 06 0.8 1.0
p (mm) ,

Figure 3.4.4

X8L838-6C97

Limiting current distribution during the disengagement of
a 1.49 mm diameter bubble (eo = 15°, t.= 0.2 seconds);
(A) At the time of release (t = 0.2 seconds); (B) Initial
distribution (t = 0.0 seconds).
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ferric ions is dominated by convection and diffusion in the theta
direction. Very close to the tip of the wedge diffusion dominates
over convection and in the remaining part of the wedge convection
~ dominates. Thése three regions are a direct analogy to the three
regions in the mass transport to a flat plate in laminar flow at
high Peclet numbers. This is obviously a singular perturbation
problem (56), which is beyond the scope of this work, but it is
useful to obtain the infinite Peclet solution.

At an infinite Peclet number the effect of the region next to the
tip on the current to the electrode can be neg]ected. For the narrow
region next to the electrode, a set of dimensionless variables of

order one can be defined and is given by Equations 3.4.13-19:

¢ = c:lsch (3.4.13)
r =r/R (3.4.14)
e =0 yPe ' (3.4.15)
t = tU/R (3.4.16)
V.= v /U (3.4.17)
\79 = (v, /) JPe (3.4.18)
Pe = UR/D, (3.4.19)

Substituting these variables into Equation 3.4.9 we obtain:

~ 2~
1 |13 [= ac 1 3°c
=‘e‘[§_<” _~)]+_? e (3.4.20)

Equations 3.4.7 and 3.4.8 for the velocity profile can be exbanded for

small theta, resulting in:
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2 sin2 8, 2
v, = U1 +| = e +0(e") +. .. (3.4.21)
r sin e  cos &, - 9
sinz % 2 3 }
v9 = -U g + Sin 90 COS 90 — 90 9 + 0(9 ) + ° e ® (3o4a22)

Substituting the ve]ocfty profile equations into Equation 3.4.20 and

taking the limit as the Peclet number goes to infinity we obtain:

~ -~ ~ -~ 2-.-
3ac 3ac 6\ ac 1 a°¢c -
= +=-(Z)= = = = (3.4.23)
at ar r/ae r- ae
It is now helpful to define two new variables given by Equa-
tions 3.4.24 and 3.4.25.
F = r-t (3.4.24)
@ = r-o - (3.4.25)
Substituting these variables into Equation 3.4.23 we obtain:
ac | % (3.4.26)
T 082

Equation 3.4.26 is the well known unsteady state diffusion equation.
It must be solved in two regions along the electrode. In the region
not originally covered by the base of the bubble there is no change
from the initial current in this case. On the section of the elec-

trode originally covered by the base of the bubble a dramatic increase
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is predicted. For this region the boundary conditions and the initial

conditions are given by Equations 3.4.27-29.

c = 0 8 = 0 (3.4.27)
C > a+go e > ® (3.4.28)
C = at+tge t = i (3.4.29)

here a, 8, and Eo are determined by the concentration distribution
and flow in the region of the wedge above the narrow region next to
the electrode. The solution to Equation 3.4.26 with the above bound-

ary conditions:

c = aerf[ ]+ 8 o (3.4.30)

o
J4 (t - 't'o)

and the current to the electrode in this region is given by:

: D3nF
R pe[__c__ . 3] (3.4.31)
° (E - E)

The inverse square root of time dependence on the current is signifi-
cant because Ibl (10) obtained th same time dependence in the deriva-
tion of his displacement model. It is also indicated by this result

that the radius of the contact area rather than the fadius of the bub-
ble should be used as the characteristic distance over which the per-

iodic disturbance of the boundary layer occurs.
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The solution of the méss transport equation in the 1%miting case
of an infinite Peclet number can be compared to the results of the
full numerical solution. A computer program 1is£ed in Appendix I
was written to accomplish this. A comparison of the two results for
Peclet numbers of 2000 and 20,000 are given in Figs. 3.4.5 and 3.4.6
respectively. It is seen that extremely high Peclet numbers must be
obtained before the limiting case is reasonably accurate. This fact
somewhat diminishes the usefulness of the limiting case solution.
The fact that there is not any enhancement in the mass-transfer rate
to the surface not under the contact area of the bubble for the in-
finite Peclet number case indicates that the»enhancement to this ar-
ea in the finite Peclet number case is a second order effect. In the
finite‘Peclet number case the enhancement effect is significant only
under and‘near.the original contact area of the bubble. A similar
behavior of the current near the original contact area of the bubble
was observed in the disengagement studies with the micro-mosaic

electrode.
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Figure 3.4.5 Limiting current distribution during the disengagement of a
1.49 mm diameter bubble (tr = 0.2 seconds, t = 0.1 seconds,
Pe = 2058); (A) Full numerical solution; (B) Infinite
Peclet number solution.
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Figure 3.4.6 Limiting current distribution during the disengagement of a

1.49 mm diameter bubble (tr = 0.02 seconds, t = 0.01 seconds,
Pe = 20,581); (A) Full numerical solution; (B) Infinite
Peclet number solution.
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Nomenclature

Reduced concentration (see Equation 3.4.13).

3
3
2 -1

: Diffusion coefficient of ferric ions, cm™ sec ~.

Faraday constant, 96,487 C equiv.'l.

Electrons transferred in reaction; equiv. mo]e’l.
Peclet number (see Equation 3.4.19).

Cylindrical coordinate, cm.

Reduced cylindrical coordinate (see Equation 3.4.14).
See Equation 3.4.24.

Radius of bubble, cm.

Time, sec.

Reduced time (see Equation 3.4.16).

: Initial reduced time.

Contact area collapse velocity, cm sec'l.

Velocity component, cm sec"l.

Reduced velocity component.

Greek Letters

‘Boundary condition parameter.

Boundary condition parameter.

Cylindrical coordinate, radians.

: Contact angle of bubble, radians.
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>

See Equation 3.4.25>

Reduced cylindrical coordinate (see Equation 3.4.15).

(R

Radial distance along electrode from center of bubble, cm.

p.: Initial radius of contact area, cm.

Y: Steam function, cm2 sec'l.

Subscripts
r: Denotes r component.

e: Denotes e component.
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3.5-Tranpoft Equations for Free-Convection Mass Transfer to a

Horizontal Surface

The experimental studies of free-convection mass transfer to a
horizontal surface (see Section 2.4.2) can be modeled numerically.
Only the development of the transport equations is presented here.
While the trUe test of the model will come from solving the equa-
tions, it is instructive to examine the model. The source of the
density gradients in the electrolyte is not obvious from a superfi-
cial investigation of the experimental system. Because of the com-
plexity of the phenomena involved, we will restrict consideration
to the flow near the electrode. The development of the equations
to describe the mass-transfer process is very similar to the anal-
ogous case for heat transfer (57), (58), but the electrochemical
aspects of the problem do inject some interesting differences.

The model geometry is shown in Fig. 3.5.1, where a rectangular
coordinate system is chosen. The electrode is at the base of the
flow cell; the other three sides are fluid surfaces. It was con-
cluded from our experiments that the fluid cells move a]dng the
surface. If the coordinate system moves with the cell, the elec-
trode has a characteristic velocity. The plume flow, which is
the cause of cell movement, exerts a stress on one side of the
cell while the other two fluid sides are stress free.

The mass transport equations for the ionic components of the sys-
tem are given by 3.1.10, 3.1.11, and 3.1.12. If we assume that the
diffusion coefficient of the ferric ion is equal to that of the fer-

rous ion and that there is no reaction in the bulk, the sum of the
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Figure 3.5.1 Schematic of cellular free convection near a horizontal
surface.
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concentration of these ions is a constant. Since there are initially
no ferrous ions in the electrolyte the sum of the concentrations of
Fe+++ and Fe++ must equal the initial bulk concentration of the

ferric ions. Mathematically this is given by Equation 3.5.1. .

cg + ci = C3p (3.5.1)

This assumption should not introduce any significant error; it elimi-
nates the need for simultaneously solving Equation 3.1.11 with the
other transport equations. Equation 3.1.12 then reduces to:

1

ac
1 ol
—_+ vV Vc1 = DV c1

2 1 Up(23-24)(D,-D3) 5
= . + (3.5.2)

v C
zlu1 - 22u2 3

It is now convenient to define dimensionless variables and constants

for the mass transport equations:

~ 1,1

¢, = c1/c1B : (3.5.3)

~ 1,1

c3 = c3/c3B - (3.5.4)

X = x/L (3.5.5)

y = yiL (3.5.6)

v v, /U (3.5.7)

v 3.5.8

vy vy/U ( )

T - uw (3.5.9)
N

Pe %L (3.5.10)
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D3 (zlul-zzuz)

uy (23-24)(D5-D3)

1,1
c3/clB
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(3.5.

(3.5.

Substituting these quantities into Equations 3.5.2 and 3.1.10 we

obtain:

-~ ~ ~ 2... 2..

3.5 83,5 8 _1_[“3 +a°3]
ot % ax Yooy Pelaxt 8y
~ ~ ~ 2-.. 2-—
3 ac ac 3 c 3 ¢c

..__‘174-; _‘]_"+; _1_._. PlR ~%+ ~%
at X ax Y 3y ! 3Ix 3y

2~ 2=

" R3 [ 3°Cq 37Cq ]

Pe R2 3;2 3;2
with the boundary conditions:

C3 = 1 Yy = 1

C3 = 0 y = 0

22, i

—_— = 0 X = Oandl
3x

Cl = 1 Yy = 1

ac ac . -

= . R4'—:l y =0

3y 3y

(3.5.

(3.5.

(3.5.

(3.5

(3.5.

11)

.12)

13)

15)

16)

.17)

.18)

.19)

20)
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= 0 X = 0and1l (3.5.21)

[ Y
><l| Ol
|

where Equation 3.5.20 was obtained by relating the flux of sulfate

jons at the surface to the flux of ferric ions;'R4 is given by:

2,u,D1=- z,u;D
27271 17172

R, = (3.5.22)
4 (z3 - 24) ulD2

If we introduce a stream function and vorticity defined as:

1) . '
Ve = =35 (3.5.23)
Yy
Vy = 3; (305.24)
2 2
o = 3_%,»3_%{ B (3.5.25)
ax 3y

into the Navier-Stokes equation we obtain:

2 2
3w _Wae , paw]| 3w, dw | _ 2
[at T Ay ax * ax ay]- ‘l[axz + ayz ] 9 3x (3.5.26)

In writing Equation 3.5.26 it is implicitly assumed that the density
is considered to be a constant in the overall mass balance. If we
make the common assumption that the density varies linearly with

species concentration, the density is:
1, 1 1 1
p = po + Glcl + azcz + G3C3 + Q4C4 (3.5.27)
By further assuming that the proportionality constants for the ferric

and ferrous ions are equal, Equations 3.5.27 can be reduced to:
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p = pl + BIC% + 83C% (305028)

- where the new constants are defined as:

AnaZay = Gs2
2°4
Pl = Pg + 3—22—2———— C%B (3.5.29)
%123 ~ %4
Bl = ——2—2———— (3.5.30)
83 = z (3.5.31)

Substituting Equation 3.5.28 into Equation 3.5.26, and defining di-

mensionless variables and constants given by Equations 3.5.32-36, we

obtain:
v o= /UL (3.5.32)
" |
- - & , (3.5.33)
1.3
g 8, Cip L
Gr = .-_l?_lﬁ-- | (3.5.34)
v p
Re = '%L (3.5.35)
1
84 C
3 38
R = = (3.5.36)
B1 €18
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aC - ac
- 927 B Ry —> (3.5.37)
Re ax ax
. 27 2z
s - 2:% . 2 (3.5.38)
ax ay

The boundary conditions are:

0 = T y = 1 (3.5.39)
w = 0 X = Oand1 (3.5.40)
Vo= 0 Xx = O0Oadl y = Oandl (3.5.41)
3@ = -1 y =0 | (3.5.42)
ay

where the dimensionless stress is defined as:

- TOL )
To = ;—G—- ' (3.5.43)

The problem is now defined except for the initial conditions
on the variables. The transport equations to be solved numerically
are tquations 3.5.14, 3.5.15, 3.5.37, and 3.5.38. Since the final
solution should be a steady-state, one possibility is to solve the
steady-state problem. Another possibility is to set the concentra-
tion equal to their bulk values and the Grashof ﬁumber equal to zero,
then numerically solve the differential equations and use the result-

ing solution as the initial condition on the finite Grashof number
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case. A set of suggested parameters for the particular experimental
system in this work is given in Table 3.5.1.

A close examination of the transport equations reveal the primary
source of the density gradients. As a result of electroneutrality,
the transport of ferric ions affects the concentration distribution
of the sulfate ions. The concentration gradient of the sulfate ion
is then responsible for the density gradient. The size of R5 indi-
cates that the direct contribution of the ferric ions is small com-

pared to that of the sulfate ions.
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Table 3.5.1 Suggested Numerical Values Of The Parameters For The
Free Convection Model.

Parameter Value
Grashof 143.1
Number
Peclet 95.03
Number

Reynolds 4.280 x 102
Number
Ratio 0.1781
Number 1
Ratio -0.5099
Number 2
Ratio 0.6667
Number 3
Ratio 3.000
Number 4

-3
Ratio -8.130 x 10
Number 5
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Nomenclature

First approximation concentration, moles cm'3.

: Bulk concentration of sulfate ions minus the zero

approximation term, moles cm'3.

-3

: Bulk concentration of ferric ions, moles cm ~.

Reduced concentration.

Diffusion coefficient, cm2 sec'l.

Acceleration due to gravity, cm sec'z.
Grashof number (see Equation 3.5.34).
Characteristic length, cm.

Peclet number (see Equation 3.5.10).
See Equation 3.5.11.

See Equation 3.5.12.

See Equation 3.5.13.

See Equation 3.5.22.

See Equation 3.5.36.

Reynolds number (see Equation 3.5.35).
Time, sec.

Reduced time.

-1

2 mole .J’1 sec .

Ionic mobility, cm

Characteristic velocity, cm sec'l.

Velocity component, cm sec'l.

Velocity, cm sec'l.

. . . : -1
Dimensionless velocity component, cm sec ~.
Coordinate, cm.

Dimensionless coordinate.
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y: Coordinate, cm.
y: Dimensionless coordinate.

z: Charge number,

Greek Letters

a: Proportionality constant for density, g mole‘l.

g: See Equations 3.5.30 and 3.5.31.

u: Viscosity, g en! secl. N
v: Kinematic viscosity, cm2 sec'l.
p: Density, g cm'3.

0yt Density, g cm'3.

py: See Equation 3.5.29, g cm"3°r

TO: Stress, dyne cm'z.-

T_: Dimensionless stress.

Y:  Stream function,'cm2 sec'l.

U: Dimensionless stream function.

w: Vorticity, sec’l.

Dimensionless vorticity.

€

Subscripts
1: Denotes soz

2: Denotes H+
3: Denotes Fe+++
++
4: Denotes Fe
e: Denotes binary diffusion coefficient for supporting electrolyte.
x: Denotes x-component.

y: Denotes y—compbnent.
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4.  CONCLUSIONS
4.1 General Remarks

The need for examining the effect of individual bubb]e phenomena
on the rate of mass transfer to a surface is discussed in Chapter 1.
Developing the experimental technique and designing and building
the micro-mosaic electrode to perform these studies was an accom-
plishment that was attained through great effort. The capability
of the micromosaic electrode to resolve the time dependent mass
transfer distribution in the close vicinity of a bubble phenomena
has been demonstrated; The utility of the electrode to examine
other mass transport phenomena has also been proven. Results of
studies on individual bubble phenomena reported in this work can
be used to gain some insight into the mechanism of mass-transfer
enhancement at a gas-evolving surface oriented horizontally.
These studies should also provide a solid base for future work.

Discussion of the micro-mosaic electrode work will be 1im-
ited to the studies already completed. Although these fall short
of solving the overall problem, individual separation and coales-
cence phenomena treated here are indeed the key elements of the
overall process affecting mass transfer to and from gas-evolving
electrodes. When experimental mass-transfer data will have been
obtained on all the simultaneous bubble phenomena occuring at a
gas-evolving surface, an overall theoretical description of the
complete process can be developed with statistical information

on the frequency of occurrence of the various phenomena.

1
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Intuition leads one to believe that experimental results from
studying individual bubble phenomena on the micro-mosaic electrode is
related to large numbers of similar phenomena occurring simultaneously
on a gas-evolving electrode. Even though one might not expect the re-

‘lative change in the current (i.e., mass-transfer rate) to be exactly
the same for the bubble events in the two environments, the relative
importance of these phenomena on the rate of mass transfer would be
expécted to show similarity. For example in the studies conducted
in this work it was found that the coalescence of two bubbles exhib-
its a greater enhancement of the mass transfer rate than the disen-
gagement of a bubbie. It is believed that this is also true for
such phenomena on a gas-evolving, horizontal surface. This belief
is further strengthened by the dramatic difference in the relative
magnitude of the two effects.

Let us now compare the bubble phenomena produced on the micro-
mosaic electrode to the same phenomena on a gas-evolving electrode.

If possible, theoretical wodels (see Chapter 3) or, at least, dimen-
sional analysis (59) will be used to predict what effect these dif-

ferences in the bubbie phenomena have relative to the change in the

mass transfer rate, in the micro—mosaicvélectrode studies.

The most obvious difference is the larger size of the bubbles
generated on the micro-mosaic electrode when compared to a gas-evolv-
ing surface. The bubbles produced on the micro-mosaic electrode are
generally one to two orders of magnitude larger than those formed on a
gas evolving surface. As previosly pointed out, this is attributed to

the macroconvection past the gas evolving surface. The effect of the
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larger bubble size on the change in the mass-transfer rate is very
comp1ex and each aspect must be examined separately.
4.2 Effect of Macroconvection on Bubble Phenomena

The macroconvection flow field surrounding the bubbles on a gas-
evolving surface affects the thickness of the concentration boundary
layer and the hydraulic forces on the bubbles. These forces are much
gréater than those generated by free convection in the micro-mosaic
electrode studies. The hydraulic forces from the macroconvection do
affect the bubble phenomena and in turn the change in the mass-trans-
fer rate. Presently, not enough expérimenta] or theoretical work yet
available to determine the exact effect of the macroconvection on the
dynamics of bubble events, but it is believed that all bubble phenom-
ena are affected simi]ar]y. In other words the macroconvection would
not be expected to change preferentially the enhancement effect of one
phenomenon over the other. |

The limiting current, before the occurrence of a bubble event, is
controlled by free convection on the micro-mosaic electrode. On a gas
evolving electrode the background limiting current is controlled by
macroconvection. The importance of this is shown in Fig. 4.2.1. The
greater the characteristic length of the bubble event (the diameter of
the bubble, L) when compared to the thickness of the concentration
boundary layer (Nernst boundary layer thickness, &), the smaller the
relative mass-transfer enhancement for the same phenomena. This is a
result of the event generating the flow farther from the electrode in
a region where little or no concentration gradients exists. The ratio

of the characteristic length to thickness of the boundary layer is
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Figure 4.2.1 Schematic of bubble on electrode shoing Nernst boundary
layer thickness; (A) L > 8; (B) L = &; (C) L < 6.
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the Sherwood number (L/s). For the micro-mosaic electrode studies the
Sherwood number was between 3.5 and 10.5 depending on the size of the
bubble, while on a typical gas-evolving electrode the Sherwood number
varies from 5 to 50 (12) depending on the gas evolution rate. Al-
though the bubbles generated on the miéro—mosaic electrode are much
larger, so is the Nernst boundary layer thickness giving a Sherwood
number equal to that of the gas evolving surface within an order of
magnitude. The relative change in the mass transport rate as a re-
sult of a bubble event would not be expected to be significantly
different because of the contrasting modes of mass transfer.
4.3 Effect of Size on the Disengagement of a Bubble
As the bubble size decreases the Reyno]d§ number (UL/v) for the
disengagement phenomenon decreases. Theoretical considerations (see
Section 3.3) predict a Reynolds number much smaller than one for an
ascending fluid sphere with a bubble diameter in the range of those
found on a gas-evolving electrode. This does not include the effect
of macroconvection, which would tend to increase the Reynolds number,
or the collapse of the contact area, which-would tend to reduce it.
Since the Reynolds number for the disengagement is less than
unity, the ascending-fluid-sphere model can be used to predict
the effect of a bubble disengagement on the mass transfer rate
to a gas-evolving surface. Generally the model indicates that
there is a decrease in the mass transfer rate to the surface;
under the bubble and even past the diameter of the bubble. The
imperfections of this model have already been pointed out and

do not need to be repeated here. The important fact that can
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be deduced from the model is that an ascending bubble generating a low
Reynolds number flow does not provide a mechanism suitable for the en-
hancement of the mass transfer rate to the surface.

One would not expect the mass-transfer enhancement for a bub-
ble disengagement on a gas-evolving surface to be greater than that
measured on the micro-mosaic electrode. Indeed on the basis of arg-
uements presented above the enhancement effect should be less. It
has been pointed out that the mass-transfer enhancement to the sur-
face under the contact area of the bubble could not be measured in
the micro-mosaic electrode studies. Theoretical considerations (see
Section 3.4) indicate that the enhancement to the contact area can

.be significant. This mechanism for mass transfer enhancement al-
so results from the coalescence of bubbles; in fact the effect is
doubled because two bub?]es are involved.

4.4 Effect of Size on the Coalescence of Two Bubbles

Strictly speakiﬁg the coalescence of two bubbles followed by the
disengagement of the resulting bubble was studied with the micro-
mosaic electrode. Since the enhancement of the mass transfer rate
to the surface is largely due to the coalescence (see Section 2.4.2)
and because the effect of size on the disengagement has already been
discussed, only thé coalescence will be examined.

The smaller the bubble the stronger the surface tension forces
which cause the collapse of the two bubbles into one. As the sur-
face tension forces increase, fluid is displaced more rapidly during

coalescence resulting in a shorter time constant for the phenomenon.
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The shorter time constant for coalescence is accompanied by higher
fluid velocities, which would tend to increase the mass-transfer en-
hancement effect. Thus on "real" gas-evolving e1ectfodes, coalescence
induced mass transfer enhancement should be even more of a dominant
mode compared to the enhancement caused by the coalescence of two
relatively large bubbles observed on the micro-mosaic electrode.

4.5 Concluding Remarks

Finding the proper words to end a project on is always difficult.
The task is even more difficult because this work does not conclude
the project, but on1y'begins it. What started as an ambitious idea
has now been developed into a viable research program that should
allow interesting and exciting studies to be performed for years to
come. Many challenging problems had to be overcome to accomplish
this. It was not done without a great deal of effort, but it did
provide stimulating work.

In deciding which experiments to conduct with thé micro-mosaic
electrode a logical progression in the complexity of the experiment
was followed. This was the reason for first studying bubble phenom-
ena on a horizontal electrode, although vertical gas-evolving elec-
trodes aré more commonly found in industry. The cell has been built
to study phenomena on the micro-mosaic electrode o;iented vertically.
Also a forced convection cell with a rotating disk abové the micro-
mosaic electrode could be constructed without too much difficulty
SO that macroconvection effects on bubble phenomena can be measured.
There is obviously many directions that the research program can go

in from here, all of which should be quite interesting and informative.
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Nomenclature

L: Characteristic length, cm.
Sh: Sherwood number.
U: Characteristic velocity, cm sec—l.

Re: Reynolds number.

Greek Letters

6: Nernst boundary layer thickness, cm.

v: Kinematic viscosity, cm? sec’l.
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APPENDIX A
Notes on the Instrumentation for the Multi-Electrode Cell

It was observed that the Pine potentiostat would at times become
unstable. This was manifested by large oscillations in the voltage
from the voltage followers for the working electrodes (E1 and E2).
These oscillations usually occurred when the potentiostat was turned
on or when one of the applied potentials of the working electrodes was
changed significantly. The oscillations could be damped out by ad-
justment of the current converter scale control or by placing an addi-
tional capacitor in the circuit, as described in the operating manual.
Once the potentiostat was steady, it remained stable as long as there
was no a large change in the applied potential (e.g. a potential step).
A change in the applied potential would not necessarily generate the
oscillations.

The wires from the multi-electrode cell's working electrode were
attached to a color coded set of wires, through a standard 19 pin
Bendix connector. The color code is given in Table A.l where the
assigned electrode number is shown in Fig. 2.2.1.3. The color coded
wires were attached to the bus bar by alligator clips.

The current follower, used to convert the segmental current to
a voltage, was of a standard design (36). A diagram of the circuit
is given in Fig. A.l. Since the operational amplifier was battery
powered, the ground was floating. The value of the resistor (R)
dictated the current-to-voltage conversion, which was 10 wA/V.

The current follower could handle up to 70 pA of current without

overloading.
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Figure A.1 Schematic of current follower.
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Table A.1l Color Code For Multi-Electrode Cell Connector(Stripe Color In

Parentheses).

Electrode Wire Electrode Wire
Number Color Number Color

1 White( Purple) 11 Blue
2 Orange 12 Yellow
3 Brown 13 White(Orange)
4 Pink 14 White( Green)
5 Green 15 White( Black)
6 White(Gray) 16 -White( Brown)
7 Gray 17 White
8 White(Red) 18 Red
9 White(Blue) 19 Purple
10 White(Yellow)
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Noise was a major problem in the system. All external connections
were properly shielded. The electronic equipment was connected to a
common ground. Using these established methods, the noise was reduced

to a sufficiently low level.
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APPENDIX B
Design and Fabrication of the Micro-Mosaic Electrode

The micro-mosaic electrode was fabricated with established thin
film technology (37). The various layers were deposited or grown on
the substrate, then the desired pattern was generated on each layer
using a photolithographic process.

Four masks were needed for the pattern generation. Three 10X
projection masks were used with a Mann 4800 Step and Repeat Printer
and a contact mask was used with a Perkin-Elmer Contact Printer. The
design of the masks was digitized with a computer aided design system.
A schematic of the pattern on the contact mask is given in Fig. B.l and
the projection masks pattern is presented in Fig. B.2. A close-up view
of the projection masks pattern, showing the segmented portion of the
micro-mosaic electrode, is given in Fig. B.3. The symmetry in 511 the
patterns should be noted. All the patterns can be broken up into four
quadrants with each quadrant having the same design.

One projection mask was needed to generate the pattern in each
of the platinum/chromium layer (BERK-3) and in the silicon dioxide
(BERK-2). The smallest dimension generated by mask BERK-2 was 20
micron. The critical dimension generated by mask BERK-3 and also
for the device was one order of magnitude smaller (2 micron).

The contact mask (BERKIM-3) and a projection mask (BERK-1)
were used to define the pattern on the aluminum layer. The center

0.8 cm x 0.8 cm of the wafer was defined with mask BERK-1. Mask
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Figure B.2 Projection masks pattern.
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BERKIM-3 was used to define the outer portion of the aluminum layer.
The pattern on the inner area overlapped with the pattern on the outer
area, so that both masks had to be aligned properly when defining the
entire pattern. Special pads were added to the pattern of the projec-
tion mask to allow for some alignment error.

The processing steps were as follows:

1) Clean a 3 inch silicon wafer.

2) Thermally grow 1.5 micron field oxide.

3) Deposit 1500 angstroms nitride.

4) Deposit 1200 angstroms aluminum (2% Si).

5) Spin negative resist. Expose pattern (BERK-1). Expose pattern
(BERKIM-3). Do not develop between exposures. Etch aluminum and
strip resist.

6) Deposit 3000 angstroms low temperature silicon dioxide.

7) Spin negative resist. Expose pattern (BERK-2). Remove mask from
Mann 4800 and blanket expose remaining area inside bonding pads.
Etch oxide and strip resist.

8) Deposit 300 angstroms chromium.

9) Deposit 1200 angstroms platinum.

10) Spin negative resist. Expose pattern (BERKIM-3), with a paper
mask to leave b]atinum pads'around the edge, and develop.

11) Spin positive resist. Expose pattern (BERK-3). Blanket expose
remainder of wafer and develop. Ion mill platinum/chromium layer

and strip resist.
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APPENDIX C
Notes on Instrumentation for Early Mass Transfer Studies with the
| Micro-Mosaic Electrode

As with the experiments with the multi-electrode cell, noise was
also a problem with the micro-mosaic electrode experiments. Because
of the lower currents that were to be measured, the signal to noise
ratio was much lower. The main improvement in the quality of the
signal came from increasing the current-to-voltage conversion on the.
current follower to 1.0 V/uA. >This was done by changing the resistor
(R in Fig. A.1l) on the current follower. The filter on the digital
oscilloscope was also used to eliminate noise. The overall improve-
ment of the signal can be seen by comparing the results from two
equivalent experiments, before and after the changes, in Fig. C.1l.

Before color coding the electrode connections to the bus bar, the
segments first had to be numbered. Since the segmented portion of the
electrode forms a two dimensional matrix, a matrix numbering system
was used. The columns of the matrix are parallel to the orientation
flat on the micro-mosaic electrode wafer and the rows are perpendicu-
lar to the flat. By placing the wafer in front of the reader, face-up
with the orientation flat on the left, the segment in the first row
and column (number [1,1]) is in the upper left hand corner. When the
electrode is housed in either of the specialy built cells, the upper
left hand corner of the wafer is marked by a small hole drilled in

that particular corner of the base, printed circuit
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Figure C.1 Experimental results of two equivalent experiments; (A) Before noise reduction improvements;
(B) After noise recution improvements.
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board, and the actua] cell. The other segments in the matrix are num-
bered accordingly. The specially positioned segments were numbered by
taking on the number of the row or the column thét they are in. The
other number was actually a lettér (A, B, or C), where the first letter
was given to the segment closest to the electrode matrix. The number-
ing system for the electrode segments is shown in Fig. C.2.

There are four sets of 35 connections on the printed circuit board.
Of the connections 28 are attached to an electrode segment, while six
are connected to the buffer segment, and one is a blank (i.e. not con-
nected to anything). The connections were numbered 1 through 35 from
left to right when the viewer is facing the board. A printed circuit
board connector can be attached to each set. The connectors were num-
_bered, with Roman numerals (I-IV), by placing the small drill hole in
the printed circuit board in the upper 1eff hand corner and numbering
in a clockwise order.

A shielded multi-conductor cable was attached to each of the four
printed circuit board connectors. Each cable has 37 wires with 22
géuge multi-strand wire (BEC. CO.). Each wire in the cable was color
coded and insulated. The wires correspond to electrode seéments ac-

cording to Table C.1.
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Figure C.2 Micro-mosaic electrode segments numbering system.
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Table C.1 Color Code For Micro-Mosaic Electrode Cell Connectors(Stripe Colors

In Parentheses).

Connector I Conductor Color Code
Connector Wire Electrode
Number Color Number
1 Black(Red,White) Blank
2 Orange(Green) Buffer
3 White(Yellow,Red) Buffer
4 White(Blue,Red) Buffer
5 Black(White,Brown) (1,10)
6 Red(White) (2,9)
7 Red(Green) . (1,9)
8 Orange(Blue,White) (3,8)
9 Blue(Black) (2,8)
10 . Green( Black) (1,8)
11 Orange( Green,Black) 4,7)
12 Orange(Black) 3,7)
13 Green(White) (2,7)
14 Green( Brown,Black) (1,7)
15 Blue( Red) (C,6)
16 Red( Black) Buffer
17 Orange Buffer
18 White(Black) Buffer
19 Black(White) (3,6)
20 Green (2,6)
21 Orange(Red) (B,6)
22 Black(Red,Green) (A,6)
23 White(Red) (1,6)
24 Red(Black,Green) (4,6)
25 Red (5,6)
26 White (1,5)
27 White(Red,Black) (2,5)
28 Black (3,5)
29 Blue (4,5)
30 Black(Red) (1,4)
31 White(Green,Red) (2,4)
32 Orange(Black,White) (3,4)
33 Blue(White,Black) (1,3)
34 Green{White,Black) |- (2,3)
35 Red(White,Black) (1,2)

(Continued On Next Page)
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(Table C.1 Continued)

Connector II Conductor Color Code

Connector Wire Electrode

Number Color Number
1 Black(Red,White) Blank
2 Orange(Green) Buffer
3 White(Yellow,Red) Buffer
4 White(Blue,Red) Buffer
5 Black(White,Brown) (10,10)
6 Red(White) (9,9)
7 Red(Green) (9,10)
8 Blue(Black) (8,8)
9 Green(Black) (8,9)
10 Orange(Green,Black) (8,10)
11 Orange(Black) (7,7)
12 Green(White) (7,8)
13 Green( Brown, Black) (7,9)
14 Orange(Blue,White) (7,10)
15 Blue(Red) (6,C)
16 Red(Black) Buffer
17 Orange Buffer
18 White(Black) Buffer
19 Black(White) (6,8)
20 Green (6,9)
21 Orange(Red) (6,B)
22 Black(Red,Green) (6,A)
23 White(Red) (6,10)
24 Red(Black,Green) (6,7)
25 Red (6,6)
26 White (5,10)
27 wWhite(Red,Black) (5,9)
28 Black (5,8)
29 Blue(Gray) (5,7)
30 Black(Red) (4,10)
31 White(Green,Red) (4,9
32 Orange( Black,White) (4,8)
33 Blue(White,Black) (3,10)
34 Green(White,Black)- (3,9)
35 Red(White,Black) (2,10)

(Continued On Next Page)
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(Table C.1 Continued)

Connector III Conductor Color Code

Connector Wire Electrode
Number Color Number
1 Black(Red,White) Blank
2 Orange(Green) Buffer
3 White(Yellow,Red) Buffer
4 White(Blue,Red) Buffer
5 Black(White,Brown) (10,1)
6 Red(White) (9,2)
7 Red(Green) (10,2)
8 Orange(White,Blue) (8,3)
9 Blue(Black) (9,3)
10 Green(Black) (10,3)
11 Orange( Green,Black) (7,4)
12 Orange(Black) (8,4)
13 Green(White) (9,4)
14 Green(Brown,Black) (10,4)
15 Blue( Red) (C,5)
16 Red(Black) Buffer
17 Orange Buffer
18 White(Black) Buffer
19 Black(White) (8,5)
20 Green (9,5)
21 Orange(Red) (B,5)
22 Black(Red,Green) (A,5)
23 White(Red) (10,5)
24 Red(Black,Green) (7,5)
25 Red (6,5)
26 White (10,6)
27 White(Red,Black) (9,6)
28 Black (8,6)
29 Blue (7,6)
30 Black(Red) (10,7)
31 White(Green,Red) (9,7)
32 Orange(Black,White) (8,7)
33 Blue(White,Black) (10,8)
34 Green{White,Black) (9,8
35 Red(White,Black) (10,9)

(Continued On Next Page)
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(Table C.1 Continued)

Connector IV Conductor Color Code

Connector Wire Electrode
Number Color Number
1 Black(Red,White) Blank
2 Orange(Green) Buffer
3 White(Yellow,Red) Buffer
4 White(Blue,Red) Buffer
5 Black(White,Brown) (1,1)
6 Red(White) (2,2)
7 Red(Green) (2,1)
8 Orange(Blue,White) (3,3)
9 Blue(Black) (3,2)
10 Green(Black) (3,1)
11 Orange(Green,Black) (4,4)
12 Orange(Black) (4,3)
13 Green(White) (4,2)
14 Green(Brown,Black) (4,1)
15 Blue(Red) (5,C)
16 Red(Black) Buffer
17 Orange Buffer
18 White(Black) Buffer
19 Black(White) (5,3)
20 Green (5,2)
21 Orange(Red) (5,B)
22 Black(Red,Green) (5,4)
23 White(Red) (5,1)
24 Red(Black,Green) (5,4)
25 Red (5,5)
26 White (6,1)
27 White(Red,Black) (6,2)
28 Black (6,3)
29 Blue(Gray) (6,4)
30 Black(Red) (7,1)
31 White(Green,Red) (7,2)
32 Orange(Black,White) (7,3)
33 Blue(White,Black) (8,1)
34 Green(White,Black) (8,2)
35 Red(White,Black) (9,1)
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APPENDIX D
Oscilloscope Data Transfer and Plotting Programs

A set of programs was developed to transfer data from the Nicolet
1090A and 4094 digital oscilloscopes to a Hewlett Packard desktop com-
puter (9825T). The programs will also store and/or plot the data on a
Hewlett Packard digital plotter (9826A). They are written in a Hewlett
Packard Language (HPL). The programs are stored on track ¢ of a mag-
netic tape cartridge titled, "Program Tape". A description and list-

ing of each program file follows:

File O (Program D.1): This program was writtén for gas evolution data
on a Nicolet 1090A digital oscilloscope. It is designed to record a
single waveform with all the memofy on the oscilloscope, after a step
in the potential to the micro-mosaic electrode. Besides the oscillo-
scope data, the plug-in parameters along with the current-to-voltage
conversion, the run number, syétem temperature, ferric ion concentra-
tion, and position of the seghent being monitored are also stored.
Various bubble parameters are stored; such as size, position on e]ec;
trode, and the time and length of the release pofentia] pulse under
the bubble. All data is stored on a magnetic fape. The program will
also retrieve data from the tape and plot it. The plotting routine
does not label the axes, which are optional, but it does print out all

the relevant information for the experiment.

File 1 (Program D.2): This program was written to retrieve data stored

by Program D.1 and plot the current versus the inverse square root of
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time, either with or without the axes. As with Program D.1, all rele-

vant parameters are printed out with the plot.

File 2 (Program D.3): This program is almost the same as Program D.1l.
Lfke D.1 it was written for the early gas evolution gxperiments. It
was used for experiments with a constant electrode potential and with-
out a pulse in the potential to the segment under the bubble. There-
fore the input/output pulse information has been deleted from the

program.

File 3 (Program D.4): The program is similar to Program D.l, ex-
cept that it is for general experimental results on the oscilloscope.
All specific informatfon for the gas evolution experiments has been
deleted. Space is provided to store an 80 letter statement with the

results.

File 4 (Program D.5): This program was written for general experimen-
tal data on the Nicolet 4094 digital oscilloscope. It will transfer
any number of waveforms from the oscilfoscope and record them on an

8 inch flexible (floppy) disk, with a Hewlett Packard flexible disk
drive (9885M) interfaced to the computer. This program has a plotting

routine plotting routine that is similar to the one in Program D.1.

File 5 (Program D.6): This program is a general plotting routine. It
will set-up and label the axes according to input commands from the
user. The program will put a title and a three line caption on the
graph also. It is written to draw the graph with lettering in a rec-

tangular area with a height-to-length ratio of 9.5/7. The program was
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designed to be used in conjunction with Programs D.1-5, where a high
quality plot is needed. This is accomplished by first running Program
D.6, then use one of the other routines to retrieve the data from stor-

age and plot the results.

File 6 kProgram D.7): This program draws a schematic of the micro-
mosaic electrode. It also marks the segment where the current was
monitored and draws an outline of the bubble. Marking the perimeter
of the electrode is an option. The program is written to draw the
figure on a square area. It is designed to be used as an option in

conjunction with the plotting routines.



8t dse "THIS
PROGRAM RECORDS
AND PLOTS"

1: wait 5000

2: dim E$[15,8]

3t dim DrlsHy
BsLiflsCs(18]>»
GsCrTsls¥iBsF»
Y$[8208]

4t dim ASCS]

St buf “data”»
Y$:2

61 ent "IS DATA
TO BE TRANSFERR
ED ?"sR$

7: if cap(A$)="Y"

ES"i9to 16

8: ent “WHRT
TRACK ?°sU

9: ent “WHAT
FILE ?™E

10¢ trk U

11: ldf @-ES
12: 1df EsDsIsky
B8sC$1GrCoTsls
VsBsFsYS$

13: spc

14: mprt “RUN
NUMBER “sES$LE]
15: eto 33

16t ent “BUBBLE
DIAMETER IN
MICRONS” D

173 ent "TINE
OF RELERSE PULS
E IN MSEC"»1
182 ent "LENGTH
OF PULSE IN
MSEC™sH

19t ent ~“COORDIN

ATS OF BUBBLE

*SEGMENT "+ B$

20: ent “COORDIN
ATES OF CURRENT
SEGMENT"sC$

213 ent "SEGMENT

DIFFERENCE IN
MICRONS™»G

22: ent "Fe CONC

ENTRATION IN
MOLES/LITER"»C

23t ent "TENPERAR

TURE IN DEG C"»

T
24t ent "TINE/
PONT IN MSEC~siL
25: ent "MAX
SCRLE YOLTAGE
IN YOLTS"»V
261 ent "BRSE
LINE VYOLTAGE
IN YOLTS"sB
273 dsep “YOLTRGE
-TO~CURRENT
CONVERSION"
28t wait 3808

29t ent "IN MICR

OAMPS/YOLT"sF

30: dsep "IN ORDE

R TO ECHANGE
DATR"
31: wait 5000
32: dse “PRESS
CONTINUE"
33: stp
34 wtc 2,3jwtc
2'8jwait 75
35: tfr 2,"data”
» 4096
36: wtc 253

Program D.1

37: dse "DRTA
HRS BEEN TRANSF
ERRED”

38: wait 5008
39: ent IS DRTA
TO BE STORRED

2"sAs

403 if cap(AS)#"
YES"ieto S

41: ent "ON HHIC
W TRACK ?2°»U

42: ent “ON HHIC
M FILE ?°E
43: trk U
44: it E8lildf

0sES

45: ent "RUN
NUMBER"sES[E]
46: rcf OrES
47t rct EsDsIrHy
B$1C8r»GrCsTols
VsBsFsYS$
48: dsp "DATA
1S RECORODED"
49t wait 3000
59: prt "RUN
NUMBER “+ES$(E]>»
“ 1S STORRED
ON TRACK “sU» "
AND FILE "»E
S1: ent "IS THE
DATA TO0 BE PLOT
TED ?7»R$
§2: if cap(AS)S"
YES"jeto 103
$3: flt 6
34: sec
351 prt “BUBBLE
DIAMETER ="y D»
" MICRONS®
36: spc
$7t ert “INITIARL

TIME OF RELERS
E PULSE ="»]»"
MSEC”

$8: sec
$9: prt "LENGTH
OF PULSE ="y H»
- MSEC”
60t swoc
61t mrt “THE
BUBLE WAS GENER
ATED AT )88
623 smc
63t ort "THE
CURRENT WAS
MONITORED AT “.
cs
64: spc
65: ert “THE

CENTER-TQ=-CENTE

R DIFFERENCE
="3Gs" MICRONS”

66: smc

673 prt "THE
FERRIC ION CONC
ENTRATION =",C,
“ MOLES/LITER"

688 sec

69: prt "THE
SOLUTION TEMPER
ATURE =, Ty~
DEG C*

70% ent 1S THE
AXIS TO BE PLOT
TED ?°sRAs

71t if cap(AS)#”
YES“jeto 88

Listing
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72¢ (Y=-B)#F+P

731 4.095xL+Q

?74: spc

7?52 prt "YMAX =
:;Pv' MICROAMPS

76: spc

771 eart "XMAX =
“sQ@s° SEC”

78: seoc

7?98 scl 0,2+04P

80: ent "HWHAT
IS XTIC ?°sR

81: ent "HHAT
IS YTIC 2"5S

82: smc

- 832 mrt "KTIC =

"sRs“ SEC"
842 mrt "YTIC =
:’Sv“ MICROAMPS

85: axe 0:0+RsS

86t axe @PsRsP

87t axe 0:10:055

88: pen

89: ent "DO YQU
HANT R POINT
PLOT ?"sA$

98: if car(AS)#”
YES“isfe 1

91: for J=1 to
4896

923 J-14K

932 L#K/1080+X

94 itf(Y$(2%J-
1s2%J])#V#, 0003
2.

938 (2-B) #F+Y

963 if flel=03

99: eto 102
188s plt Xs¥Ys-2
101: pen

182t next J
1033 end

17761

9t dim E$[15:8]

1t din Delshis

BE$[12),C8L10]
GsCrTeblssBrFy
Y$({8208]

2 dim AS([S]

3% buf "data”s
Y$s2

43 ent “"WHAT
TRRCK 27U

S: ent “HHART
FILE ?"»E

6 trk U

7: ldf B.ES$

8: 1ldf E-DsIsHy
BS$,C$sGsCH Tl
YsBsFsY$

9: spC

18: ert "RUN
NUMBER ~»E$I[E]

11 flt 6

12: sec

12! eprt "BUBBLE
‘OIRMETER =":0»
“ MICRONS”

14: =pcC

153 ert "INITIAL

TIME OF FELERS

E PULSE ="s1I»"
MSEC™

16: spcC X

17: mrt “"LENGTH
QF PULSE ="»sk>s
" MSEC™

18: smc -

15 prt "THE
BUBLE KRS GEHER
ATED AT ":5%

288 sec

21t prt "THE
CURRENT LRS
MONMITORED AT “»

[y}
- "

spc

ert "THE

ENTER-TO-CENTE

QIFFERENCE

“+Gs " MICRONS™
spC
art “THE
CERRIC IUN CONC
ENTRATION ="10(»
" MULES/LITER”

26! s=e

27t prt "THE
SOLUTION TENMPER
ATURE ="+T»"
DEG C" -

28: ent "I THE
AXIE TO BE PLOT
TED 7" sARS$

29: if cap(ASI#”
YES“iato 47

30t itf (Y$[99,
160])+vs,.B80685+2

31: (2-B)#F3P

32: 1-iL*49/1000

t.5+0

33t sec

34: prt "YMAX =
“sPs ™ MICROAMP3S

[T ]

~M N
on 5 Il IO

35: spc

36: prt “XMAX =
@y 1/rSEC”

37: spc

38: scl 8:0,9,F

39! ent "HHAT
IS XTIC ?"»R

Program D.2
Listing



40: ent "HHAT
1S YTIC 2% S

41: spc .
42: prr "XTIC =
"sRs" 1/rSEC”

43t prv “YTIC =
“ySs " MICROAMPS

44: axe 910»Ry»S

45t axe BsPIRIP

46t axe Q:0r8sS

47: pen

48: ent "DO YOU
WANT R POINT
PLOT ?2"sRS$

49t if cap(A$)I#”
YES“3sf9 1

$@: for J=58: to
259

51t J-14K

$2t 1/ (L#K-10808) .

1.53%
53t itf(Y$L2%J-
192%J]) #V#,.800S

+2
543 (2-B)#F»Y
$%: if fl91=@;

9to 59

562 if J=250%
plt XsYs-1
S71 if JR250%
plt X»Y
58t eto 617
89: plt Xe¥2-2
60: pen
61t next J
62t end
*7928

237

9: dsp "THIS

PROGRAM RECORCS
AND PLOTS"

t wait 5000

¢ dim E${15,8]
t dim DsBs${10],

C$[18135GsCrTols

ViBsFsY$[8208]

4: dim ASLS]

S: buf “"data”»
Y$s2

6: ent °“lS DRTA
TO BE TRANSFERR
ED ?"sR$

7t if cap(As$)="Y
ES"ieto 16

8: ent “HHAT
TRACK 2°»U

9t ent “HHAT
FILE 2™E

10t trk U

11 ldf OES

12: ldf EsDsBS$s
C$1GrCrTolrVeBs
FsY$

13t sec .

14 ort “RUN
NUMBER "»ES$(E]
15t eto S5t

165 ent "BUBBLE
DIAMETER IN
MICRONS™»D

WN =

17 ent “COORDIN

ATS OF BUBBLE
SEGMENT":B$
18¢ ent “COORDIN
ATES OF CURRENT
SEGMENT",CS$
198 ent "SEGMENT
DIFFERENCE IN
MICRONS"»G
28: ent “Fe CONC
ENTRATION IN
MOLES/LITER"»C
21t ent “TEMPERA
TURE IN-DEG C"»

T
22¢ ent: "TIME/
PONT IN MSEC",L

231 ent "MAX

SCALE VOLTAGE
IN YOLTS"» ¥
24: ent “BRSE
LINE VYOLTAGE
IN YOLTS"»B

25t dse "VOLTRGE

-TO-CURRENT
CONVERSION"

26t wait 5000 .

27% ent "IN MICR
- ORMPS/VYOLT"»F
28t dse “IN ORDE
R TO ECHANGE
DATA™

29t vait 35000

30t dse "PRESS
CONTINUE"

31t ste

32% wtc 2y33utc
2+03wait 73

33t tfr 25"data”
14096

34t wtc 293

351 dse "DATA

HAS BEEN TRANSF

ERRED"

36t wait 3000

37t ent "1S DATA
T0 BE STORRED
?°1RS

38: if cop(R$)IW"
YES~ieto 49

39: ent "ON WHIC
H TRACK 2"V

40t ent “ON WHIC
H FILE ?2°»E

412 trk U

42: if E#151df
OES

43: ent "RUN
NUMBER"»ES$ [E]

44: rcf OsES

45: rcf EsDsBS»
CEsGrCsTrLsVsBy
Fsvs

46: dse "DATA

1S RECORDED"

47% wait 5000

48: prt “RUN
NUMBER “SESL(E]»
" IS STORRED

ON TRACK “sU» "
AND FILE "»E

49t ent "1S THE
DATR TO BE PLOT
TED ?2":R$

80t if cap(RS)E"
YES"ieto 112

S1: flt 6

$2: spc

$3: prt “"BUBBLE
OIAMETER =",D»
" MICRONS"®

S4: spc

55: prt "THE
BUBLE WAS GENER
ATED AT "+B$

Sét sec

57t prt “THE
CURRENT WAS '
MONITORED AT “»
cs

58t sec

$9: ort “THE
CENTER-TO-CENTE
R DIFFERENCE
="3Gs ™ MICRONS"

601 spc

61t prv "THE
FERRIC ION CONC
ENTRATION ="5C»
“+MOLES/LITER"

62t spc

63t prt "THE
SOLUTION TEMPER
ATURE =°s Ty~
DEG C*

64: @M

68t for J=1 to

4096

663 itf(YS[2%)-
1,24J)])#V+,. 0005
*2

673 (2-B)#F+rd

68t if J=13rJ2I}
rJ N

693 if J<=1Q5H+
rJoH .

?8% if r21irJal

71t if rJ<HIrJol

72: next J

731 He, 14

74t ent “1S THE
AXIS TO BE PLOT
TED ?°sAs

?3: it cap(AS)#”
YES“ieto 98

76t dsp "INITIAL
YALUE = "1 Hy
"MICROANPS”

?7: wait 3000

Program D.3 Listing

78: dsep "YMAX =

“s 1+ "MICROAMPS™
?9: wait 5000
80: enp "YMAX

IN MICROAMPS™,P
81: dsp "YMIN =

“sHs "MICROAMNPS "
82: wait 5000
833 enp “YMIN

IN MICROAMPS™,0
84: 4.0895+L4Q
85: spc
86: prt "XMAX =
- "s@s" SEC”
87: spc
88: scl 0+Q+s0+P
89t ent “HHAT

IS XTIC ?2°sR
98: ent “HWHAT

IS YTIC 27»S
91z spc
921 prt “XTIC =

93: prt "YTIC =
Te8s " RICRORMPS

94t 0+P+2
935: axe 0s0+RsS
96: axe 0rPsR»2

972 axe §+10+0sS

98: oen

99: ent "DO YOU
HANT A POINT
PLOT ?°»R$
1083 if cam(AS) @
“YES"isfe 1
101t for J=1 to
4896

182t J-19K

1033 L#K/71000+X

1043 rJsy

1058 if flel=0}
sto 109

186: if J=40963
plt XsYs~-1
197: if J840963
plt Xo¥

188: oto 111
109: plt XsYs-2
118: pen

1112 next J
112: end

+9583



@t dse “THIS
PROGRAM RECORDS
AND PLOTS"
1t wait Seee
2% dim ES$(15,8]
3: dim C$01601»
%vV!BvF:Y‘[GZBS

4: dim AS(S]

3¢ buf “data”y
Y$:,2

6t ent "1S DATA
70 BE TRANSFERR
ED ?" RS

7t if cap(AS)="Y
ES“ieto 16

8t ent "HHAT
TRACK ?°»U

9: ent “HHART
FILE ?2"»E

108 trk U

11t ldf O»ES

12t 1df EsCssi»
ViBsFsYS

13t sec

143 ort “RUN
NUMBER “»ESLE]
15t eto 46

163 ent "CONNENT
S 1°sCS

1?2t ent “TINE/
POINT IN- MSEC"»s

L

185 ent “MAX
SCALE VOLTAGE
IN VOLTS"»V

19t ent "BRSE
LINE VOLTARGE
IN: VOLTS"»8

203 dsp "VOLTAGE
=T0-CURRENT
CONVERSION"

- 21t wait 3000
22t ent "IN MILL

IANPS/YOLT"sF

233 dseo "IN ORDE

R 7O ECHANGE
DATR"
243 wait 35000
251 dso "PRESS
CONTINUE®
261 ste
27t wtc 233letc:
2:83wait 75
28: tfr 2y "data”
14096
29% wtc 253
30t dsp “DATA
HAS BEEN TRANSF
ERRED"
31t wait 35000

328 ent “1S DATA:

T0 BE STORRED
?2° RS
33% if cam(RS)@"
YES“ieto 44
34t ent “ON WNIC
H TRACK 773U
35: ent 'ON HHIC
ILE ?2°»E

HF

368 if E.llldl
0+ES$

37 trk U

38: ent "RUN
NUMBER"»ES(E)
391 rcf OsES

408 rcf E»CSrls
ViBsFsrYS

411 dsp "DRTA
18 RECORDED"

42t vait Seee

43t prt "RUN
NUMBER "+E$(E]»
“ 1S STORRED
ON TRACK “2Us "

44: ent 1S THE
OATA TO BE PLOT
TED ?°sAS$

481 if cap(ASIN”
YES"jeto 99

46: flt 6

47t sPc

Qg: »rt “COMMENT

.

49: secC

301 prt C$

Sit O+H

$2t for Jsi to.

40896
53! itf(YsL20J-
1e28J1) #V#,0085

*2
S43 (Z-B)#FarrJ
582 if JsldrJd+l§
rJol.
862 i J<nl1@3H+
rJoH: .
82t it rlbrJel

383 if rJi<HirJou

SS9t next J

603 M, 14

61t ent “1S THE
AX1S TO BE PLOT
TED: 2°»AS

62t if cco(ntlc’
YES"$

83
633 dsn 'INITIRL

VALUE = “sH».
"MILLIAMPS"®
643 wait 5000
633 dsp "YMRX =
s 1y “MILLIANPS"®
66: wait 5800
67t eno "“YNAX

IN-RILLIANPS "y P

683 dsp "YNIN-=
“s4s "MILLIANPS ™
69t wait 5000
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70t enp "YMIN
IN MILLIAMPS™»0
713 4,095#L90Q
72 spc
73 prt "XMAX =
“y@s "~ SEC”
74t sec
75t scl 8:8:0)P
76: ent “UHAT
IS XTIC ?"sR
7?7t ent “HHAT
IS YTIC ?°sS
?8: sec
79t prt "XTIC =
“sRe " SEC°
80t ort "YTIC =
"sSs” MILLIAMPS

818 Q+P+Z

82: axe 890sR»S
83t axe 8rPIR»Z
84: axe Q20,Q5S
85t men

86: ent “00 YOU
HANT A POINT
PLOT ?2°sR$

87t it cap(RS)&"
YES"isfe |

988 for Jsi to
4096

89: J-1oK

90t L#K/1800+X
913 rJeY

92t it flei=0}
sto 96

93t if J=40963
plt Xs¥s-1

945 if J4096}
plt X»Y

93¢ eto 98

968 pIt XsYy=2

97t men

98¢ next J

991 end:

#13374

@: dse "4094
0SCILLOSCOPE
PROGRAM™
t wait 2000

2t dsep "RECORDS
AND PLOTS DATA"

3: wait 2000

4: cfa 192

S: dim B$(485]
VI32]}sH$[32»
S51»C3(80)5D8(3
176081

6: dim R$[61

7: dim Q$(5]

8: buf “"data”s
0$,3
: ent “IS DATA
TG BE TRRNSFERR
ED ?",Q8

19: if capfQ$)="
YES"39to 16

11: ent “HHAT
IS THE FILE
NAME?" s RS

123 as9In RSl
13: sread 1588,
V(#]1,H$:Cs+08
14t prt "RUN
NUMBER “:RS¥
15 9to 70
16: dsp "IN ORDE
R TO ECHANGE
DRTAR"

178 wait 2000
18: dse "PRESS
CONTINUE"

19: stp

20: fxd @

21: wrt 727 "U"

22t red 727»E

23: if E#@idse
"ERROR & “»Es”
IN W istp
24: red 727+B$
2%: vali(Bsll
211+A
26: val(B$[3+A+
15:4+A*15))3E
27: if E®Bidsp
“ERROR # "»E»"
IN W OUTPUT"S

stp
28t wrt 2275°0»
4,0:,08,13872,1"
29t red 7275E
30: if E#Oidsp
"ERROR & ™HE» "~
IN D"3ste
31: tfr 727 dat
0"331744
: red 727E
33: if Ew@idse
" ERROR # "sEs
= IN D OUTPUT"S

stp
343 for I=1 to R
35: wrt 7275 "N»
*sBS((1-1)#15+
11,(1-1)#15+12]
36: red 727E
37t if ENQidse
“ERROR # “sE»"
IN N-istp
38% red 727 HSII

b|
39: val(H$[I»53s
5411 +€
49: if E#Bidse
"ERROR & "»Es”
IN N OUTPUT™;
stp

Program D.5
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41: next I

42t dsp "DATA
HAS BEEN TRANSF
ERRED"

43: wait 2009
44: ent "1S DARTR
T0 BE STORRED

2°,08
45: if cap(@$) %"
YES"isf9 23eto
. 81
46: ent “WHATY
1S 6 CHARRCTER
FILE HAME?"sR$

47: if len(R$)=6

finp 4

48: dse "FILE
NAME IMPROPER
LENGTH S wait
2000

49: dsp "PRESS
CONTINUE TO
RESET"istp

58: Jjmp -4

S1: for I=1 to A

82: dse "WAVEFCR
Mme "l

$3: wait 2000

843 dsep "CURRENT
-T0-YOLTRGE
CONYERSION"

$5: wait 2000 -
56: ent "IN mA/
YOLT FOR WAYEFO
RM" ¥ (1]

57t next I

%8: if fle2=1}

7’5
$9: ent "COMMENT

$

60t ent “DO YOQU
HANT TO CHECK
DISK SPRCE"sQ$
61: if cam(@$)="
YES"icat O .
62t dsp "PRESS
CONTINUE TO
STORE"istp

63t open R$,1350

641 as9In- R$s»1

.65t gserev- 1By
VI#)sHEsCSrDSs
“end”

66: dsep "DATA-
1S RECORDED"
67: wait 2009
68t ent “1S THE
OATA TO BE PLOT
TED ?":Q$

693 if car(@$) &
YES"ieto 132
70: sec

71t val(B$[1y
2))+A

?g:_prt “COMMENT

?3: sec

741 pre C$

7?51 dsp “THERE
IS(ARE) "»Ay”
WAVEFORMS "
76t wait 2000
?7: fle $

7?8t if A=tileng
ine 3

79t ent “HHICH
ONE 1S T0 BE
PLOTTED"»M

88: if M>Aidse
“NOT AR YALID
#"jwait 20003
Jnp -1

81 val(H$IM»Ss

91)#10tval (HS (M
511»13))9r1
823 val(HS$[Mr14y
181)#10%val (H$(
M»208522]1)9r2

83: val(Httﬂv23y'

281)12r3

84: val (H${M¥29s
341)+r4

85: val (H$[Ms3S»
401)+rS

86: val(B$IS+15+#
(M=-1)210+15% (M~
133)+ré

873 val(B$[13+

-15#(M=1)9 144152

(M=-1)3)+r7

88 ent DO YOU -

WANT T=0 AT
TRIGGER TINME",

Qs
89¢. if cap(QF) ="
YES 3 ré4265536+
rS$+Tiiap 2
98: 0+T
91t ent “IS THE

AX1S TO BE PLOT"

TED ?"s08
922 if can(ﬂt)c
YES“ieto 116
93t dsp "YMAXs"
(32000-r3)#ris
YIMls“VOLTS(OR
aR) "

941 wait 5000
95t enp:. "YMAX.
IN: YOLTS(OR
MILLIAMPS) " P

962 dsp- "YMIN="y

(-32000~-r3)#ris
YNl "VOLTS(OR
af) "

97: waiv 5000

98¢ enp "YMIN
IN VYOLTS(OR
MILLIAMPS) "5 0

99t (ré6-1-T)»
r2+Q

1082 ~Tar29V

181: spc

182t prt “XMAX
= "98y" SEC-

239

103t sec: '
104: prt "XMIN
= "yUs" SEC"
105: sec
106: scl UsQs0sP
1807t ent "WHAT
IS XTIC ?7»R
108t ent “HHAT
IS YTIC ?2"»S .
189¢ smc
110¢ ort "XTIC
= “yRy~ SEC"”
111: prt "YTIC

= “y8y" VOLTS(O

R MILLIANPS) "
1128 0+P+2Z
1132 axe Us0sRsS

1142 axe UsPrR»2Z
1158 axe Q200058
3116% pen

117 ent DO
YOU WANT A POIN
T PLOT ?2°,@8

118% if cam(@$)#

“YES“isfe 1
119¢ for JaM to

_ 15872-A+N by r?
1203 (J-M/r?7+K

1211 (K-T)#r2+X
122: (it (08L2+
J=192%J1)1-r3) &
ryay (Nl +y :

123t if flel=es-

sto 127

1243 if Jw15872-

A+fiplt XsYs-1

S 125 if J#13872-

A+Miplt XY
1263 eto. 129
12?2 plt. X»Y9-2
128t sen

129% next J
138t ent ~DO
YOU HANT TO
PLOT ANOTHER'
CURVE"» Qs

1311 if cap(Q$)=
"YES"$eto 79

132: end

423302

@: dsp “PLOT
LABLE PROGRAM"S
wait 1000

1t din SL6)sHI[2]
yAS(30]19B$[35] s
C$[45]1,D8(3y
$351sG(2]

2t ent “"x-min?"s
Sl1listp

3t ent “x-max?"»
St2liste

4: ent “"y-min?"
S{3listp

St ent "y-max?"s
Sl4)iste

61 ent "x-tic?"y
SiSliste

7t ent “"y-tic?"s
sl6liste

8: ent "8 of
diesits dsp afte
r x-decimal?”s
Gl1listm

9t ent- " & of
dieits dsp afte
r y-decimal?”s
GL2liste
10t ent “title?”
sAsiste
11t ent “x-cabti
on?”:88iste
12t ent “y-camti
on?"sCEiste
13: ent “line 1
caption?”,08(1]
iste
14t ent “line 2
caption?”D$ (2]
jstp
15t ent "line 3
caption?”» D8 (3]
iste
163 fxd GL1)
17t $(2)1-(?/8) (S
[21-SL11)+,2(S¢L
21-S{1))+A
181 Sr21+.2(s(21
-${11)98
193 S{41-(8.3/
7) (S(41-S(3])~
.05(S[4)-S[31}»

c .
203 S{4)*(1/7) (S
{41-S[31})-,85(S
[(4)-S[31140
212 sc] R¥BsCsD
22: pen
23t plt Sl1)»
§L31,-2
24t (1/1674.3) (S
[23-S01))+4 (11
251 (1/16/7)1S(4
1-S[3))+H([2]
261 int ((S(2)-~
SC11)/S[5) )N
27t int ((S(4]~
$[313/S161)+N
28t for I=1 to M
29t islt S(51:0,

]

30: iplt @rHI2]»

o N

313 imlt 9y-H[2]
]

’
32t next I
331 ol S([2)»
§£3)s0

34: for I=1 to N

Program D.6
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433
468

irlt Br15L61,
iplt -HI11y
irlt H{11s@»

next
elt S[z];

4)s-1

elt S(1]»

31,-2

for I=1 to N

Ciplt B:S[€d.

islt H{11y8y
iplt ~HI1ls.

next I .
plt SI1)s

S(4l»r@

47
482
[}
492

»@

S0:
. e
St

-1

for I=1 to N
inplt S[5]y0[v

iplt 80’"[2]7_

irlt O!HIZJr

next I
eplt stzl,

$43»-1

§3:

csiz 1.%592s

1.357»@

S4:

35

tor [=20.to M”
S[1Y+1#8(5)>

~(len(strt}

)72+.3) Y

$7:
1:14
598

601t

612
62

633

U

olt UsSI31y6:
cplit ¥o=1,28 .7

1bl- U-

next [

fxd: 6L2]

tor =@ to N

S{31+1*S(61»

240

64: -(lenistr(l)

1+1) 0y
65: molt Stl]-UoO
662 crlt Vr=,3
67: 1bl U
€8: next I

"69% ¢siz 1.592s
©. 1.337.0

70t for I=1 to 3
71 2-1+J L
72: plt RAsCo®
74 celt @J

74t 1lbl DSII]
75 next. .
76t csiz 1. ?5;2:

1.3%710

B ad: -(lon(Bt)/"

«3)
78: (SIZJ -s{11)~
2+S(1l+U

79t elt UsSI[3Y:0

803 cplt Vr»=3

.~ 81% 1bl BS

82: dew

83t csiz 1.73:2,

1.3%7

84=v-ll¢n(C$l/2#'

L3V

‘8%z (S[43-5031)~

2+S({31+U
86t Plt ALU» O
87: ¢cplt Vy=1
88: 1bl Cs$
892 csxz 2125
1.397

90;)-(10n(ﬁ81/20f
L9ty (S121-s112y7 o

245110

92% olt UsDs®
931 eplt VeI
94: 1b1 RS
85: sto jend
#23036

8t din G$I5)

i ent “DG vOU
WANT TO SET
FERIMETER »6f
23 if comtEIR7Y

iz
cl -2F+23. -
2s

for 1=-5 te T
plt 1s-5:-2
plt I1s5r~1
next 1

jor I==9 t0 S
t plt =5¢1s-2
: plt Jels-1

: next |

7 for J=1 to 4
t for I=6 to
br 2

141X
toif J=23-10Y3

197 plt £ ¥ -2
20 plt X+19790
21:°R1lt X+lsVels

22: plt X»Y+190

238 plt X1¥s=1
24t next 1

25: next [

265 if fl9i=13
Jap 6

27% plt -25,-2%5
-

28: plt -25+25.0
29: plt 25+25r8
38t plt 25+-25,0

Program D.7

it J=130+Y5-

1 oplt -2 kSR

s oent “X~COOR

InNATE 0OF BUBBL
"oy

33: ent "Y-CQ4RD
xnnTE GF BUBBL

I

24: ent “FROIUS
GF BUEBLE R
29 £mlt UeWe-2
35 merni
3T U+RHA
28t U-R+B
39: 2+R-/16330
402 £lt RAsvs-2
41t for J=1 to
4zt for I=8 to
160

32 if J=13R-1%
O+
44: it J=23B+1#
D=4
455 ve(-1)1J#

o
£

o N
£

2

FTIRIZ-{¥=-YUI12)+

v

46: rlt Hs¥e0

47: newt |

48: next J

493 Ren

$3: ent "% COUR
IHRTE OF MONIT
R SEGHMENT"sX

D
]

$1: ent “Y COORD

IMATE OF NMONIT
R SEGMENT s Y
52: elt Xa¥s0
53: csiz 2s1sls

0

-

S4: crlt ~,39-.3

55 lbl “»"
56t end
#9955

Listing



241

APPENDIX E

Notes on the Data Acquisition and Control System for the
Micro-Mosaic Electrode Cell

The system developed was designed specifically for the experi-
ments described in the main body of this dissertation. However, it
was meant to be reasonably flexible for other experiments planned for
the future. As in the early experiments a numbering and coding scheme
had to be developed for the system. The numbering system used for the
micro-mosaic electrode segments and the printed circuit board connec-
tions were adapted from the early experiments, described in Appendix C.
The numbering scheme for the color-coded multi-conductor cables, which
connect the micro-mosaic electrode cell to the junction box, is given
in Table E.1l.

The set of ten terminal strips with twelve screw connectors
on each in the junction box, form a 12 x 10 matrix of connections.

A matrix numbering system was adopted for the system with connec-
tion [1,1] in the upper left hand corner of the box. Thevupper
left hand corner is estab]ished by placing the box in front of
you with the input and output cables coming out of the side fac-
ing you. The screw connections allow for relatively easy changes.
in the scheme for attaching the wires from the cell. Because of
the large number of connections to be made, a standard scheme was
set and is given in Table E.1.

The 120 channels of the current follower are numbered consecu-
tively. The current input connections are made with a 120 pin Elco

(8016 series) connector, which uses a lettering system to designate



Table E.1 Color Code And Numbering Scheme For Data Acquisition And Control System(Stripe Colors In Parentheses).

Current Multiplexer Junction Box Junction Box Junction Box Electrode
Follower Channel Output Cable Connector Input Cable Number and
Channel Number Number and Number Number and Connector
Number Wire Color Wire Color Number
& Letter
1-A 5 I-Green(White,Black) (12,2) Blank
2-8 6 I-Orange(Black,Green) (12,3) Blank
3-C 7 I1-Black(White) (12,4) Blank
4-D 8 II-Orange (12,5) Blank
S-E 9 I-Black (1,1) I1T-White(Red,Green) (10,9)-35
6-F 10 I-Red (2,1) II1-Green(Black,Brown) (9,8)-34
7-H 11 I-Green (3,1) IIT1-Red(Black,Green) (10,8)~-33
8-J 12 I-White ,1) III-Red(Black) (8,7)-32
9-K 13 I-White(Black) (s5,1) " II1I-Blue(Brown,White) (9,7)-31
10-L 14 I-Orange (6,1) IlI-Green(Black,White) (10,7)-30
11-M 15 I-Red(White) (7,1) ITI-Red(Black,White) (7,6)-29
12-N 16 I-Orange(Black) (8,1) II1-Orange(Red) (8,6)-28
13-p 17 I-Green(Black) (9,1) I1I-Blue(Red) (9,6)-27
14-R 18 I-Red(Black) (10,1) II1-Orange(Black) (10,6)-26
15-S 19 I-Black(White) (11,1) IT1I-8lack(Red,Green) (6,5)-25
16-T 20 I-Green(White) (12,1) IT1I-Blue(White,Black) (7,5)~-24
17-U 21 I-Black(Red,White) (1,2) ITI-Green(Black) (10,5)-23
18-v 22 I-White(Red,Yellow) (2,2) I1I-Blue(Black) (A,5)-22
19-w 23 I-Black(Brown,White) (3,2) I1I-White (B,5)~21
20-X 24 1-Orange(Blue,White) (4,2) I1I-Blue (9,5)-20
21-Yy 25 I-White(Red,Blue) (5,2) III-White(Red) (8,5)-19
22-2 26 I[-Orange(Green) (6,2) ITI1-Black(Red) (C,5)-15
23-AA 27 I-Whice(Red) (7,2) I11-Red (10,4)-14
24-AB 28 I-Orange(Red) (8,2) III-Green (9,4)-13
25-AC 29 I-Red(Green) (9,2) II1-Red(White) (8,4)~12
26-AD 30 I-White(Black,Red) (10,2) I1I-Black (7,4)-11
27-AE 31 I-Red(Black,White) (11,2) I1I-Orange (10,3)-10
2B-AF 32 I1-Black(Red,Green) (1,3) III-White(Black,Red) (9,3)-9
29-AH 33 II-White(Red,Green) (2,3) ITI-Black(White,Red) (8,3)-8
30-AJ 34 II-Orange(Black,Green) (3,3) III-Orange(Black,White) (10,2)-7

(continued on next page)
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(Table E.1 Continued)

Current Multiplexer Junction Box Junction Box Junction Box Electrode
Follower Channel Output Cable Connector Input Cable Number and
Channel Number Number and Number Number and Connector
Number Wire Color Wire Color Number
& Letter
31-AK 35 II-Green(Brown,Black) (4,3) I1I-Green(White) (9,2)-6
32-AL 36 I1-Red(Green,Black) (5,3) III-White(Blue, Red) (10,1)-5
33-AM 37 II-Black(White,Brown) (6,3) II-Green(Browwn,Black) (2,10)-35
34-AN 38 I-Black(Red,Green) (7,3) I1-Red(Black,Green) (3,9)-34
35~AP 39 I-Orange(Black,White) (8,3) II-White(Red,Green) (3,10)-33
36-AR 40 I-Red(Green,Black) (9,3) II-White(Red,Yellow) (4,8)-32
37-AS 41 I-White(Red,Green) (10,3) I11-Orange(Blue,White) (4,9)-31
38-AT 42 I-Green( Brown,Black) (11,3) II-Red(White) (4,10)-30
39-AU 43 II-White(Red,Black) (1,4) II-Orange(Black) (5,7)-29
40-AV 44 I11-Black(Red,White) (2,4) I1-Blue(Black) (5,8)-28
41-AW 45 II-Orange(Black,White) (3,4) II-Black(White,Brown) (5,9)-27
42-AX 46 I1-White(Red,Yellow) (4,4) II-Black(White) (5,10)-26
43-AY 47 II-Green(White,Black) (5,4) II-Green (6,6)-25
44-A2 48 II-Red(White,Black) (6,4) II-Black(Red) (6,7)-24
45-BA 49 II-Red(White) (7,4) II-Black(Red,Green) (6,10)-23
46-BB 50 I1-Red(Green) (8,4) 11-Blue(White,Black) (6,A)-22
47-BC 51 I1I1-Orange(Blue,White) (9,4) II-Black (6,B)-21
48-BD 52 IT-White( Red,Blue) (10,4) II-Red (6,9)-20
49~BE 53 ITI-Orange(Green) (11,4) II-White (6,8)-19
50-BF 54 II-White(Red) (1,5) I1I-Blue (6,C)~15
51-BH 55 II-Orange(Black) (2,5) I11-Orange(Black,White) (7,10)-14
52-BJ 56 I1-Red(Black) (3,5) I11-Blue(Red) (7,9)-13
53-BK 57 II-Green(Black) (4,5) II-Red(Black) (7,8)-12
54-BL 58 I1I-Black(Red) (5,5) I1-Orange(Black,Green) (7,7)-11
55~-BM 59 I1-Orange(Red) (6,5) II-Red(Green) (8,10)-10
56-BN 60 II-Green(White) (7,5) 1I-White(Red) (8,9)-9
57-BP 61 I1I-White (8,5) I1I1-Orange(Green) (8,8)-8
58-BR 62 II-Green (9,5) II-White(Black,Red) (9,10)-7
59-BS 63 I11-Red (10,5) II-Orange(Red) (9,9)-6
60-BT 64 II-White(Black) (11,5) 1I-Green(Black) (10,10)-5

(continued on next page)
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(Table E.1 Continued)

Current Multiplexer Junction Box Junction Box Junction Box Electrode
Follower Channel Output Cable Connector Input Cable Number ang
Channel Number Number and Number Number and Connector
Number Wire Color Wire Color Number
& Letter
61-BU 69 III-Orange (12,6) Blank
62~-BV 70 II1I-Black(White,Brown) (12,7) Blank
63-BW 71 IlI-White(Blue,Red) (12,8) Blank
64~BX 72 IV-Orange (12,9) Blank
65-BY 73 III-Green(Black) (1,6) IV-Red(Green) (9,1)-35
66-BZ 74 III-Orange(Black) (2,6) IV-White(Blue,Red) (8,2)~-34
67-CA 75 I1I-Red(Black) (3,6) IV-Orange( Blue,White) (8,1)-33
68-CB 76 IT11-Green(White) (4,6) IV-Orange(Green) (7,3)-32
69-CC 77 II1i-White(Red) (5,6) IV-White(Red,Yellow) (7,2)-31
70-CD 78 I1I-Orange(Red) (6,6) IV-Black(White,Brown) (7,1)-30
71-CE 79 ITI-White(Black) (7,6) Iv-Red(Black) (6,4)-29
72-CF 80 ITI-White (8,6) IV-Black(Red,White) (6,3)-28
73-CH 81 III-Black (9,6) IV-Blue( Red) (6,2)-27
74-CJ 82 III-Green (10,6) IV-Orange (6,1)-26
75-CK 83 III-Red (11,6) IV-Orange(Red) (5,5)-25
76~-CL 84 I11-Orange(White,Black) (1,7) 1V-Black(Red) (5,4)-24
77-CM 85 I1I-Black(Red,Green) (2,7) IV-Green(White) (5,1)-23
78-CN 86 I11-White(Red,Yellow) (3,7) IV-Green(Black) (5,A)-22
79-CpP 87 III-Green(White,Black) (4,7) IV-Orange(Black) (5,B8)-21
80-CR 88 I1l-Red(Black,White) (5,7) IV-White(Red) (5,2)-20
81-CsS 89 I1I-Orange(Black,Green) (6,7) IV-Green (5,3)-19
82-CT 90 III-Green(Brown,Black) 7,7 1V-White(Black) (5,C)-15
83-CuU 91 I11-Red(Black,Green) (8,7) IV-Blue (4,1)-14
84-CV 92 I1I-Red(White) (9,7) IV-Red(White) (4,2)-13
85-CW 93 I1I-White(Red,Green) (10,7) IV-Blue(Black) (4,3)-12
86-CX 94 IT11-Black(White) (11,7) IV-Red(White,Black) (4,4)-11
87-CY 95 IV-Green(Black,White) (1,8) IV-White( Black,Red) (3,1)-10
88-Ccz 96 IV-Black(Red,White) (2,8) IV-Green(Black,White) (3,2)-9
89-DA 97 IV-Red(Black,White) (3,8) IV-Black(White) (3,3)-8
90-DB 98 IV-Black(Red,Green) (4,8) IV-Orange(Black,Green) (2,1)-7

*-~

(continued on next page)
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(Table E.1 Continued)

Current Multiplexer Junction Box Junction Box Junction Box Electrode
Follower Channel Output Cable Connector Input Cable Number and
Channel Number Number and Number Number and Connector
Number Wire Color Wire Color Number
& Letter
91-DC 99 IV-Orange(Black,White) (5,8) IV-Blue(White,Black) (2,2)-6
92-DD 100 IV-White(Red,Black) (6,8) IV-Green(Black,Brown) (1,1)-5
93-DE 101 III-Red(Green) (7,8 I-Green(Black,Brown) (1,2)-35
94-DF 102 III-Orange(Blue,White) (8,8) I-Red(Black,Green) (2,3)-34
95-DH 103 I1I-Orange(Green) (9,8) I-White(Red,Green) (1,3)-33
96~DJ 104 I11-White(Black,Red) (10,8) I-White(Red,Yellow) (3,4)-32
97-DK 105 I1II-Black(Red,White) (11,8) I-Orange(Blue,White) (2,4)-31
98-~DL 106 IV-Red( Black) (1,9) I-Red(White) (1,4)-30
99-~-DM 107 IV-Green(White) (2,9) I-Orange(Black) (4,5)-29
100-DN 108 IV-White(Red) (3,9) I-Blue(Black) (3,5)-28
101-DP 109 IV-Black(Red) (4,9) I-Black(White,Brown) (2,5)-27
102-DR 110 IV-Orange(Red) (5,9) I-Black(White) (1,5)-26
103-DS 111 IV-Red(White) (6,9) I-Green (5,6)-25
104-DT 112 IV-Red (7,9) I-Black(Red) (4,6)-24
105-DU 113 IvV-White(Black) (8,9) I-Black(Red,Green) (1,6)-23
106-DV 114 IV-White ) 9,9) I-Blue(White,Black) (A,6)-22
107-DW 115 1V-Black (10,9) I-Black (8,6)-21
108-DX 116 IV-Green (11,9) I-Red (2,6)-20
109~-DY 117 IV-Orange(Green) (1,10) I-White (3,6)-19
110-D2 118 IV-Orange(Blue,White) (2,10) I-Blue (C,6)-15
111-EA 119 IV-Red(Green) (3,10) I-Orange(Black,White) (1,7)-14
112-EB 120 IV-Orange(Black,Green) (4,10) - I-Blue(Red) (2,7)-13
113-EC 121 IV-White(Red,Yellow) (5,10) I-Red(Black) (3,7)~-12
114-ED 122 IV-White(Blue,Red) (6,10) I-Orange(Black,Green) (4,7)-11
115-EE 123 1V-White(Red,Green) (7,10) I-Red(Green) (1,8)-10
116-EF 124 IV-Green(Brown,Black) (8,10) I-White(Red) (2,8)-9
117-ER 125 IV-Black(White, Brown) (9,10) I-Orange(Green) (3,8)-8
118-EJ 126 IV-Green(Black) (10,10) I-White(Black,Red) (1,9)-7
119-EK 127 IV-Red(Black,Green) (11,10) I-Orange( Red) (2,9)~6
120-EL 128 IV-Orange(Black) (12,10) I-Green(Black) (1,10)-5

ave
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each individual connection. The color coding from the wires connecting
the junction box to the current follower is given in Table E.1. The
corresponding connections of the voltage outputs to the multiplexer
channels are also listed in the same.

The multiplexer system is set to monitor all the segments sequent-
ially. At its fastest rate, the system takes a reading from each seg-
ment at abouf 75 times per second. Because ofvthe 10 Hz filters on
the inputs to the multiplexer, the maximum number of readings that can
be taken without introducing errors is 100 times per second. If data
is needed to be obtained at a faster rate for more than four segments
during each experiment, the 16 channel input card without the fiTters'
can be used. This would also require a change in the arrangement of
the wires from the current follower to the multiplexer. This change
would not be simple, but could be done in a few hours. Slower data
acquisition rates present no problem and are only limited by the stor-
age space on the flexible disk.

The junction box aﬁ& all cables are completely shielded, to reduce
the noise in the system. The digital osci11oscope'resu1ts can be used
to examine the quality of the signal from the current follower. This
data can be compared to the same results from the multiplexer, as. in
Fig. E.1. Generally the signal-to-noise ratio from the current fol-
lower is as good or better‘than in the early experiments. Also, the
10 Hz filters on the multiplexer inputs vertually eliminates all 60 Hz

and higher frequency noise.



247

-adooso| | 1250 [e3LbLg (g) Susua|dia(nW (y) ¢S80LASp oM} AQ paJdojLuow 3|Nnsad |ejuswiuadx]

£9€01-9€8 19X

(50NOD235) 3RIL

B'E B Bl o

? v Y 9°@-
- L_ﬂnl
Z'8-

+ ! a 2'g

(SAWHOYD IW) INZMHMD

(SONO235) 3MIL
4 .}

1*3 3unbL4

L L

N
9°g-

~

-4 ‘R~ —

hE- £

o)

m

=z

—

~

x

M

o]

=)

pua )

= 4

A

{ze-2




248

APPENDIX F
Data Acquisition and Control System Opefating Program
The program for the system is written in a Hewlett Packard
Language (HPL). It is stored in a magnetic tape cartridge titled,
"Data Acquisition and Control Tape." More sbecifica]]& the pro-
gram is stored in 18 separate files on track zero of the tape. A
data file and three function key files are stored on track one of
the tape. The tape cartridge must be left in the computer at all
times while running the program. This is necessary since it is not
possible to store all the pfogram in the computer at once. A de-

scription and listing of each program file follows:

File @ (Program F.1): This portion of the prbgram serves as a starting
point for the entire program. The cdmputer will automatically run this
program file after a power outage. The program will initialize a flex-
ible disk if needed. This is not the bootstrap routine for a new disk,
but it sets up a file for transferring information between program files.
This should only be done once for each disk. At the end of the program
fi]e,'a branch is set up. If data is to be output, Program F.7 is loaded
and run. Otherwise, it is assumed that an experiment is to be conducted
and Program F.2 is loaded and run. In this program and all other program
files, "Yes or No" questions can be answered from the keyboard by press-

ing a special function key for yes (f6) or no (f7).
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File 1 (Program F.2): This portion of the program prompts the user
for parameters and decisions needed for conducting an experiment.
Default values for the parameters can be used, or can be inpuf from
the keyboard. A list of the parameters and their default values is
given in Table F.1. The program automatically allots storage space
on the flexible disk for the parameters used and data to be obtained.
Which program files are to be loaded and run depend on the user's an-
swers to three questions.

1) Is the data acquisition to be ended when the computer memory

buffer is loaded?

2) Is the bubble growth to be computer controlled?

3) Is data to be taken with the digital oscilloscope?
Exactly how the answers to these questions affect the flow of the

program is depicted in the chart in Fig. F.l.

Fig. 2 (Program F.3): This is the portion of the program that
actually controls and retrieves data from the multiplexer. It also
controls the growth of bubbles. The total memory of the computer .is
split up into four buffers. Two of the buffers are the same size.
The size of these buffers is set such that it will require a quarter
of a second for the multiplexer to fill. One buffer size is set at
the maximum and the other is set to take up the remaining space in
the memory. Once computer control of bubble growth has begun, the
multiplexer can be started by pressing a special function key (f9).
After starfing of the multiplexer, data is stored consequentially in

each of the two equal size buffers. While data is being stored in the
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Table F.l1 Input Parameters For Program F.2

Parameter
Requested

Parameter
Units

Default
Value

Multiplexer
Throughput
Rate

kHz

None

Multiplexer
Maximum
Voltage

volts

0.64

Number Of
Multiplexer
Channels

None

128

Total
Data Acquisition
Time

Seconds

None

Initial Digital
Function Generator
Voltage Difference

mV

=300

Maximum Digital
Function Generator
Voltage Difference

mV

=500

Potentiostat
Bubble Current
Setting

microamps

Potentiostat
Current-To-Voltage
Conversion

microamps/volt

50

(Continued on next page)
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(Table F.1l Continued)

Parameter Parameter Default
Requested Units Value
Proportional
Control Number None -20
Derivative
Control Number seconds 0.01
Integral
Control Number 1/seconds 3
Timing Channel
Triangular Wave Hz 0.5
Frequency
Timing Channel
Peak-To-Peak volts 1.0
Voltage '
Current-To-Voltage Dependent On|
Conversioan For Each| microamps/volt Channel
Multiplexer Channel Assignment
Number Of
Bubbles None None
Generated
Segment Numbers
At Which Bubbles None None
Were Generated
Ferric Ion
Concentration moles/liter None
Comments(Max{mum
80 Characters) None None
Run Number
None None

(6 Characters)




252

@ROGRAM F’.D |

l

PROGRAM F.2

 PROGRAM F 5

QUESTION QUESTIO
2) Q).
YES YES

PROGRAM F 3 PROGRAM F 6

PROGRAM F. 6 4@» NO @

YES

PROGRAM F.6

XBL 836-5935

Figure F.1 Input program flow chart.
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first buffer, a reading is taken by the computer from the digital
voltmeter. If the voltage reading is more than 5 away from the set
value and the data acquisition is to be internally triggered, then a
flag is set. During the storage of data in the second buffer, the
voltmeter reading is used to estimate the proper applied voltage for
the digital function generator. The function generator is then in-
structed to be set at the estimated voltage. Between fi]]ing the mem-
ory buffers a flag is checked to determine if the buffers should be
saved. The flag can be set internally, as described, or from the key-
board by pressing a special function key (fl). If the flag is set the
computer is directed to set the function generator voltage to zero and
to fill the other two larger buffers. Otherwise, the two smaller buf-
fers are cleared and the cycle begins again. After all the buffers

are filled, they are stored on a flexible disk.

File 3 (Program F.4): This portion of the program is similar to Pro-
gram F.3, except that it does not control bubble growth. Therefore
the data acquisition system must be triggered from the keyboard by
pressing a special function key (f@). A1l other aspects of the pro-

gram file are basically the same.

File 4 (Program F.5): This portion of the program controls and re-

trieves data from the multiplexer. It is used when the computer mem-
ory is to be loaded more than once. Control of the growth of bubbles
is an option on this program file. It is similar to Program F.3, but
there are some significant differences. The computer memory is split

up into two equal size buffers. One buffer is loaded continuously
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until the system is triggered. If the bubble growth is to be con-
trolled, the control takes place on one half second cycles during
the loading of the buffer. Once triggered the buffers are loaded
and stored on a flexible disk consecutively for a specified amount

of time.

File 5 (Program F.6): This part of the program simply loads the data
on the digital oscilloscope into the computer and stores it on a flex-
ible disk. This program file is loaded and run automatically when the

user indicates that data is to be taken with the oscilloscope.

File 6 (Program F.7): This portion of the program prompts the user to
find out which information and in what form the data is to be output.

The user can choose between a plot of the results from a single multi-
plexer channel or a plot of all the electrode segments at a given time.
A plot of any channel of the digital oscilloscope data can also be ob-
taihed. Which program files are loaded and run depend on the type of

plot requested. A flow chart of what files are loaded and run for'the

various options is given in Fig. F.2.

File 7 (Program F.8): This portion of the program retrieves the
information.needed to make a plot of one of the multiplexer channé]
against time or number . The information needed for the plot consists
of the digital data from the multiplexer and the conversion parame-
ters. The conversion parameters are needed to change the digital

data into the desired form.
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File 8 (Program F.9): This portion of the program reduces the data
into a form suitable for plotting. If the multiplexer measurements
are to be plotted against the number of the data point, it is just

a matter of changing the digital multiplexer data into its decimal
equivalent. However, if a relative time plot is requested, the tim-
ing channel data from the multiplexer must be converted to a rela-
tive time for the plot. This is done by two different methods in

order to check the accuracy of the system.

File 9 (Program F.10): This portion of the program generates and
labels the axes for a plot of a singie multiplexer channel. It also
plots the data points obtained during the experiment from the multi-

plexer channel.

File 10 (Program F.1l1): This portion of the program is similar to
Program F.9. It performs the same task, except that it is used to

reduce data obtained by loading the memory buffers more than once.

File 11 (Program F.12): This portion of the program retrieves the
oscilloscope data from the flexible disk and plots the resu1ts of
one channel. [t generates and labels the axes as well as plotting

the data.

File 12 (Program F.13): This portion of the program sets the file
pointer on the flexible disk data file right before the oscilloscope
data. This allows Program F.12 to retrieve the oscilloscope data from

the file.
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File 13 (Program F.14): This portion of the program retrieves the
timing channel information from the flexible disk. The program is

similar to Program F.8.

‘File 14 (Program F.15): This portion of the program reduces the
timing channel data to determine the relative time at which the
data points were taken with the multiplexer. This is done by the

same method that was used in Program F.9.

File 15 (Program F.16): This portion of the program performs the same
task as Program F.15, except that it is used in cases in which the mem-

ory buffers were loaded more than once. It is similar to Program F.1ll.

File 16 (Program F.17): This portion of the program retrieves the in-
formation needed to make a plot of the current to each segment in the
electrode matrix at a given time. The data is also reduced and inter-

polated to determine the current for each segment at the set time.

File 17 (Program F.18): This portion of the program generates and la-
bels the axes for a three dimensional plot of the current to a segment
verses the spatial coordinates of the segment. It also plots the data.
This plotting routine is relatively simple and does not give a perspec-

tive view of the data.
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- CE31)/In(2)+
29482C(6]

141 cap(CL6]-
327681+C (7]

1;23 cmpCL61+C L6

143: dsep "ARE
DEFAULT VALUES™
144: wait 2009
145: dse "FOR
CHANNEL ASSIGNM
ENTS"

146 waitr 2908
147: ent "TO BE
USED?"»Q8$

143¢ if cop(Q$3=
"YES"itrk 13
1df @+E$,E(*]1
trk 9i9to 153
149: for I=1 to

s

1501 dsp "CHAHNE
L™y 1y "ASSIGNMEN
T

151 wait 2009
152¢ ent "KHAT
1S THE INPUT
#2"ES[1]
153t dse "WHAT
IS THE CURRENT-
TO-YOLTAGE"
154: wait 2000
155: dse "CONVER
SION (uRsVolt)?

[ ST

156 wait 2080

157¢ ent “ENTER
1.0 FOR YOLTRGE

INPUT"HELI]

158: next 1|

159: ent “ARE
THERE CHANGES
70 BE MRDE?"»($

160: if cap(G$)#
"YES"jeto 171

161t ent "WHICH
CHANNEL? s rt

162: ent "WHRT
1S THE INPUT
#2",E$(rl)

163: dsp "HHAT
1S THE CURRENT-
TO-YOGLTAGE"

164 wait 2000

16%5: dse “CONVER
SION (uR-Yolt)?

166: wait 20090
167: ent “ENTER
1.8 FOR YOLTRGE

168: ent "ARE
THERE FURTHER
CHANGES? ", Q8%
169: if cap(Q$) 8
"YES"ieto 171

170t oto 161

1713 if R(101=0}
8+C[8l5Jme S

1723 dsp IS
THE DATR ACQUIS
ITION"

173t wait 2000
174: ent "TO BE
TRIGGERED MANUR
LLY?"» Q8

179t if camp(0$)=
“YES"308+C (8]
1761 ent "# OF
BUBBLE GENERATI
ON SITES"»F([1]
1?77¢ for I=1 to
FL13

178: ent "SEGMEN
T & FOR BUBBLE
GENERATION"s.
Fs$(11

179 next I

180: ent “FE
CONCENTRATION(m
olessliter)”
FL2]

181: ent “COMMEN
T51°sG$

1828 ent "6 CHAR
ACTER RUN #"RS$

259

183: it f193=93
9to 189

1841 int (S0@%
C{91/12%C(51)1*
2%CIS)+16+F (3]

185: int( (28086~
1800+C[2)) /(2%
CES))1%2%CIS)+
16+F 4]

186: int (30000~
(2#C[5)))#2%
Cl51+163F (5]

1878 int {1H+2#
FL31+F (41 +F[S])
72521 +1+F (9]

188: 9to 192

189¢ int (28609~
(2%#C[S) 1) #2»
C{51+16+F[6]

19@: 2*int (FI8]~
FL61)1+F (7]

1912 int C(H+(FL7
J+1)#(FLEY+4) )/
2%2) +1+F (9]

192: ert “THE
DATA REQUIRES”

193: ert F[91s"

RECORDS"

194: open R$»

FL91
asaIn R$» !
az9In "trfil

-

—
mw 10O

sprv 1sE$»
JsAL*)BL#I>
B CL#)sF*]>»
F$sG8sREy “end”
1988 sert 2Rl
1:BL11sCI2)sFL#
Jry"end”
199: if §133=33
sto 202
200: if Al181=1;
1de 2
201: lde 3
202: ldr 4
203: end
*10761

—de OV

W o £Q er ve

919
rk 33 1dk 1§

wre Cdunt
“FIRTTIMSALIHOLL

21t fxd @

2zt dsp "TO BEGI
K COMPUTER CONT
rRQL"

223 wait 2200Q

24t dsp “"PRESS
CONTINUE"iste

T 25: wrt “fen”s

"FUBOF“ystriAl]
J)s "MY”

26: for I=1 to 3

27t tr9 “dum”

28t Jop bit (€
rds (“dvmn”))

29¢ red “dun”s
vitl

39: VI11-A6140C
1]

31t if I=limp 2

322 S+iQ{l-13+
QLI1)~2%AL9]+5

33: woit 4824

34: next 1

35: AL4)#iQ{31+
ALPY*1.5+0l1]1-
2%QL2]+1,.5#0(3]
Y/AL3I+A(8I*#5)+
RL11I+v 2]

363 AL214Q[1]

37 QR33+0121
38s if wl21:0%
224121

39: if YI21<RIZ]
T1RL21+VY (2]

4Q: wair 200

41t wry "fan":
XY AS'E -3 DR L

4zt wait 209

43: tre "dua”

443 Jwp bitié:
rds ("dun" )

45: red “dvn”:.
Y11l

462 VI11-AL8I=31
3]

Program F.3
Listing



473 S+(QL{3)+0([2]
V/2#AL91 28

2: vI21+R
49: if flaol=13
940 51
Sa: 9to 35
51: dsp “BEGIN
DRATA RCAUISITIO
N

52: wti 6sCI718
ut1 € ClETTweid
€:CI[7]

53t tfr 18y “"data
1%9J

F4: AL4]1*(QL3]+
RITI#(.5#QL1]~
2#0[2)+1,5+QL2]
1121 +AIBI#S: +
ALL11+¥ (2]

55: Q[2)+QL1]

56: QL31+0(2]

37 if vIi21>na;s
gavI[2]

S2¢ if VI21<ALZ]
sARL21+v(2]

39! wrt “"fan’y
stri(V(21), "Ny
60: jmp rdsf"Jct

at"}>e

61t wti 6:C[7135
wti £9CL513uty

. 6sCITY

623 *tfr i@y dova
2" sd

63: tre “dum”

643 sme bit (€,
rds ("dun™1)

i red “dum”,

v[11
66: vI11-Al61+G(
32

?: if abs(Q{3]J
>.0S5*abs (A8
and C[8)=1isfa
2

68: S+(QL21+6(2]
1.-2#A {9145

692 VY[2]19+R

70! Jnd rds(”deot
02")-0

?1: if fla2=1:
wrt “fen","8nv"
iato 74

72% buf "datal’i
buf “data2”

73t 9to 32

74: wti 6:CL715
wti 6,C(615uri
65CI7]ibeer

751 tfr 18, "dato
3"sK

76: Jme rds("dat
a3")>0

?7: wti 6-5C[7]5
wti 65Cl6]3uwti
6+CL7]

78: tfr 10,"data
4" L

79: Jjme rdsi"dat
a4";>0

30: dse "T0 STOR
E DATA PRESS
CONTINUE"3istp

812 sprt 1sAss .
BSsCS$s08s"¢end”

82: buf “datel”}
buf “data2”§
buf “data3"§
buf “datad”

83: dgp “END OF
DRTA ACQUISITIC
N"

84: wait 2000

85: if B=ljilde 5
86: end

*13402

260

im AL1@T
BlsF(31-.v(2]
31

san “"trfil”y

S ey 2

sresd 2:A0#1s
yCL#]sF %)

dim ASLJ)»
8$(J1:CS$LK)>y
os$L]

7% (F(31-16)/2+J

8: (F[4)-161.-2%K

9: (FL31-16172>L

183 buf "datal”s
RS- 4

11t buf “"deta2™»

12: buf ~data3”s
13: buf "data4”s

s10
Fldk 33

dse “TO BEG!
N DATR ACQUISIT

185 wait 2080
19t dse "PREST
CONTINUE"istp
20¢ wti 6-C[725
wti 6:Cl615wei
65CL71

21t tfr 10s"data
179 J

22: Jne rds("dat
1" e

233 if floi=l}
sto 29

24: buf “datal”}
buf “data2”

25: wti 6sC(713
wti 55CLE6)5wei
6:CLT]

26: tfr 10s"data

2" Jd

27t Jjmp rds("dat
a2°)>0

28t oto 20

29t wti 65CL71F
wti 6sCL6I3uti
6:C(?13beer

30: tfr 10y"data
3"k

31: Jjne rds(“dat

1

wti 6sC[6)5uwti
6.CL7]

23 tfr 19y data
47 L

34: Jmp rds("dat
a4"1>0 ’

35: sprt 1:8$»
A$:CEs08%» "end”
36: buf "datael”;

buf “data2"}
buf "data3"i
buf "datad"
37: dsep "END OF
SQTR ACAUISITIO

38: wait 2008
39: if B=13lde §

40: end
#31113

Program F.4
Listing

9: dim ALLO),
CL19)«FL9Ys¥ (23
1 03]

12 as3an "trfil”s
2

2t sreed 2sAl*3s
EsCL%)sF %] '

3t FLelsd

4: dinm ASLJ]»
BsLJ)
(FL61-16)-22J

JsiC[91+%1000)

=

int (K/.5)sL
buf “datal”s
$54

buf "datal”e

0 0~ oA

N D G W e DD * D e os 3§ o0 oe
>
»

wii 0,18
trk lildk 13
e

D
e ~ oo e
x

cfa
if Al101=03
48

8+8

AL1I+R

dev "“dumn”s
722s"ften"» 717

178 wrt “dum”y
“FIR7T3M3A1HED!

PO -t
o

o

18: fxd 0

19: dsp “TO BEGI
N COMPUTER CONT
ROL"

20t wait 2000

21t dsp "PRESS
CONTINUE" i ste

22: wrt “fen",
“FUQOF~sstr (A1
J)s"mv” .

23: for I=1 to 3

24: tre “dyum”
2%t Jmp bit (6
rds(“dua®))

26: red “dua”,
vl

27; vI11-AL6]+Q(

t if Islidme 2

: S+(Q[I-1]+

[1])/2#A[9]14S

t wait 400

: next 1

t RL4I#(QE3]+

[71»(.5+Q(1]1-
2#Q[2)+1.5#0(3]
J/RL9I+AL8I2S)+
RL1)+VI2]

33: @r21+Q{1]

34: @r31+(2)

35: if v([21>03
8+v (2]

36t if V[2)J<A(2]
iRC21sV (2]

37: wait 200

38: wrt “fen"y
str(vY[21), "Ny”

39: wait 2080

40: tr9 “dum”
41: jmp bit (6
rds{"dvum“)}

42: red “dvum”,
yr12

433 V[11-AL61+QC

I
28
29

Q
390
31
32

f

31
44: S+(QL31+Q(2]
) 72#AL919S
452 y[219R
Program F.5

Listing

-



46: if fl9i1=13%
9to 52

47: ato 32

43: dse "TO BEG!
N DRTA ACQUISIT
I0N"

49: wait 2000
590: dse "PRESS -
CONTINUE"3stP

S1: a9to 33
%2: dzp "BEGIN
DATA ACQUISITIO

N

$3: wti 6:C[723
wti 6:CL6I5wei
6sCL71
S4: tfr 10s"dato

179J

$S: if Al161=03
sto 7

36: for I=al to L

S7: RC[41#(Q(3]+
AC7I*#(.3%QL13-
2xQ021+1.5+Q(3]
) RL3I+A8I#S)+
RL11I>V 2]

58: Qr2)+2(1]
S9t Qr31+0(2]
608: if v([2]>03
8sv (2]

61: if VI21<AL2]
5AL21+v (2]

62: wait 200

63: wrt "fon"s
str(¥Yl21)s "HY"

64: wait 200

6S: tre “dums”

661 3mp bit(6s
rds ("dvn”))

67: red “dva’s

Y1l
63; viil-RL6l+al

69t if abs(QL31)
>.1%abs (A[6])
;nd Ci8l=1ists

261

t S+ (QL31+012]

s72#A[91+8

: YI213R

t next [

t Jjmp rds("dat
17)1>8

- if Allel=0

nd flel=ljbeer

9t0 78

T if fle2=13

rt "fen"y oOny”
ibeepisto 78
76: buf “"datal”
77: eto 53

78: for I=2 to
FL7) by 2

79: buf "data2”

80: wti 6,C[7]1
wti 69°CLET5wei
65CL?7]

81: tfr 18»"data
2%sJ

82: Jjmp rdsi"dot
a2")>0 )

83t sert 1A%
“end”

84: buf "datal”

83: wti 6+9CI713
wti 6sCl6l3wti
6:CL7]

86: tfr 185" datea
1°9J

87: Jme rds("dat
al")>0

88: sert 1:8%»
“end”

89% next I

90: sert lsR$

91: buf “datal"’d
buf “Jdata2”

92: dse "END OF
SQTn-ﬁCQUISITIO

93: wait 2000
94t if B=tilde S
95: end

#9687

-]
)
1
2
3
3
4
a
H
73S
L]

@: dim ESIESTs
HE(4+55] 080317
(273
13 buf “"datao”s
D$:3

>t dsp “PRESS
CONTINUE TO
TRF. GSC. DRTE’

sowrt 727 "HY

s red 727E

: it E®Oidse
“ERROR 8 "sE:"
IN W iste
7: red 727+B%
8: waliB$[1s2]12
A

9: yol (BS[3+A*
15:4+R#15113E

19: if E#Bidse
"ERROR # "<E»"
IN W OUTPUT™S

ste
11: if A>4id=r
“To MANY WAYEFOD
RMS"iste
12t wrt 727 "D
4:0,915872517
12¢ red V27E
14: if E®#Qjdsp
"ERROR & “sE»”
IN D iste
15¢ tfr 727» "dat

: red T27FE

T if E#@idse
ERROR # “sE:
IN D OUTPUT"S

te

: for I=! to A
t wrt 727:"N»
yBSL(I-1)#13+
19 (I-12%15+121
t red 727+E

: if ENBidse
ERROR & “+E»"
N N"jstp

t red 727sH$[!

: val (H$LI,52
54))9E

24: if EM@idse
"ERROR # "+E»”
IN N QUTPUT™:
ste

25: next 1 .
26t seprt 1:88.
H$sD8$s "end”

27: dse "DRTR
HAS BEEN TRF.
AND STORRED™
28: end

#18535

Program F.6
Listing



a:-dsp “GRTA
QUTPUT PROGRAMT

11 wait 2080

2: dim E$L1Z23.

ST EL128):RL16]

B[S]:B$L4sS]

DL101sF(51F8 Ll

1536386,

6l

dim FLB1.7PSELS

]
v .
5: ent "6 CHARAC
TEP RUN #":R$
t asen R$s1

s asaIn “triil”e
zread 1+ESe
Ef#):Af#]«R{%]s
og. CL#1sFL#2:

F§.GEsRE
"9: prr " RUN ®
"yR¥

i9: spC <

11: fxd @

12: prt FI11s"
BUEBLES GENERRT
ED"
13t eore “AT SEGM
ENT(S1"

14: for I=1 o

L

s ert F$CI]

3 next I

: spz 2

T flv 2

Poery "FE LKL
= "yFL23s"
HOLES/LITER”

28s spc 2
21: ert “COMMENT
H

23t ent "FRINT
CHANNEL SSSIGNM
ENTS? .08

24: if cap (@14
YES 33t 0 31

25: for I=1 to

d e
27: prt "CHANNEL

1
ert “SEGMENT

E-1 14

T next [

t ent "CHANNEL
PLCT? 28

: if cop(Qs)s”

W
-0

Q:

25: B8+P 2]

36: if cae(GS)#”
YES¥31+P(2)%
310 43

37: ent "1st
TINING RANP
CHHNNEL?"9P14}

3a: ent "2nd
TIMING RAMP
CHRNNEL? " «F [5]

39 Fi41+J

43t E[JI*FI6]

413 IS .

42% ELJI+PL7]

42: FL11+J

a4: ECJI2PL32

¢St ES[JI+PS

46: zert 2:P[*1»
=$,C[*]-F[*],
"end”

47: 1de 7

43: ent "ELECTRN
DE PLOT?",0$

493 i+ cap(GSI#”
YES"5ato $9

50: ent “1st
TIMMING RAMP
CHANNEL?" sPL1]

S1t ent “2nd
TINMING RAMP
CHANNEL?"sP 2]

s2: ent "TIME
OF PLOT(SECONCS
12" P (3]

§3: P{11+J

54: E[J1+P (3]

55: PL2]+!

56: ELJI»P[4]
€7: sprrv 2:Plxly
L[*].F[*],RS;

"end”

58t 1de 13

s9: if B8{11=03
eto 74

68: ent "QSCILLO
SCOPE FLOT?” .08

612 if cao(A$I ¥
YES"j9to ?3

623 2nt "PLOT
CHANNEL 1R°'1Q5

63: if cae(08)="
YES"31+P (113
8r21+P (2138811
+P$3sto 1

64: ent "PLOT
CHANNEL 18?7,6$
65t if cop(@$)="
rES-32+P 113

B(31+P{313B8(2)

sPsisto 71

66: ent "PLOT
CHANNEL 2R?".@%

67: if cap(Q$)="
YES~33+P 113
§[41+P 14138831
+Pssgto 71

63: ent “PLOT
CHANNEL 2B?"»Q$

69: 1f cap(Q$)="
YES™ 49P[1]=
BESJOPISJ i8s$(4]
sPs$teto 71

7a: eto 73

71: sepre 29P[*3s
P$sCLlx]sFL2]s
“end”

?2: lde 12

72: dse "NO MORE

QPTIONS”
74 end
#17048

Program F.7 Listing

262

N - ®
" e
Sa

IV~
e ey e

51N
PL43I+RIF[5]+¢
if FI81:33

F{3)+!
FL4)+K
FIS51+L

dim R$([L]
buf “datal”s

O WN NS
«
[o)
(1]
2

-

("3] 1617
+N)+J

tFL4)-161~

12%N) 2K

143 (F[S)-18)
(2N} L

158 2%J+K+L>N

i63 dim X$[(2#M).
Y$L[2*M)» 28 (2#112

17: FL31-16+1
18t sread 1,R$(1
s 13

19: for 1=0 to
J-1

28: if PL2]1=13
9to 23

21t RSLIN®I+R)*
219 (NSI+R) #
21+X$[2% 1415 2%
1+2]

22: RS[(N#]+5) =
2-1s (N#]+S)#
2122802#1+4192%
1+21

232 RSLIN#1+0)%
2-1s (N*1+0) #
213Y8[28141,2%
1423 i

24: next I

2%: buf "datal”

26: FL31-16+1

27: sread 1sR${!

s 11
28: for 1=0 to

J-1

29: if PE21=13
sto 32

30: RSLIN*I+R)#
2-1y INRI+R) »
23aN$(2#(J+1)+
152%(J+1)+2]
31t RSL{N®]+S)#
2«19 (N2]+S)#
21+2802%(JU+1)+
152#(J+1)+2]

323 RSC(N*I+])»
2-1s (N#1+0)*
2137$ (2% (J+1) +
192%(J+1)+2]

33! next 1

34: buf "datal”

3S5: Fl41-16+]

36: sread 1)R$(!

L3 = P W) e () 50 %0 8 .1 se se oe se T 4e 4 ua f e

'lo-‘“"-

-
2
o

» 1]
37: for 1=0 to
K-1 .
38: if PL21=13
ato 41
39: RS[(N*[+R}-*
2-1s (N#]+R) #
2] IXS[2# (2% 0+
11¢1,28(2%J+1) ¢+

2]
49: RSL(N#I+S)+

212 (N#I+S)#
21428 (2% (2%J+
I141:2%(2%J+1)+

21
41: RECIN=I+D) %
2-1s (N#]+0Q1 %
2)2Y$ (2% (2504
T1+):s2% 0250410+

42 next 1

421 buf "datcl”
44: sread !¢RE
45t for I=0 %o

L-1

46: if PL2I=13
9t0 49

47: Pt[!N*I*R)i
2-1s (N¥T+R) %
214X FL2# (244K +
1141 2%12% )¢k +
11+2]

48: R$[IM*]+S)+
2-1s (N#]+8}#
21428 {2% (28J+H+
Ti+192%(2#J¢K+
11+21

49: R$LIN#I+0:#
2-1s (N#1+0)#
239YS[2%(2%J+K+
1) +¢1,2% (28 J4K+
11+2]

%9: next I

51: buf “dotal”

$2: 9to 69

$3¢ FL61+J

$4: din R$[J]

$5: buf “datal”s

R$s 4

S6: (FL61-16)~
(2%N}»J
Tt O (FITY+1) %t

592 dim X$[2#M],
Y$L[2%M1» 28 L2%M]

$9: for K=90 to

FL?7] '

68: sread 1sR$

613 for 1=0 to
J-1

62: if P[21=1}
sto 65

63t RSLIN=I+RI %
2=1y (N#I+R)*
21+X$[2%([+J)>
K1+1s2# (J+J%K]+

2]

643 RE[(N#[+S) %
2-1s (N#[+S} ¢
21928 (2% (I+J%
K1+1s2% (I+J%K) +
2]

65: RSL(N*I+0}#
2-1s (K*1+0)*
21278 (2% (I+J%
KI+1s2%(I+J%Ki+
21

66: next I

67: buf "datel”

68: next K

698 as9n “trfil”
2 :

70t sprt 2 P (%],

P&y C(*)sF (%]
Y$s "end”

?71: if PL21=03
sprt 23:X8$:2%
“end”

-72% if Fle1>0%

1dp 10
73: lde 8
74: end
#14630

Program F.8 Listing



9: ason “trfil”s

dim P{81,C([19
1F[9)sRS$ (6]
sread 2sP[*1»
[#1+sF{*#1sRS
CISIN
B8+G39+H
PL1)+R3P L2125
(FI(31-16)71(2%

—

n

se Z o on ve se () e b o2 o)

+J

(FL41-16) 7 (2#

N1 K

¢ (FIS1-1€)/(2%
L

W N _oOREwW

N) =
91 2#J+K+LHM

18: dim X{M)»
ZIM)I»TIMYIsDIMI»
ALS)»BIST XS (2%
MY, 28$L2%M]

11: sread 2+X$»

it 4 .

12: for 1=8 to
J-1

13: capitf (X$(I+
2419 1%2+2) )%
(.805/Cl41)#
PL3)+X[1+1]

143 cnpitf (28(1#%
2+1s12242]) ¢
(.005/C(41) ¢
P(4)+2(1+1]

153 if 1<=33sto

2

16: (-X[I+1]+8%
X[11-8#X([1-21+
X[I-31)712+0(I-

13
17% if I<=459t0
2

-]

18: if DCI-1]>0
and 0[I-21<@51-
29R(G+1135G+14G

19¢ if OCI-11<0
and DCI-2)>031-
2+8LH+1]15HeL+H

20t next |

213 @+D(1)50+0(2
350+00J-113020¢C

J1
22: for 120 to
J

23 cmpitf (X$0(]
+J)18241, (I4J)#
2+21)%(.003/
CL41)+P 314X (J+
1+1]

24t cneitf(Z8((1
+JIR2+1y (1+0) %
2421)#(.085/
Cl4)1 %P 4)22(J+

1+1)
25; if 1<=339t0

3

268 (~X{Jel+1]+
8#X[J+11-82X[J+
1-214X[J+1-31)~/
12+00J+1-11]

27% if 1<=4j3st0
38

28: if OCJ+1-
11>0 and D{I+J-
21<03 J+1-22R(C+
11iG6+14G

29: if DlJU+I-
11<0 and DlI+J-
21503 J+1-2+B(H+
115 H+14H

392 next I

263

31: @+DLJ+1]13
g+DLJ+2158+0(2%
J=11:80+0[2+J]

32t for I=0 to
K-1

33: caritf(X$L(2
#Je1)#241s (2%)+
1)%2+42))#(,005~
CL4))+PL3)IN[2%
J+1+1]

34: cmpitf(2$[(2
*J+]I %241, (2% )4+
1)#2+421)#(,00S~
Cl41)*P(4]1221[2#
Jelet]

35: if 1<=339to
40

36 (-X[2%J+]+
11+8X[2*J+1)~
geX[2#J+1-21+
X{2#J+1-31)~
12+0028J+1-1]

37: if [<=4isto

49

38: if Dl2#J+1-
1170 and DI2%J+
1-21<032%J+1-
22ALG+1335G+14G

39 if DL2+J+I-
11<0 and D[2%J+
[-21>052% ¢~
2+B(H+1) THeLoH

49: next 1

41 @202+ J+1113
p+0(2#J+2150201
2% J+K~115020(2%
J+K1

42: for I=0 to
L-t

43% capitf (X$[(2
#JeK+1) 2241y (2%
JHK+1) #2421 )%
(,985/C(4])#
P;3)¢xt21J4K010
1

44: crpitf128((2

BJEKS]) 82419 (2%

JeKe11 8242108 |
(.005/C(41) 2
PL4122[2%J4K+]+

1]
45: if 1<=3ist0
se

46 (=X[28J+K+1+
11+8#X[2%J+K+
11-88X[2% J+K+1-
2)+X[22J+K+ 1~
31)712+0[2%8J+K+
1-12

47: if I<=d4i9to ’

58
48: if D(2=JeK+
1-11>0 and D(2#
JeK+1-23<032%J+
K+[-2+ALG+1)3iG+

146

491 if D[2#J+K+
1-11<0 and DI2#
J*K+1-21>0323J+
K+I1=-2+BIH+1] i H+
14

50t next I

S1t 02D[2*J+K+
11502025 J+K+
213i0+0[220+K+L~
115020(2#J+K+L]

S2t 8

$38 cfe |

S48 if G=@jeto
64

Program F.9 Listing

5%5: for 1=1 to G

S:: ALII+E

5T: if flal=li
210 60

59: if E>2#J+15
and E<2%J+K~158
z¢ae 1IEsU

Sas if EX2xtM+K+
15 and E<Z2#J+K+
L-1533sfa 15E+U

50t for F=E-2
to E+3

61: 8+DI(F]

62: next F

63t next I

64: cfe 2

65: 8+V

66: if flat=13}
sf9 2

67: if H=B8isto
7

68: for I=1 to H

63: BLI19E

702 if fle2=13
eto 73

718 if E>2%J¢15
and E<{2#J+K-153
sfe 25EsY

72% if EX2%JeK+
15 and E<2#J+K+
L-1S3sfe 25E+V
73t for F=E-2
to E€+3

74: ©+DI[F]

75: next F

?6: next [

77 02Q38+r143
Maris

78t for I=f to M
?3: Q+abs (ODLI1)»

8@: if D(l1=03
r18-19ri830+7[1I
lieto 83 .

81: abs(X[I1-
20131+TC1]

82: ri4+T(1]sris

83: next

84: Q/r1820

85: ri14/ri8srid

86: if V#0IVoU

87: 1f U=0idse
"NO MAX OR MIN
RECORDED"jwait
2000;5C[21/29r9%5
3to0 109

88: 9+r1i04r2i
8+r3;0+r4

89t for I=U-12
to U-3

90: ri+laX[Ilart

91t r2+l+r2

92: r3+X(11+r3

93t ré+lelsrd

94: next [

95: (10%#r1-r2+
r3)/7(10%r4-r2+
r2)+rS

96: r3/18-rS5#r2~/
19+ré

Q7: B+r1i0+r2s
8+r3502rd

a8: for [sU+d
to U+13

991 ri1+1#X[]1or!

198: r2+13r2

18012 r3+X(I1)2r3

182: rd+l+#lsra

103: next 1

1048 (19%ri-rls*
r31/(18%r4-r2+
r2¥sr?

1958 r3/10-r7%
r2-16+r8

106: abzs((ré#r?-
rSer31-(r7=rSi1!
Ar9

107: abs (100217
2-r@1 -0 L21)er 10

183¢ if ri@>.01%
der “"VYmox DID
NOT CORRELATE"S

[
133t r9#C[1)+#

2: 0s/CISI#(P(2
-PL11)r15
3¢ abs({riS-
ri4)-r14)arté
114: if ri1é>.1;5
dse "TIMMING
CHANNELS DO
NOT CHECK"3ste
115: (PL11-1)%
r13+7011
1163 for [=2 to
J
117 TLI-1l+ri2+
1]
8: next 1

[
1
119t if Jrd3ata
f

T
1
1
128

120% J3r19iJ+
2+r20i2#Jsr213
cfe 3

121 TCri9l+abs!
XCr19+11-%0r13]
1/r119T0r19+11
122: for I=r20
to r21

123 TLI-1l+r12+

124: next I.

125: if fl1e3=8}
sf9 3i2%#Jor19s
28J425r2052% )+
K+r2tlisto 121

126: sf9 4iJ+rl?

1272 2#J4K3 )3
sto 129

1283 cf9 3icfo
43 Jer1?

129: if DCJ-210

and 0(J+31>03
TLJI+(XCJ+1) -

X[JY)/r11oTJ+
133et0 137

130: if D(J-2]<9

and D[J+2]<0%

TLII+(X[JI-X[J+
1) /7r119TLJ+12 3
at6 137

131: if D{J-2]=0

or D{J+3]=03

ato 135

132: if DLJ=-2]1:¢
FTLJ=-234(r9=
R[J=23+(r9=-X[J+
3111 r11-2%r12s
TrlJ+lliato 137

1323 TLJ=-2)+(r9+
K[J=21+(r9+X[J+
3)))/r13-2%r12+
TLJ+11

134: 9to 137



St for 1=2 t¢
TLI-11+r129

next I
if JXd459to

139¢ Jor193J¢
2sr2@352%J)2r213
cfa 3

14082 Tlr191+ebsl(
XCr19+11-xX0r15]
1/r119Tlr19+141

141t for I=r28
to r21

142¢ TLI-11+r12»
TI[1]

1433 next 1

144: if f1l93=03
sf9 352%Jr19%
2% )424r2032%)+
K+»r2lieto 140

145: sfe 45J9r17

146: 2#J+K>J3
9to0 148

147t cf9 3icfs
43J)+rl?

148: if D(J-21,0
and D[J+3)>0}
TLJI+(X{J+1]-
YLJI) /ri1aT I+
tlieto 156

149: if DL{J-216
end DLJ+31<03
TLSI+(XCIT-X[J+
13)/r119TJ+1]3
9to 156

158: if D{J-21=0
or D{J+31=0%
sto 134

1S1: if DLJ-21>9
$TLJ-21+(r9-~
X{J=2)+(r9-X[J+
31))/7ril-2%ri2»
Tli+1l39t0 1356

152: TLJ-2)+(r9+
KLJ=21+(r9+X[J+
311)/r11-24r12>»
TLJ+1)

3¢ 9vo0 156

4: if DLJ-B1:0
TLs=-81+(r9~
[J=81+ (r9=-XK[J+
5]

L

5

L

-

KX

11/ri1-8%riz
J#1liato 156
t T{J-8l+irs+
J-81+(r9+X(J+
a1))-r11-8#r124
TLJ+1]

156: 1f flad=1}
ri?+Jieto 166
157 if f193=13
Jr2édiato 162
188: for I=J+2

-

to 2%J

1598 TLI=-1)+ri2»
T}

160: next I

1612 sf9 332#%
JrJtisto 148
162: for I=2%J+
2 to 2#J+K

163: TCI-1l+rizs
T

164: next I

165t sfe 4352%J+
K+Jjato 148
166 for I=2%J+
K+2 to 2#J+K+L
1678 TLI=11+r12>

next 1
asan “trfil

. e
~N IO
@ > 000

if Pr21=085
sprt 2sMyTI#]
YL*1 s NS»QSsRSS
9to 172

1712 sprt 29 My

XC#)s Y (%] NS»

0O$s RS

1?22 lde 9

173: end

#8521

264

sread 2+2

din K021 ¥ ([Z]

zread 254041

v{#1sC$sBSy AT

:t ent "FLOT

RESOLUTE VALUES

kY } 3

xf camiQErary
“$atg 1@

for I=f to 2

abs (YLIJ)Y LI

E

]

T next !
2: ent IS THE
HrIH TO BE PLOT
if cap(0$)H”
S"igrto 114
flt 3
a+5(01]
A[21+S02]
Y{11+M
YL1I+N

for 1=2 to
if Y[I])Hs

o
—
.

48 s we ee e .-m.

rd

. bt bt o
)~ 0O OV B L0 =<

1»

138 i+ V[IJ<N,
\[IJ*N
26: next [

21: dse “MIN Y-
VRALUE IS "N

22: wait 20988

23: ent “GRAPH
MIN T-VALUE?"»
S$32

24: dse "MAX Y-
VALUE IS "+1

25t wait 2000

26% ent "GRAPH
MAX Y-VYRLUE?":
5C4)

27: dse "MAX
GRAPH X-VALUE
IS "«+HI[2Tiwait
2000

28: ent "X-TIC?"
1§ (5]

29: ent “Y-TIC?"
1S[6]

30: ent "% OF
DIGETS DSP AFTE
R X=DECIMAL?"»
Gl1l

31: ent "#% OF
DIGETS D0SP AFTE
R Y-DECIMAL?"»
Gr2l

32: ent "LINE |
CRPTION?", D811

33: ent "LINE &
CAPTION?"+D$ (2]

34: ent "LINE 3
CAPTION?",D$1[3]

3%5: fxd G112

36: S${21-(7-51(%
t21-s011)+.2(SC
21-S[11)24

37¢ S[21+.2(3[2]
-S[111+8
38: S(41-(8.5/
7)(5(41-5(31)~
,85(8[4)~S[31)>
[

393 SL4l+11s7

431 (1r1&7
[2]"-[1]I~H
44 (1716773
1-30311+RH(Z]
45: int (iS{2)~
S[1)1-81S 190
45% int (1S[4]1-
$L331-8[61)+H

—-n(.'l

T: for I=1 o N

43: iplt S[S).0.

[

v

4% irlt BaHIZD»

(-9

S9: imlt B.-HIZ3
9
S51: next

3 for l=1 to M
S4: irlt B.5([E)s
55: iplt -H[1]:

$6: ielt H{13.8,

for 1=0 to M
S[1J+I+S8([S1+

~4-y

-ilen(str(i!
S2+.3)Y

-~

for 1=0 to N
S[3}+1%5(8)+

?6: plt Us502].0
77 crlt Vs-1.25
72: lbl U

79: rext 1

80: fxd GILZl

81:

8

a
57 naext |
53 el F(Z1s
5041s-1
59t elt S[11»
$[31,-2
6Q: for I=1 to H
61: irlt 845081
a
62: implt HI11+8»
-]
63t iplt ~HI[1I»
3,9
€4: next I
553 plt S[1]s
3(410 .
86s for I=1 t2 M
67: ielt SI[S51.@
-]
62: imlt @s-HZ]
s 8
6%: implt G2HIZIs
a
7B: next I
71t plt S[21»
SL4)+-1
723 Csiz 1502y
1,357, 0
43
u
5
3
3
7
2
k]
a
1
2
1]

w©
w

~{lenistr (U]
IEIRESY )

84t olt S[1)1+U.0

85: celt ¥i-.3

85: lbl U

87: next 1

83: csiz 1.5+2y
1.2%7.8@

Figure F.10 Listing



for I=1 to 3
3-1+J

elt AsC:0
cplt 8+

ibl Ds(1]
next 1

€siz 1.7992s

A0 W DD WO 0

Ov = () £ QD M)+ SV D
w
wn
~
-
[

o

~(len(B$) 2+
»

(§121-8(11)~
Sr112Y
plt U,5(31s0
cplt Vy=3
icl B$
des
1022 csiz 1.75»
221,357,980
183t -(len(C$)/
2+,314¢
184: (S(41-S(31)
+2+S(3130
185: pmlt A U O
106: cplt Vr~-1
107: 1bl Cs
108: csiz 2+2»
1.3%7+0
109: -(len(R$)/
24.3)9Y
1102 ($[2)-5(11)
72481134
111t elt U»Ds2
1122 cplt ¥y~
113: lbl As
1142 ent "DO
Og UANT A POIN

0
ODDON

e e et f sE ) ee s 4n se ae va er ee me
buasiiied

-0

LOT? Q8
St cfe 1
63 1f cap(Q$) &
“YES"3sfe |
117: »sen
118t for I=1 to

1
1
Y
T
11
t

~N

1191 if flat=1}
sto 122
120¢ nll X[11s
YlI),-2
21: renigto 124
if I=1imlt
XtIJ:Y[l]y-Zl
sto 124
123: elt X(11»
Y{Il1,2
124: next 1
125: ren
126: ste iend
#28238

N
(]
v
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N$[351,08$ 453,
R$ (301

2% sread 2sP[*1,
PECL*YF (%]

3 if P[31={

and P${i,118" 0"
§"POTENTIAL
DIFFERENCE (V0L
TS)"+N$i3to 5

4: "CURRENT (nIC
ROAMPS] " NS

St if Pl2)=03
"TIME (SECONDS:
—»os;;zo 7

6: "POINT #3203

?: fxd B

8: "CHRNNEL #
"4R$

9t str(PL1])sks$I(
11,141

10: "= SYSTEN #
“+R$[15,25]

11: P$*R$([26+30]
12t C(S5I+N

13t 0+G30+H

14: P[4]1+R3PIS]>

S

15: (F[61-16)~
(24N) +J

16t (FI?)+1)%JoM
17: diw XIM1s
YIMI+2(MI>TIMI,
0(MI,ALSIsBIS],
NS L2*M) s YS (2%
M1s2$[2%M]

18t sread 257§
19: if P[2]1=0}
sread 2+ X$,28
20: for K=@ to
FL?71

21t for 1=20 to

3-1

22: if PL21=13K#
JeletaXKeJelr
113sto0 20

23t capitf (X$[(]
+JeK) 241y (140>
K)#2+21)+(.005~
Cl4))#PL6IIX{I+
JEK+11

248 capivf {28001
+JaKI 2201y (142
K)#2+42))%(.005~
CL4a1)»PL7)22(1+
J#K+1]

25 if 1<=35etc
[}

3
26t (~A[I+JaK+
11+8#X [1+J¥K] -
SEX[I+J*K=-2)+
XLI+J#K=-31)~
129DL1+J%K-11
27: if l<=d4iatc

30
28t if DCI+J*K-
1150 and D(I+J%
K=211:03 I+1eK-
22ALG+1131G+1+6
29t if DII+J#K-
11<9 and DlI+J*
K=231>03 1 +J*K~
2+BIH+1]13H+19H
30: copitf(YS$[(]
+JEK) %2+ (1+ )%
K)#2+421)%(,805~
CL41)#P[312Y(I+
1#K+11

31t next 1

32! G-00Jek+1]3
B+D(J#K+213040(
(K+11#J=1130-00
(K+11#4]

33 next K

34: if PL21=13
eto 1186

39: o2V

368 cfa i

37t if G=8isto0
48

38: for =1 10 G

29: ALII4E

40: if fla9l=1}
sto 44

41: for K=8 to
FI71

42 if E>K#J+1T
and E<J®lk+1) -
153sf9 15E-U

43: next K

44: for F=E-2
to E+3

45: 0+D(F]

46: next F

47: next 1

48: cf9 2

49: BV

$8: if flel=li
sfe 2

51' if H=8i9to

52' for I=! to H

$3: BLII+E

S4: if fla2=13
9t 58

€5: for K=0 tg
F{71

$6: if EXK#£J+1S
and E<(K+1i®g-
1S3sfa 23E+V

57¢ next K

$8: for F=E-2

to E+3

59: 8-DIF]

60: next F

61! next I

6€2: @8+Q3i8srid

63: for =1 to M

64: Q+abs(DlI1)+
Q

65: if Drll=@%
8+TLllieto &8

66! abs(X[I]-
ZLI11)»TL1)

67 ri14+TlI1or14

6E: next 1

69! B/ (M-6%(G+
H)-4%F[7]0Q
TR rid4/(M-6%(G+
HI-4%F[P113r14d
T if VeOivaU
72: if U=Bidse
"NO MAX OR MIN
RECORDED"fwait
200083021 724r 93
9to 94

738 Arriilerli
2+r3i0srd

74 for IsU-12
to U-3

?75: ri+l*#N[1)=ri
TR r2+lar2

77 r3+H[1Ierz
78 r4+lxiard
79! next |

8a: (1@%rl-r2*
+31/(10%rd-r2%
r2i+r3

Program F.11 Listing

€1: ri/ 1@-vrS#rZs
19+r&

523 B2r1iderii
g+r3iGerd

8%s faor I[=U+4

to U+13

8d4: ri+l#:8[I15r?

§5: r2+lsr2

861 rR+H[1T=r2

871 rd+l+l+rd

82t next I

84t 113>rl-r2#
r2)/(10%rd-r2+%
cZrer?

908 r2s1@-r7Eris
18+r3

21: absliresy”
rSer2is (r.-'ﬁl‘
ara

3zt ebsi1C[2102~
Fr3) 00215 4r10
93¢ if r1or.81}
dsp "Yeox DIO
NOT CORRELRTE §

stp
94: r9+Cl{1l24+r1

1

95t Q- r11dr12

963 r12-CI029r13
AR R D AR
-P[411sriS

9g: absi(rl5-
rid4l-/r14)2rié

99: if r16r.1%
dep "TIMMING
CHANNELS 00
HOT CHECK™iztm

1ea: (PL11-1)#
r13+7011

1@1: for K=0 to
FL73

182 for =2 =
J

103 TLI+J*K-11+
r12+T[1+J#K]
184: next [
105: if K=F[71i
ats 115
186: JEiK+11sL
187 if DIL-212
and DIL+3)>@&3
TILI+i¥IL+1l-
LY o r112T L+
114910 113
195t i¥ DIL-2]<@
and DLL+3]<88
TILI+IXILI-HIL+
11V /rit3TIL+13
ato 115
189 if DIL-2)=8
or DLL+31=33
ato 113
1167 i¥ DIL-21:8@
-T[L’;A*\rq'
+lr3=-A[L+
Frll=2%r1Z
L¢1].<to 119
¢ TIL-2)+44irSs
L-"]+(r°+*['*
Jrorly-2srize

rll Q&r!i



1143 TIL-81+(r9+
KiL=21+(r9+XNIL+
91))/ri1-8%ri2»
TIL+11

next K

ason "trfil

.
.
.
H

1
1

[
N B
.

t if PL21=03
sprt 2sMyT*]
YC(#)sN$s OSsRE}
oto 119

1182 sprt. 2sMs
K[*#12v[#]1sNS»
O$sR$
119: lde 9

- 128: end
#30769

1
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@: diw S[61sH[Z]
yAS(321,85[35]
C$I451,08(3s
§51,GL21,04(5]

1 din. X$[651,
Y$(3176@11HS (4,
$S1,P(81,PS$I[S]
¢ asIn "erfil”y

3: buf “data”s
V%93 .

t sread 2sP[#3,
(4]

sread 1)X$,
2 Y8
fxd 9
v

H$
T val(X$[1s21)2

S
6
7

[£:]

8: for [=0@ to
rg-1

9: PL11+19K

102 15+I#15+J
112 if val(X$[Js
J1)1=Pl1)-tivall
K$(J=12+J-111)2
r9;P{Kl»r1d

12t next 1

13 PL1]*1

143 if PLI+1]1=t
and P$Cis138°["
y"POTENTIAL
DIFFERENCE (vOL
TS)"+Csigto 16

15: "CURRENT
(MICRORNPS) “2CS$

16t "TIME (SECON
DS)1"+B$

178 i¢ PL11s=1}
"CHANNEL 1R"+RS

18: if P[1)=23
"CHANNEL 1B"+AS

19¢ if PL11=33
"CHANNEL 2R"+4RS$

28: if PL1]=4}

“CHANNEL 2B~ A%

21 ° - SYSTEM
# "»AS11,22]
22: P$IAS[23,28]
23: val (HS(r9:5»
91 )#10tval (HS(r
9r115133)9r1
24% val(Ms$(r9,
145181) #108%vall
H$[r9,205223)2r

2

25: val (H$(r9»
23,281)9r3 |

26 val(H$[r9s
29,34))2r4

27: val(H$(r9,
35,401)2r5

283 val (X$[5+15#
(r9-1)»10+15#
(r9=-113)2ré

29% val (X$[13+
15%(r9=-11> 14+ .
15%(r9=1)1)2r?

30t ent “DO YOU
WANT T=@ AT
TRIGGER TIME"»
s

31t if cap(G8)="
YES"3r4265536+
r3+Tiimp 2

32t @7

33: ent “1S THE
AXIS TO BE PLOT
TED? 08

34: if cap(Q$) 4"
YES"j9to 134

35: flt 3

36: ~T#r22U

37: dse "MIN X-
YARLUE IS "»U

33: woit 2000

39: ent “GRAPH
MIN X=-YRLUE?",
SI1l

46: (ré=-1-T)#*
r2+S[2]

41: dsp "MIN Y-
VALUE IS "y (-
32060-r3)1%2ri#
rid

42: wait 2000

43 ent “GRAPH
MIN Y-VALUE?"»
S$[3]

44: dsp "MAX Y-
YALUE IS "s (328
00-r3lxriarie

45: wait 2808

46: ent “GRAPH
MAX Y-YALUE?"»
S[42

47: dsep "MAX
GRAPH X-VYALUE
IS “+«5([2)jwait
2000

48: ent “X-TIC?"
»SI35]

49: ent "Y-TIC?"
s S[6]

50: ent "% OF
DIGETS DSP AFTE
R X-DECIMAL?"s
Gr1l

Si: ent "% OF
DIGETS DSP AFTE
R Y-DECINAL?"s
621

. %2t ent "LINE 1

CAPTION?",D${1]
53t ent “LINE 2

CAPTION?",D$ (2]
%41 ent “LINE 3

CAPTION?"sD$ (3]
$5: fxd Gl1]
56% S[21-(7/5}) (S
[21~-5012)+.2(S[
21-S8(11)+A

*87: St21+.2(S(2]

-$(131)+8

$8: S[4)1-(8.35/
7)($[4]1-5(31)-
605(5[41-3[3110

$9: S[41+(1/7) (S
[41-S[31)-.05(S
[43-8[3)1+D

602 scl A:BsCHD

61: men

62: plt SC1d»
$€31s=2

63: (1/16/4,3) (S
{21-S[11)9H(1]

642 (1/1677)(S(4
1-803])+H(2]

65t int((S[2]1~
S[111/81(53)+n

662 int((S[4)-
$1311,8[613*N

67t for I=1 to M

68: iplt SIS1»0s

[}
69t iplt @sHIZ2]»
[}
70¢ iplt 0:-HI2]
X}
71t next [
72t plt S[2]»
$[31,9
73t for I=1 to N

Program F.12 Listing

t iplt 8,5[¢]>

: iplt -HILD»
X]
: islt HI11,8»

77 nesxt 1
?78: elt S{21»

L 1

t plr S[11s
£31,-2

s for I=1 to N
s iplt Q93081

t irlt HI11s8s
ielt =HIL1]:

'@

: next [

85: elt S[11.
$(41+0

86t for I=1 to M
87: implt S(S1+9»

1 ielt Bs-H(2]
10
t ieplt 8sHI2D

¢ next I

s plt SI2]1»
{41s-1

t csiz 1.593r
.35710

t for 120 to M
: S{13+1#SI51»

: ~(lenfstr(U)
r2+4.3)4Y

t plt U»S[31s8
: cplt Vi=1.29
t 1bl U

¢ next [ -
9: fxd GI2]

1: for 1=0 1o

: S[31+I#5(8]
1033 -(lenistr(U
lg“ plt S[1),Us

1053 ceplt Vy=.3
1062 1bl U

107: next [ :
188: csiz 1.5s2s
1.357+0

189 for I=1 t3

t 3-1+J

t plt ARsCHr@

t cplt O»J

s 1bl Ds$(I]

t next !

t csiz .75
2+1.357,0

1163 -(len(B$)~/
2+.3)3Y

117 (S(21-S(11)
r2+S0114U

118: plt UsS(31:

9: cplt Vi=3
9: lbl BS

i: dee

2% csiz 1.79:

124: (5041-S(31)
,2+S[314V

123: plt RAsUs0
126 cplt Yi-1



—— e

127: '1bl C$
128: csiz 292y
1.235T

12%: -(len(A$)~/
2+.3)3Y
1393 (5L21-S011)
,2+5(11V

31: plt UsDs@
22¢ cplt V-l
23: 1bl RS

34: ent "DO

YOU UANT A POIN
T PLOT?2"sQ$
12358 cfa |

136t if capifG$)#
"YESTisfe |

137: for J=r9
to 15872-r8+r9
by r?
138: (J-r9)/r73K
139: (K-T)#r2>¥
140: (itf(vsl2%
J=1:2#J11-r3) %
risri@sy
141: if flel=8;j
ato 145
142: if J=15872-~
re+rdirlt Xo¥Wy~
i
143: if J#15872-
regerdielt Xo¥
1443 9to 147
14%: elt ¥a¥s-2
146: ren
1472 next J
148: pen
149: stp iend
#9954

267

-]
1

as9n “iriil”s

dim PL81,PSIS
sCL181sF (3]
sread 2sPL#],
$:C[*)sF.(2]

CLSIN

i¢ Fl61>03
to 24
FL31+J

F{412K

FL512L

dim REL4]y

S$(K)»TSIL)

9: puf "daral”:

R$s 4
10t buf "dataz”

S$$,4
11: buf "data3”s

T$:4
12: (FI31-16)~
(2#N) »J
13: (F[4)-16)~
(2#N) 4K
14t (F[S)-16)/
[2#N) 3L
15t sread 1:R$
16: buf “"dqtal”
17t sread 1+RS
18: buf ~datal”
19t sreod 1158
20t buf “datal”
21 sread 178
22t buf “datald”
23:
24:

o va es o0 ) 86 o0 D 88 i ve B 0

O-IOA bW N

9to0 32
FL61+J
25: dim R$UJY
26: buf “datal”s
RS &
27t (FL61-16)/
(2&N)»)
28: for K=0 to
FL71 )
293 sread 1/R$
30: buf “detal”
31t next K
32: ason “rrfil”
2
333 sert 2sP[*]»
P
34: 1lde 11
35: end.
+1761S

Program F.13
Listing

B: asan “trfil”»
1: din PIE1,CL1Q
FL91,R$(61
2% sread 2:P[#*])s
CLxlsFL#1,R$

33 CI(SI3N

4: PL1)R}PI2]+S

$t if FL61>03
9to 43

63 FI31+J

7s FL4)3K

8: FISI»L

9% dim SS$(JI»
T$[KIsUS(L]

190: buf "datal’s
S$r 4

118 buf “datal”»

o b v B e

12: buf “data3”»

Uss 4

13t (F[31-16i~
(28N})

14: (Fl4]-16)~
(2#N) +K

151 (F[S1-16)/
(24N} +L
163 2#J+K+L+M
17 dim X$[2%#M]»
28 (2+M)

18: sread 155§
19: for 1=0 to
J-1

282 SST(Nx]*R)*
2-1s (N#IeR) *
21oX$ (2% 41,24
142}

21: SSU(N#1+S)#*
2=-1s (N#]+S)#
21+28(2#1+4152%
1+21

22t next. 1

23: buf “datal”

24t sread 1»S$

25t for 1=08-to

J=1
26t SSU(N#I+R)#
2=-1s (N#I+R) *
21908 (2% (Je1) +
1,28 (J+1)+2]
27: SSL(N#f+S}*
2-1s (N#]+8)#
2142824 (J+1)+
1)20(J+1)+2]
28: next [
29: buf “datal”
303 sread 1:T$
31t for I=8 to
K-1
32: TSU(N=*I+R)+
2-1) (N*I+R) 2
21+X$[2# (2804
;;+1;2*(2*J4I)+

33: TSCIN*I+S)#
2-1y (N¥1+S) %
21+28L2% 1243+
114122 (2%5+1) +
21

34: next 1

35: buf “datal”

36: sread 1,U$

37t for 1=0 to

L-1

35: UST(NxI+R)*
2-1, (N*I+R) &
21+XS[2% (28 4K+
I1+41:2%(2%J4K+
11421

39: USLiN#I+51#
2-1y (N#1+S)*
21428 (2% (22 5+K+
1141 2%(25J4K+
11+2]

40: next I

41: buf “data3"

42: sto 57

43t FL6l+)

44: din S$CJ]

45t buf “datal”s

S$s4
46: (FL61-16)/
(2#N1»J
47: (FL71+1)%J3N
48: din X$[2¥1)s
2s[2%M)
49: for K=@ to
FL?l
S8t sread 1»S$
51: for 1=0 to

J-1
823 SS{(Nxl+R)#
2-1» (NeI+R) #
21IXS (2w (14
K)+1:2#(1+J8K) ¢

21

53t SSL(N21+S)+
2-1+ (N#1+S) 2
21228 (2% (1+J%
K1+1:2%(1+J%K) +
21

S4: next I

5S: buf "datal”

56: next K

$7: ason “vrfil”
12

58: sert 2sP(#])
Cl*)sF(#)+R8$»
X$:28s “end”

$9: if F[61>03
lde 13

60: ldp 14

61: end

+19561

Program F.14 Listing



assn "trfil”e

dim F{8).PS$I3J

C[l@]sF[?’

357« G$ 0457
REL32]

2 zreand ZsPl=ls
PE,CLx]sF %]

3: 1f PL21=!

and PR[1.114#°("
s "POTENTIRL
DIFFERENCE (Vi
Tl NS 9tc T

4: “CURRENT (NIC
ROAMPSH “3NS

§5:. if PL21=03
“TIME (SECOHNDS)
"+0$i3to 7

: FOINT #7203

fxd 0

CHRANNEL #

$
r(PL1]1+RSC

1

-1

- SYSTEM #
£015,25)
Fz*R11269301
CL{51+N

93G5 3+H
PL43+R3P (5]~

is

- pa -

<WOB AN~ AN D DN

: (FL[31-16}~/

2#N)+J
(FL41-18)7

2#N) »K

t (F[Si-16)~

2

{

—_ e e

*NJ 3L
2% J+K+L 9N
din XIMI»

MY 2EM3TINT
DIMIsACS]IBIT]
wEL2#MY (S (2%
M1y 28 [24N]

2@: sread 2:YS$

212 if P(21=0@}
sread 2sX5: 28

22: ¢or =9 o

- -

J-1
2%t if Pr21stil+e

19X {I+1353to 31
242 capitf (XF{l#*
2+1s152+42]1 ¢
{.085/Cla]}#
P{5)-%{1+1]

25: capitf(ZS$(I>
2411224211
1.805-Cl4])+#
p[7]oz[x+ll
if 1<=3i9t0

AL1+1148%
gxAll-21+
31124011~

——
[

it I<=439t0

n
(=D @M D «uw(o-—x.«‘.w(

r
‘ D e d 3 e e ey

if DLI-1258
d DLI-23<@51-
SA(G+1)5a+1-0

if DII-11<0
vd DLI=-21>851-
4B LH+ 115 K+ 1M

cnpitf (YS$[I*
+1e]£242]) %

l 8@S/Cl4] 1+

PL3)avLI+1]

32% next I
33t @asp(113@+DIL2
158+D(J-1180-D1(

J]

W

3

Program F.15

268

343 for I1=0 tou
J=1

3%5: if PL2I=13J+
I+19K[J+1+113
ato 43

36t copitfiN$f]
+J1#2+1s (4 )1 %
z2+21)%1(,005~
CL41)#P (812X (J+
1+11

37t capitfZ$0(1
+J) 241 (141 %
2+42))#(.005~
CL41)1#PI?]221J+
I+1]

38: if I<=3isto

43

393 (-X[J+]+11e+
g#: i [J+ 1) -8#X[J+
1-21+%0J+1-31)~
12+00J4+1-1]

4g: if 1<=4i9t0

0

1. if 0CJs]-
iive end DCI+J-
21<@3 1+ 1-2+R[G+
135G+1+G

42: if DLJ*I-
11¢0 and D(I+J-
21>83 J+1-2B[k+
11iH+1+H

43: capitf(YS$L(]
+J1#2+ s (4]} %
2421)%(,005/
CL4))+P[23T37(J+
1+11

$4: next I

45: 8200J+1135
Q-0 +2)500(2#
J=11:e+0(2%J]

46t for 1=0 ¢
K=-1

472 if PL23=13Z%
Jel+1aXKC2 g1
1159t0 85

48: capitf(X$[(Z
#J+1) 2241,y (2%J+
11#2+2))#(.885~
CL43)#PL6I2XL2%
J+1+1]

49 capitf (2802
#J+T 1241 (2% )+
1)#2+211#(.00%/

CL41)#P(7]+2[2*

J+1+1]
$9: if I<=3jeto
55

51 (=X[2%J+]1+
11+88% (223413~
SeL[2#J+]1-2]+
X[2%J+1-311/
12+002%J+1-1]

§2: if I<=439t0

55

$3: if DL[2%J+I-
11>0 ond D(2#%J+
1-214<852%J¢1~-
23A[G+1135G+12G

S4: if DLZ+J)+1-
11<@ aond D{2%J+
1-21>032%J+]-
2+8{H+1]iH+19H

§5: cmpitf (Y$I(2
#Jel)e241, (2%+
1)22+42)1%(.805~/
CL4)1#P L3121 (2%
Jel+ll

56: next 1

871 @-+0(2%J¢+113%
Q>0 L2#J+213090(
2#J+K-11i@2D(2%
J+K1

Listing

55t $or 1=8 to
L=t

Su: if PL2]=1%2%
JeK+Ie1aX 2% )+
K+l+1listo 67

60: cmpitf (X$[{2
2 JeK+1) #2419 (25
JrK+1) 224230 %
(.005/Cl4]11#%
PLAIAX[2xJ+K+]+
11

61t cnpitf(28((2
B JeK+1) #2411, (2%
JeK+]1)1#242] 1%
(,005-C41)%
PL7I32[28J+K+]1+
11

62% if I<=3j9to
67

631 (=X[2#J+K+1+
11+48#X [2#J+K+
11-8#X[2%J+K+]~
2)+X[28J+K+]1~
3111240 02%J+k+
I-11

64: it I[<=d4}ato
67

.. 65: if DI2xJ+K+

1-11>8 and D(2%
JHK+1-21<0352% )+
K+I~22ALG+113G+

146G
66t if DI2#JeK+
1-11¢9 and DI(2%
JHKe1-21>052%J+
K+1-2+BIH+1]13H+
1°H

- 678 cmpitf(YS[(2

2 J+K+1) #2410 (24
J*K+1)%2421) %
(.905/C[4]) %

PL3I+Y[2%J+Ks1+

11
68: next |
69: €20[2xJ+K+
11:0+D(2%J+K+
213i8+D[2%J+K+L -
1150+C[2#J+K+L]
70: if PL[2)=1}
eto 169
71: 8+
72: cfe
73! if G=@i9eto
e3 -
74t for I=1 to G
75t Alll+E

7?61 if flel=13

3to 79

?7% if EX2#J+1S
ond E<2#J+K=153
sfo LIEIU

?8: if EX2#%J+K+
15 and £<2*J+K+
L-15isfe 13E3U

?9¢ for F=E-2

to E+3

808: B8+D(F]

81: next F

82: next I

83: cf9 2

84: @sV

8S: if flel=1;
sfe 2

863 if H=@3aty
96

87: for I=1 to H
88: BIII“E

89t if fle2=1}
9to S2

90: if E>2#J+i9
and E<2#J+K~133
sfe 2iEsY

91: if E>Z2%J4K+
15 and E<2#J+K+
L-138sf9 2§E+¥

92: for F=E-2
1o E+3

93%: AsDI[F]

94: next F

95: next [

G96s B2RIBar1ds
Marig

97: for I=1 to M

98: Q+obsiOlIls

Q
99: if D(l)=e@}
r18-1+r18i8>7[1
Jiato 102
188: abs(X[1)-
2C113-7L1]
1012 rid4+T(I]3r1
4
182t next I
182: Q-/r1840Q
194 rid4-ri18+rid
1958 if VE33VIL
106: if U=0idse
"KO MAX OR MIN
RECORDED"jwait

20980:C(21/2+r93
9to 128

187: 9+r1509r2;

0+r3502rd

188: for I=U-12

to U-3

109: ri+lsX[Il+r
1

188 r2+14r2

113 r3¢X[]1+r3
12t rd+]sl+re
13 next [

142 (18%ri-r2+
r3)/018%rd-r2#

r2}+rsS

1158 r3/10-r3% |
r2/183ré

116: 82r130+r2;
@sr3iosrd

117: for I=U+4
to U+13

1{3. ri+1eX(1)+r

1
1
1
1
1

1198 r2+l>r2
120: r3+X(1)+r3
1218 rée]#]ore
122: next 1

123t (103ri-r2%
r3)/(10#r4-r2§
r2)+r?

124t r3/10-r7%
r2-1e+r8

125: abs{((ré#r?7-
rS5«r8}/(r?-rS))
»r9

126: obs((CL2]~
2-r91sCL21)9r10
127: if r10>.0135
dseo "¥Ymax DID
NGT CORRELATE"S
stP

128: r9*Cl1)+*
4sr1t

129¢ Qsritart2

1303 r12-C[S513rl

3

131: Q/CS1#(P(S
J-P[41)2r1S
132: abs((r1S-
ri4)/ri14lsrié
133 if rlé>.13
dse “TIMMING
CHANNELS DO
HOT CHECK"3stp
134y (PL1]-1)%
r13+7(1)



135t if D[J-53>0
$TLJ=-51+(r9~
X[J=5)+(r9~X{J+
611)/r11-5#%r12+
TrLJ+1159t0 137
1361 TLJ-51+1r9+
HLJ=53+(r9+X{J+
61))1sr11~S5#ri2+
TLJ+11
137: if fled=1}
ri7+Jieto 147
138: if fla93=1i
Jr23Jdisto 143
139: for I=J+2
to 2%J
1403 TLI-1l+ri12»
T

1412 next I

142: sfo 212+
Jrdieto 129
1432 for I=2%J+
2 to 2#J+K

1442 T(I-13+r12>
T

_ 1458 next I

146: sfo9 432%J+
K+Jieto 129
1472 for [=2#J+
K+2 to 2# +K+L
1482 TEI-12+ri2»
T
1492 next [
1508: if P[5)I<TI2
Jidse "TINME

TOO SHORT"iste
1512 for I=23 to

" .
152¢ if Till>=P(

Slieto 155

1532 next 1

1543 dse "TIME
TOO LONG"3ste
155: TL{1-2)9P(6]
156: TLI-115P(7]
157: TI11+P(8]
1582 as9en "trfil
"2

159: spre 251
ri3sPL{#1sR$s
“end”

160: 1dp 16

161: end

#12229
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S

agan “trfil”s

dim FIRI.CI18
FL2YsR$ (6]
sregd 2 P %1,
[#)yFL%]1sRS
CL51+H
0*GiosH
PL1I+R3FLZI+S
(FI6)-16) /(2%
18J

(FLTY+1) %M
din XIMIsZ(H]
[(M1.DIMIARLS]
ESJ’XSIZ*M];
5

read 2,48:28

o -

e W

(ol '] W~
FOC += TI o [l = va oo 2 o a0 sa 5o () 00 bt oo [\ »0
»ow-i .

for K=0 to
]
for 1=0 to

—

) e gy ne
-4

-

copitf (XEL0]
+JEeKI1 #2401 (1402
K1#2+2]1%(,885~
CL43Y#P (314K [1+
JeK+1]

13: cmpitf (28011
JRK) #2410y (I14J)%
K)%2+2]1)#(, 005~

-

Cl4))2P (41214

J#K+1]
14: if I<=389%0
9

1

15: (~X[I+JeK+
11+8%2[(I+J*%K]-
SV [I+J#K-21+
X1+ J)#K =310~
12+001+J%K-11
167 if li=439to
19

178 if DLI+J*K-

1150 and DLI+J*

K~21 <05 I+J#K-
C22RIG+113G+19G
188 if DLI+JSxK-

17<0 and D(I+J#

K=2)>05 I +J#K~

2+BIH+1Y i H+12H
19t next I
20t B+0LJ*K+1]}

0+D[J%K+2)3020(

(K+1)#J=113020(

(K+11#J]
21t next K
22: 9*U
23: cfs 1
24: 1f G=8iato

33
25: "for I=1 to G
26: ALIIIE
27¢ if flal=1}

sto 31
28: for K=90 to

FL?l

29t if ESK*J+1S
and EXJ#{K+1)-
153sfa9 135E>U

30: next K

31t for F=E-Z
to E+3

32: 02D(F]

33t next F

34: next I

388 cfae 2

363 B4V

37: if flet=13
sfe 2

38: if H=039t0
49

39: for 1=f to H

49: BIII-E

41: if flo92=1%
3to 45

21 for K=8 to
FI71

43: if EVK#J+1S
ond E<iKel V%)~
153sfa 21E=V

44: next K

45: for F=E-2
to E+3

46: 0+D(F]

47! next F

48: next 1

49: 02030+r14

$8: for I=1 to M

S1: G+abs(DLI21+

52: if O(l1)=a}
B+T (1139t 55

$3¢ abs IMII]-
201112710

Sd4: r13+T([11+r18

S5: next I

SE: G/ TM-6%(G+
Hi~4+F (71120

$7: r14/(M-6%1(5+
H)~4%F[71)9r14

58: if vVeaivay

$9: if U=0Bidse
"H0 MAX OR MIH
RECORDED" fwait
20003iC[21/2r%s
9to0 81

695 @+riider2s
B+r3i@ard

61 for 1=0-12
to U-3

62: ri+l1«X[114r1

633 ri+lsr2

64: r3+X{l1+r3

65: rd+jxlsrd

663 next I

§7: (10%rl-r2+
r3)/(1B#rd-r2+
r2:sr$

68: r3-10-r3#r2s
184rd

691 03r1302r2i
9+r3i02rd

70: for I=U+4

1o U+t3

718 ri+l#X(1)sri

72% r2elor2

73¢ r3+X[119r3

741 rdel*lard

79: next 1

76t ({B#rl-r2#
r3)/010%rd-ris
r2)+r?

77 r371@-rTHr2s
19+r8

78: abs{(rb#r7~
rS#r2) - (r?-rSi}
+r9 .

79t abstiCl21-Z-
r91sCL231+rl0
89t if r10>.013%
dsp “¥max OID
NOT CORRELATE"S

ste
81: r9+C(1)%49r]
1

82: Q-r119r12

83t r12/C[512r13

84t Q/CISI*(PL2]
-P[11)+r13

85: abs((ri15-
rid4)-riddarlé

Program F.16 Listing

[}

if riex.1i

oo

= e
-
-

b

o W
PIrss 3 QD MNOY ~$Z O

w0 0

910 102
EXTINL RN A SNEIN
94: if DIL-2]v9
and CIL+31:@¢
TILI+ixlL+1d-
ALV rl1aT LS
tifato 182
St if DIL-21<9
and D(L+3] <@
TLLYI+(RILI=-XIL+
11)/r11+TLL+113
9to 102
96t if DIL-21=8
or DIL+31=a}
9to 188
97: i DIL-21:83
TLL=-21+(r9=-%IL~-
21+ 0r9-n{L+311)
sril=24ri2sT(L+
1li9to 102
95t TIL-2]+ir3+
RKLIL=-21+(r3+: L+
3111 rit-2srizs
TiL+1]
39: o9to 102
188: if OIL-S1-@
$TIL-51+(r9-
XIL=-51+{r9-KIL+
6111/r11-5%r12<
TIL+1listo 102
101: YCL-53+ir3+
XIL=S)+ir3+xL+
6113/ r11=-S#ri2s
TIL+1]
182t next K
182: if PLSI<TILZ
lidse “TINE
TQ0 SHORT"iste
1842 for [=3 tu

M

1852 iv T(IJ»=RP1

S)satc 10%2

106! next 1

1a7: dse "TIME

TNO LONG"ist
TLI-2)1+F (5]

TLI-1]+P(7]

Ti1lsFR (22

az3n "triil

O

-

zert Sl
2ePL*T RS
4"
lde 1%
end
459
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o39n REs 1

dim E$012S»
+ECL1281sR(16]
[S31:88[4:51
101,F(2)sF$ 11

: sread 1+ES>
El#)sAL#]sB (%],
BSsCLx1aF L]y
F$;C8sR$

C{S1N

if F(61>083
to 78

FL3]1+J
F[4])+K
FLSI-L
din USCL]
buf "datal”y

X
iFL31-16)~
#N) »J
(FL41-161/
#N}) K
(FIS1-16)~
#N1aL
e J+K LN
dim Y$I[3:2#

e e DD O

-
DO Z AP e B m CIT P ra i o8 00 g o0 o

-

——

cfa 1icfe 2
F[31-16+0
sreod 1sU$[1

g

~n
(=]
- ee oe bb ve o P prs - .- s ow
O *o P *0 FO = by

’

21 1f I-2>J3
9to0 32

22t if I-12J3
sfse 131-24Q3
eto 25

23: if I>Jisfs
25 1=1+Q39t0 25"
24: 140

253 for 0=I-2
to @

26: for R=1 to N

27: USTIN#0+R)*
2-1y (N¥O+R) #
21+¥$L0-(1-3)>
24R-1,2#R)

28: next R

29¢ next 0

30: if flal=l
or fle2=tigte
32

31: eto 103

32: buf “datal”

33: F(31-16+0

34: sread 15US(1

s 0]

35t if flel=iil-
1+Sia9t0 41

36: if fla2=13
I+Si9t0 41

3?2: 1-2+8

38: if 1-2>22J5
3t0 49

39: if I-1>2%Jj
sfo 131-24Q3
9to 42

48: ¢ 1>2#%J3
sfe 2i1-1+03
3t0 42

41: 1@

42: for 0=S to @

43: for R=1 to N

44: USCLIN%(Q-J1+
R}#2-1s (N%#(0~-
JI+R) %2148 L0~
(1-3)s2%R-1+2%
3

45¢ next R

46: next 0

47: if flal=t
or fle2=1isto
49

48: 9t0 103

49: buf “datal”

S0: F[41-1630

$1: sread 1.US(!

s0]

$2: if flai=151-~
1+S39t0 58

83t if fleis2i
1+S5st0 358

84t 1-2+8

§S5: if 1-2>2#J¢
Kioeto 66

562 if I-1>2%J+
Kisfa 131-2407
sto 59

§7: if 1222J4K3
sfe 2i1-1203
9to 59

58: 1+@ .

59t for 0=S to @

60: for R=i to N

612 UST(N*(0-2#%
JISR) #2<1y (N*
(0-2#J) +R) #2]2Y
$[0-(1-3)s24R~
1s24R)

62: next R

63: next O

64: if flel=l

or §l92=1ieto
66

6S5: sto 103

66: buf “datal”

67: sread 1,US$

68: if flal=1%1-
1+Sieto 71

69t if fle2=13
I+Sieto 71

783 [-2+$S .

71: for 0=S to I

72t for Rs] to N

738 USLIN*(0-2%
JoK)+R) #2-1s (N®
(0-2#J-K)+R) *
21+V$[0-(1-3)
2#R-1+2%P]

Program F.17 Listing
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74: next R

75t next O

76 buf “datal”
77: 9to 103

798: FILBl+J

79: dim S$[J]
8@: buf "datal’y

S$+4
81: (FL61-16)~/
(2%#N)»J
82: (FL71+1)%JoN
83: dim Y$[3+2%

2

3

N1

‘84: cte licfe 23
cfe 3

9S: for K=1 to
FL71+1

86: sread 1,58
87: if flet=131~
14Sieto0 93

88: if flae2=1}
I+Si9to0 93

89: [-2+§.

99: if [-2>J*Ki
sto 198

912 if I-1>J%K5,
sfeo 151-2+Q3
sto 94

92: if 1>J%K3
sfeo 25 I-1+@3
9to 94

a3 1+9

94: for 0=5 to @

95: for R=1 to°N

963 0~ (K=1)#Ja¥

973 SSLIN#V+R)*
2-1r (N#V+R) &
219Y${0-(1-3)
2#R~1)2%R]

98: next R

99: next 0

1002 buf “datal”

1012 if Q=I39to0
103

182: next K

1033 as9n "trfil
s 2

1904: sort 2,P(#
3sCEr)sDsEL#]>
ESi¥8$s "end”

18%: lde 17

1362 end

#13304

Bt asan "trfil”s
HI{3)sHS$[3
[81.CL16]
1,E${128,

1 )

2
¢ di
15815 P
JEC122
3
2t sreod 2+P(%],

CC+1:D:EL%]HES

3: CISIaN

4: dim Q$(5]»
J$T415K$ (4],
TL31sYI3)sYSL3s
2#N) s A(41:L8 (45
3351

53 sread 2sY§

6: cf9 1icfa 2}
cfa 33cfs 43
cf9 Sicfa &

?: ent “"MAXINUM
CURRENT (MICROR
mPSy? aHI1]

8t ent "CURRENT
INCREMENT (MICR
0AMPS) 2" s HI2)

9: ent "DECIMAL
PLRCES?"sHI{3]

19¢ fxd 2

11: "TIME OF
CURRENT DISTRIB
UTION IS “sLs(1
v 15321

12: len(str(P(S]
1141
13: stri{P[S])+LS
£1:33933+1)
14t "SECONDS"2LS$
[1s34+1,43+1]
15: ent “LINE
82 OF CRPTION"»
Ls2]

16: ent "LINE
43 OF CAPTION",
L$(3]

17: ent “LINE
#4. OF CRPTION"»
L$ (4]

18t 1800+r6
19: ré%(cos(18)+
cos(45))/5+rS

20t -(,25%rSeréw
cos(45)1»rl

218 rSe7+riord
22: -8.5#r5+réor
3
23: ré+r52r4
24t scl rlsrd»
r3,»ré
25: een
26: plt 910y-2
7: plt 'tranx’(
0:1000,0):'tran
y*(8,1000,08)
28: ielt *tranx’
(812058)s'trany
' (8+26,0)

29: ielt *tronx’
(@y-20:18)s’tran
y?(0y=-28+0)

30: for J=i to

1+ ielt *tranx’

(0,8,100)>°tran

y?(050,160)

32: iplt ’tranx’
(8s20:8)s'trany
*

3: ielt ’tranx’
(@y=20+0)s’tran
y? (0,-208,0)

34: next J

35: for J=1 to
10

Program F.18
Listing
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36: iplt *tranx’
(6+8:20) 0 trony

' (890,20}

7 iplt Ptranx’

(89Bs-28)+tran

¥ (@,8,-28)

38: irlt ’tron<’
(21-108,0) 't ra
nv?(Br=-1806+0)

3% next J

46: HI21-H[1J*
1600-r7

41 for J=r? to
19080 by r?

42: ielt *tranx’
(r7sBsB)s’rrany
Y(r7+0:0)

42! ielt 20+9

44: ielt -2090

45: next J

46: plt *tran:z'(
1a00. 216085
tyrany? (100980
1902

47: plt "tranx’(
10000, @) s ' ran
¥v? (1008,250)

458 rlt 998

49: plt *tranx’(
B+0s10800),%tran
y* (0,0, 1000}

50: pen

S1: fxd @

§2: ¢siz 1.29+2:
1.387+~10

93¢ far J=3 to
1

54: ~(len(striJ]
1/724.3)9r8

5S5: plt *tranx’(
0y 1020,.J%100),
*vrany? (8,1028y
J*100)+0 :

$6: cplt r8y-1

$7: 1bl J

38: next J

59: ¢siz 1.23s2
1.357»0 :

e S @ aese o

60t for J=0 to 9

612 10-J3K
62:.plt *tranx?l
DK #100,1020),
"trany' (BsK#

108, 1928).0

63: cplt .29-.3

64: lbl K

65! next J

65 ceiz 1.2%542s
1.357+8

€7 fxd HI3)

68t for J=r7 to
1000 by r7

69: klt *tranx'{
109 18290)%tron
¥?'(J:iD,y10208),9

cplt .2,=.3

Jir7#HI2)r8
1bl r8

next J

t esiz 1.592y

S7+~10

plt *tranx’(
912005250}
ferany’ (851208,
2501,9

76: 1pl "ELECTRO
DE POSITION"

77 el tranx?(
6r1208,230)
‘trony’ (051208
25010

723 ¢cplt 39-1

R R R
s o L3I0 e D

-~

79: 1bl "X100
MICRONS” .

88: csiz 1.592»
1.357+43

81 plt *tranx’!
0,200y12080) >
Strany® (8,988,
1200)+0

82: 1bl "ELECTRO
DE POSITION"

83: elt "tranx’{
@:900+12080)
*trany’ (8+900,
1200),8

g4: cplt 3r-1

85: Ibl "Xl1g@e
MICRONS"

86: csiz 1.5+2
1,357y90

87t eIt ’tranx'(
200:8rr2)»°tran
¥? (200+8sr2}s2

88: cplt 03

89: Ibl "CURRENT
TO A SEGMENT”

98T elt ’tranx’l(
208+0rr2)s’tran
y? (200+:85r2)90

91: cplt 5.592

92t 1bl “MICROAM
Ps”

93: csiz 2:2»
1.357+0

94: plt rlsrds0

95: cplt 3y-1

96t 1bl "CURRENT

DISTRIBUTION
ON MOSAIC ELECT
RODE"

97: csiz 1.73+2»
1,.357,0

98: for I=1 to 4

39: S-1+K

19@: plt risr3.9
101: cplt 81K

182: 1bl LSLI]

193¢ next [

104% ent “PLOT
ABSOLUTE. ¥ALUES
208 -

105: if cam(O$) =
"YES"isfe 33
9to0 108

196¢ ent “PLOT
THE NEGRTIVE
OF THE VRLUE3?"
1Qf

137: if cop(08)=
"YES"isfe 4

192: ent “LEAVE
OUT MAX & MIN
YALUES?"» Q8

199: if cap(08)=
“YES“"3sf9 5

: fxd @

s for J=1 to

: for I=1 to

113¢ if [=1083
0+K3 " B"+K$[1,
2l8ime 2

1143 str(l)+Ks$ {1
1213 19K

118: if J=loi
9+L3 " B8 2K$(3y
4}iime 2

1162 str(J)+K$(3
9413 JoL

1173 if f192=03
9to 121

1183 K$+J$

271

JET1s2]9K$ L

122: if ES[M»2:
21=K$(2:21 and
E$IMs4s41=K$ [ds
4li9to 125

123: next M

124: if MN=Ne+ij
peniato 147
125: for 0=l to

3
1262 P{S+01¢ M~
1}#02T(0]

“127: cmeitf (YSIO

s2#M-1s24M) )%
(,005-Cl41) %
E(MI>Y (0]
128% if f193=1}
abs (Y[01)2Y (0]
129 if fled=1i-
Y[01+v10]
next 0

s 340

: if PISIKTI2

2+0

: Y[0-1)+(T(O

PLSI)Z(T(O]~
TLO-11)#(Y{0)~-
YI0=13i9V

1342 VY/HI11#1800
*r9

135: cf9 6

136: if r9>1000
or r9¢{iBisfe &

137¢ if fleS=1
and fle6=1ireni
sto 147

138: if fl92=13

o 143

-

30
31
32
1;
133
]-

9
139 if K$(2s

2}="1" and K$[4
141="1"5r9+X (1]

140 if K${2»
2)="8" and K$¥[4

»41="1"3r9+X (2]
1413 if K$(2y

_21="0" and K$[4

141="0" 3 r9+X13]
1423 if K$(2s

21="1" and K$(4

141278 3 r9+X[4]
143: if 19220}
ato 146
144: plt ’tranx’
(r9,100+%J-30»
109+1-58)s*tran
y?'(r9,100%J-50,
100%#1-501,-2
145t 9ro0 147
146¢ plt *tranx’
(r9,100%1-50»
100#J-50)s’tran
y? (r9,100%#]1-5@»
100+#J-50)s -2
147 next I
148: pen
149: next J
150 if f192=0}
sf9 239to 1190
151t elt *tranx?
(0,50:58)+*tran
¥y? (0950:50)-2
152: eplt *tranx’
(X1)+505508)
‘trany’ (X{13
$0s80)s~2

4
0: JSC3,419KSL
> .

153: plt ’tranx’
(8,50s50)s’tran
¥? (8+50:50)1-2

154: slt ’tranx’
(0:950+58)s 't ra
ny’(85950,50) -

2
155: elt ’tranx’®
(X[2]1+9%50,58)
fStrany? (X021
950, 50) -2
156t rlt *tranx’
(01950+58)s°tra
ny®(0,958:58) -

2
157: elt *tranx’
(0+9508,950)>
‘trany? (9,950,
950} -2
158: elt ’tranx’
(X[31,950,958),
‘trany’ (X031,
95@,9%58) -2
159: elt ’tranx’
(0+950,950)»
ftrany’ (8,958,
9501 ,-2
168: plt ’tranx’
(0s50+958)s’tra
gY’(00509950)D-
1612 plt *tranx’
(X[41550+9%50)»
*vrany? (X[4]y
504950} -2
162t plt ’tranx’
(0:50,958)s'tra
ny?(0s350,958) -

2

163: plt *tranx’
(0:50+50)s’tran
v? (015050)9-2

164: pen

165: end

1663 “tranx"iret
p3%cos (18)-p2#
sin(45)

167: “trany“ iret
pl-p3#8in{18)~
p2#cos (45)

*5733
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Appendix G

Equilibrium Bubble Shépe Program

The program is written in a Hewlett Packard Language (HPL)
for a desktop computer and digital plotter previously described
(Section 2.3.3). The program is listed in listing G.1l.

The Runge-Kutta numerical method basically integrates a system of
first order nonlinear coupled differential equations. The equations
can be transformed into such a system by substituting Equations 3.2.8
and 3.2.9 into Equation 3.2.2 and redefining the dependent variables,

given by Equations G.1-3.

z = f(3) (G6.1)

X = h(s) . | (6.2)

92 _ 4(5) (6.3)
S

The set of equations to be solved are then given by Equations G.4-6.

99 _ 2 + af - g/h](1 - ¢))/2 (6.4)
ds

LA | (6.5)
ds

9.'% = (1 - 92)1/2 (G.6)
ds



274

The initial boundary conditions are now given by Equations G.7-9.

g=0 | (G.7)
f=0 (6.8)
h=0 | (6.9)

All the parameters needed for a.specific solution of the equations are
entered in response to prompts from the computer. The shape of the
bubble will then be plotted on the digital plotter. Along with the
bubble shape, the user obtains a printed output of various calculated
bubble quantities such as the maximum bubble radius, the bubble height,

the bubble volume, and either the contact angle or the contact area ra-

dius.



P

8: dss "BUEBBLE

FLOT PROGRAM”

1: wait 30009

2: flt 4

33 dim 20215
1

’K(?-4]
4: din F[1
erie1isLe
2853
S: @+Vi09Z(133
924115124 J302F[
11502G113593HI1

—- o

17040
63 1+Ti13K3BP 1
158+Q01151882L¢(
11
s 92ré

8: (r2-11,2+A
1 (2-12)/2+8
-rz2-2»C

1+r2/,2+0

spc 3
prt “INPUT

ene “HHAT
BETA?"»L
spc

enp “HHRT
R?"sR

spc
enp “DIMENSI
LESS STEP
2E(9.81)727» U
W+S

spC

ent “SET
CONTACT ANGLE-
1 OR RADIUS~
2770

23: if 08! and
R#23ime -1
24: if Q32i9to

es 20 80 pa T 40 o0 (f) v 90 () o0 s T ov oe

28

25: enp “CONTACT
ﬁNGLE IN DEGRE
ES?™»

26: snn(lee -u)au

27: eto 29

28: ene “CONTACT
AREA RADIUS? "

U

29: ent “PLOT
CONTRCT ANGLE?"
s Q8

38: if can(Q$)="
YES"isfe S

31: spc

32: enp "MAXIMUN
X ON PLOT? s rl

33: spc

34: enp “HMAXIMUNM
Z ON PLOT?"»r2
35t scl ~-risrl,-
r2,»@

36t spc

37: enp “XTIC?",
r3

38: spc

39: enp "ZTIC?7,
rd4

40: spc 3

41: prt "QUTPUT
RESULTS ispc 2

42: axe 010sr3»
ré

43: pen

44: plt 8:09-2

4% B9Y

46: plt X[1)s¥y2

275

47t if J<1@ls
310 78

48: pen

44t plt PL11»
{11, -2
50: for I=

S1: elt P
QfIl.2

S2: next 1

$3: if §195=9;
3to 59

$4: pen

55: elt LI1]»
Qr1l,-2

5¢: for I=1 to J
s7: elt LIy
QLI).2

$8: next [

$9: P[JIAP(11}
QLJI+0C1I5L LI

[HEPRREN]

60: pmen

613 plt X[11s¥s-

2

2

9

3

2 ta J
11,

62t if fleli=13

to 115

t 9to 70

4: if K(3iS#
LAPSIKeIIK 9t
79

653 -T+Ti1-abs(!
-G[11)+G(1]3
prt "BUBBLE
RADIUS = "s&(1]
» “UNITS”

66: W+Si1oK

67: w9to 70

68t if K(33S»
.1483K+19Kivto

6
64

70
69: H+Si1sKieto
115
78t for I=1 to 4
718 if GLII>138
9t0 64

2 if 0=2iato

l
73 if T=-1 and
Usij9eto 115
74: if T=-1 and
GlI1<Uioto 68
75: eto 77
76: if T=-1 and
HII1#R<(Uj9t0 68
77 if fle2=83
sf9 23S+K[1s13%
3to 79
78: SET*((2+L%
FII}-GLIX-HII)}
#r(1-GLI11+GCI)
19K [1,11]
?9; S*GL112K(2»
1
80: T#S#r(1-GIlI]
2GII131+K(3»1]
81: if I>lieto

86

82: GL1)+K[1+11~
24621

83: FL1)1+K([2:511/
2-F 2]

84: H[11+4K([3»11~
2+H(2]

85: 9to 93

86: if I>2i9to
91

87: GU1)+R*KI[1»
%]48*K[1:21+G[3

Program G.1 Listing.

[NSPRIEIASE]
D KL1s2]2G04

P
2

P OFl1140K 2
21+0#K[2.31+F (4
]

94 HO11+C#K 3

21 +0+K (3231 +H 14

iK[lsS]’F[l;
4)1-3+G(S]

973 FL11+(K[2.
1]¢Kt2-2]3/6#
(K[253)+K (2
41)/73+F (3] -

98: H(1)+(K[3»
11+K[3+21) 76+
(KI3931+4KI[3»

©411/3-HILS]

99t J+1sJ

100: HISI#R*X (2]

101: F(SI*#R»2(2]
102: w/2#(2(2]-
2011y #(X(1)12¢
X[2J?2)0r?
Yer7sy
réens/22(2(2

[1))e(2013+

ifZOZ[ZJO

— -

e
QG)GQX"\NQXX‘-‘QQ

180*75
-X[1)3PLJIS
Y#G[Jln(rs-.r
asn(GL11))*(rl~
1803 +LLJ]
o~s»ﬁ»o

if @=239t0

——

if fle1=0i
1i9to 48
Pen

tif £135=13
€ BaYert- 183
e 2

A[l]-sto 46
?

axe @»Y

seeC

ert "BUBELE
HEXGHT = "e=Y,
UNITS™

spc

if @=139tc

[
RN O 20 Y
WP —
— we N e es

LIJI# (180
+P

127: eort “RADIUS

OF COMTALCT
ARER = "-?[lls
" HNIT

12 34

129 prt "ARC
LENGTH = "50,"
UNITS"

138: spc

131t ert “YOLUME
s "yWy TUNITSHZ

132: sec

133: r6/V2re

134¢ prt "I VRLY
E OF THE CENTEF
OF MASS = "
rés " UNITS”
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Appendix H

Bubble Release Program

The program is written in FORTRAN and was executed on a CDC7600
computer. The program is listed in']isting H.1l.

Besides the physical parameters of the system such as viscosity,
density, the diffusion coefficient and the bulk concentration there
is a relatively small number of adjustable parameters for a bubble of
a fixed diameter. The length of time before the release of the bubble
and the initial and final distance from the bubble to the electrode
must be set.

Equations 3.3.14 and 3.3.15 are written in the Crank-Nicolson
symmetric finite difference form at each mesh point. The resulting
system of algebraic equations is solved at each time step using suc-
cessive overrelaxation (49).

A1l relevant quantities are printed in the output. The Reynolds
number is printed every time step. The current distribution is printed
every ten time steps, while the concentration and velocity distribution

is printed every 100 steps.
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Program H.1 Listing.

PROGRAM BUBREL ( INPUT,OUTPUT)

DIMENSION Y(3)

COMMON/SET1 /IMAX , JMAX , ISOR,MAXSOR,GC(40,40) ,EC(40,40) ,HC(40,40),
1FC(40,40) ,RC(40,40,3),K,WSOR/SET2/ALPHA ,DELTA, U, SIG,VISE ,DENE ,DEN

- 2I,G,ARAD/SET3/DINT,RT,DELT,D(3),T,CORD,DELN,RRN,RN,DELE,

120
80

41

42

20

3VN(40,40,3) ,VE(40,40,3),E,RE,PI,KMAXAR ,KMAXBR , TREL
READ 1,DIFF,DENE,DENI,VISE,VISI,ARAD,CINT,NEL
FORMAT(4E20.13,/,3E20.13,15)

READ 2,DINT,DFIN,TREL

FORMAT(3E20.13)

READ 3,IMAX,JMAX,KMAXBR,KMAXAR

FORMAT(413)

READ 4 ,WSOR,MAXSOR,JSKIP,KFST
FORMAT(FS5.2,313)

PRINT 1,DIFF,DENE,DENI,VISE,VISI,ARAD,CINT,NEL
PRINT 2,DINT,DFIN,TREL

PRINT 4 ,WSOR,MAXSOR,JSKIP,KFST

IF(JSKIP.EQ.1) GO TO 80

READ 120,((RC(I,J,KMAXBR),J=1,JMAX),I=1,6IMAX)
FORMAT(4E20.13)

CONTINUE

PI=3.14159265

RIMAX=IMAX

RJMAX=JMAX

DELN=1.0/(RIMAX~1.0)

DELE=1.0/(RJMAX~1.0)

SIG=VISI/VISE

NRCT=0

NRCTCK=0

NRCTCC=0

G=980.665

FAR=96487.0

SEL=NEL

IF(JSKIP.NE.1) GO TO 5

IF(TREL.LE.1.0E=20) GO TO 5

X=DINT/ARAD

CALL AHCOS(ALPHA,X)

CORD=DINT*TANH( ALPHA)

GAMA=CORD/ARAD

RKMAXB=KMAXBR

TSTP=1.0E-10

RT=0.0

T=0.0

NSTP=2

KSTP=1

IF(T.LT.1.0E-20) GO TO 42

TSTP=( SQRT(T/DIFF))*0.00003

CONTINUE

IF(TSTP.LT.(TREL-T)) GO TO 20

NSTP=1 )

DELT=( ((TREL-T)*DIFF)/( ARAD**2.,0))/(RKMAXB-1.0)
GO TO 21 -

DELT=( (TSTP*DIFF)/( ARAD**2.0) ) /(RKMAXB-1.0)
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24
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51
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52
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CONTINUE

DO 6 I=1,IMAX

RI=I-1

RRN=RI*DELN

RN=PI*RRN

DO 7 J=1,JMAX

RJ=J-1 N

RE=RJ*DELE

E=ALPHA*RE

RLAM=COSH(E)-COS(RN) v
IF(I-EQ.1.0R.I.EQ.IMAX) GO TO 8

EC(I,J)=-(RLAM*( COS(RN)*COSH(E)=1.0)*DELT) /(4 .0*DELN*PI*( GAMA
1**2 . 0)*SIN(RN)) )
FC(I,J)=(RLAM*SINH(E)*DELT)/(4.0*DELE*ALPHA* (GAMA**2.0))
GC(1,J)==( (RLAM/(PI*GAMA))**2 0)*DELT/(2.0*(DELN**2.0))
HC(I,J)=—( (RLAM/(ALPHA*GAMA) )**2 ,0)*DELT/(2.0*(DELE**2.0))
CONTINUE

CONTINUE -

DO 23 I=1,IMAX

DO 24 J=1,JMAX

IF(KSTP.EQ.1) GO TO 25

RC(1,J,1)=RC(I1,J,KMAXBR)

GO TO 24

RC(I1,J,1)=1.0

CONTINUE

CONTINUE

KSTP=2

DO 10 K=2,KMAXBR

RT=DELT+RT

T=RT/DIFF*( ARAD**2,0)

CALL LDINMA

NRCT=NRCT+1

IF(NRCT.EQ.1.0R.NRCT.EQ.NRCTCK) GO TO 51
IF((1.0001*T).GT.TREL) GO TO 51

GO TO 55

CONTINUE

PRINT 107,T,RT

PRINT 109

NRCTCK=NRCTCK+100

DO 52 I=1,IMAX

RI=I~-1

RRN=RI*DELN

RN=PI*RRN

DO 53 J=1,JMAX

RI=J-1 -
RE=RJ*DELE

E=ALPHA*RE .

PRINT 108,RRN,RN,RE,E,RC(I,J,K) : .
CONTINUE

CONTINUE

FORMAT(#TIME(SEC) = #,E15.8,5X,#REDUCED TIME = #,E15.8)

FORMAT( 5X, #REDUCED N #,5X, #N#,19X,#REDUCED E #,5X%,
1#E#,19X,#REDUCED CONC. N VEL.(CM/SEC)E VEL.(CM/SEC)#)
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104

86

31

30

27

17
12
11
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FORMAT(5X,E15.8,5X,E15.8,5X,E15.8,5X,E15.8,5X,E15.8)
CONTINUE A

CONTINUE .

IF(NRCT.EQ.1.0R.NRCT.EQ.NRCTCC) GO TO 85

IF((T*1.0001).GT.TREL) GO TO 85
GO TO 86

PRINT 105
NRCTCC=NRCTCC+10

FORMAT(5X,# TIME(SEC) #,6X,# REDUCED TIME #,5X,# N(BIPOLAR)#
1,8%,# R(CM) #,# FLUX(MOLES/SEC/CM**2) # # TI(MA/CM**2) #)
DO 26 I=1,IMAX
RI=I-1
RRN=RI*DELN

RN=PI*RRN ,

FLN=( (DIFF*(1.0-COS(RN))*CINT)/(ALPHA*CORD) )*((2.0*RC(TI,4 ,KMAXBR)
1-9.0*RC(I,3,KMAXBR)+18.0*RC(I,2,KMAXBR)~11.0*RC(I,1,KMAXBR))/
2(6.0*DELE))

CURI=FLN*SEL*FAR*1000.0

IF(I.EQ.1) RCORD=0.0

IF(I.GT.1) RCORD=CORD*SIN(RN)/(1.0-COS(RN))

PRINT 104,T ,RT ,RN,RCORD,FLN,CURI

FORMAT(5X,E15.8,5X,E15.8,5X,E15.8,5X,E15.8,5X,E15.8,5%,E15.8)

CONTINUE

CONTINUE

IF(NSTP.EQ.2) GO TO 41

IF(KFST.EQ.1) GO TO 29

NRCT=0

NRCTCK=0

NRCTCC=10

GO TO 31

CONTINUE

T=0.0

IF(JSKIP.NE.1) T=TREL

CONTINUE

RKMAXA=KMAXAR

D(1)=DINT

KSTOP=1 :

IF(NRCT.LT.10) DELTMX=0.00001

IF(NRCT.GE.10) DELTMX=1.1*DELTMX

DELT=( DFIN-D(1))/ARAD/(RKMAXA~1.0)

IF(DELT.LT.DELTMX) GO TO 27

KSTOP=2

DELT=DELTMX

CONTINUE

CALL VELGEN

DO 11 I=1,IMAX

DO 12 J=1,JMAX

IF(TREL.GT.1.0E~20) GO TO 17

RC(I1,J,1)=1.0

GO TO 12

RC(I,J,1)=RC(I,J,KMAXBR)

CONTINUE :

CONTINUE
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59
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RC(1,1,1)=1.0
DO 13 K=2,KMAXAR

RT=D(K)/ARAD

CALL AHCOS(ALPHA,RT)

CALL UDELTA

CORD=D(K)* TANH( ALPHA)

GAMA=CORD/ARAD

REY==ARAD*U*DENE/VISE

SCH=VISE/(DENE*DIFF)

DO 14 I=1,IMAX

RI=I-1

RRN=RI*DELN

RN=PI*RRN

DO 15 J=1,JMAX

RJ=J-1

RE=RJ*DELE

E=ALPHA*RE

RLAM=COSH( E )~COS( RN)

IF(I.EQ.1.0R.I.EQ.IMAX) GO TO 16

EC(I,J)=( (RLAM*(VN(I,J,K)/(~U)))/(PI*GAMA)~( RLAM* (COS(RN)*COSH(E)

1-1.0))/(REY*SCH*PI*( GAMA**2.0)*SIN(RN) ) )*DELT/(4.0*DELN)

FC(I,J)=( (RLAM*(VE(I,J,K)/(=U)))/(GAMA*ALPHA)+( SINH(E)*RLAM)/

1(REY*SCH* ALPHA*( GAMA**2.0) )=RE/(ALPHA*SQRT( (RT**2.0)~1.0)) )*DELT
2/(4.0*DELE)

GC(I,J)-(-((RLAM/(PI*GAMA))**Z.0))*DELT/(Z.O*(DELN**Z.O))

1/(REY*SCH) :

HC(I,J)=(~( (RLAM/(ALPHA*GAMA))**2.0) )*DELT/(2.0* (DELE**2.0))

1/(REY*SCH)

CONTINUE

CONTINUE

CALL LDINMA

NRCT=NRCT+1
IF(NRCT.EQ.1.0R.NRCT.EQ.NRCTCK) GO TO 56
IF( (D(KMAXAR)*1.0001).GT.DFIN) GO TO 56
GO TO 57

CONTINUE

PRINT 107,T,RT

PRINT 109

NRCTCK=NRCTCK+100

DO 58 I=1,IMAX

RI=I-1

RRN=RI*DELN

RN=PI*RRN

DO 59 J=1,IMAX

RI=J~1

RE=RJ*DELN

E=ALPHA*RE

PRINT 110,RRN,RN,RE,E,RC(I,J,K),VN(I,J,K),VE(I,J,K)
CONTINUE

CONTINUE
FORMAT(5X,E15.8,5X,E15.8,5X,E15.8,5X,E15.8,5X,3E15.8)
CONTINUE

CONTINUE
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IF(TREL.LT.1.0E-20) TREL=1.0
KMAXBR=KMAXAR
Y(1)=1.0/U

. RT=DELT/4.0+RT

106

87

CALL AHCOS(ALPHA,RT)

CALL UDELTA

Y(2)=1.0/U

RT=DELT/4 .O+RT

CALL AHCOS(ALPHA,RT)

CALL UDELTA

Y(3)=1.0/U
T=T~(DELT/12.0)*(Y(1)+4.0%Y(2)+Y(3) )*ARAD
D(1)=RT*ARAD

CORD=RT*ARAD*TANH( ALPHA)
REY==ARAD*U*DENE/VISE

PRINT 106,REY

FORMAT( # REY = #,E15.8)
IF(NRCT.EQ.1.0R.NRCT.EQ.NRCTCC) GO TO 87
GO TO 88

PRINT 105

NRCTCC=NRCTCC+10

DO 28 I=1,IMAX

RI=I-1

RRN=RI*DELN

RN=PI*RRN

FLN=( (DIFF*(1.0-COS(RN))*CINT)/(ALPHA*CORD))*((2.0*RC(I,4,KMAXAR)
1-9.0*RC(1,3,KMAXAR)+18.0*RC(1,2,KMAXAR)~-11.0*RC(I,1,KMAXAR))/
2(6.0*DELE))

- CURI=FLN*SEL*FAR*1000.0

28
88

29

1

2

IF(I.GT.1) RCORD=CORD*SIN(RN)/(1.0-COS(RN))
IF(I.EQ.1) RCORD=0.0

PRINT 104,T,RT,RN,RCORD,FLN,CURI
CONTINUE

CONTINUE

IF(KSTOP.EQ.1) GO TO 29
IF(D(1)*1.00001.GE.DFIN) GO TO 29
GO TO 30

CONTINUE

STOP

END

SUBROUTINE AHCOS(Y,X)

Y=0.0

IF((X~1.0).LE.1.0E-10) RETURN
Y=0.4

DO 1N=1,100

YG=Y

DELY=(X-COSH(YG))/( SINH(YG))
Y=YG+DELY

IF(Y.LE.0.0) Y=ABS(Y)
IF(ABS(DELY/Y).LE.1.0E~10) RETURN
CONTINUE '
PRINT 2,DELY,Y,X

FORMAT( #AHCOS DID NOT CONVERGE#,/,# DELY = #,E20.13,/,# Y = #,
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1E20.13,/,# X = #,E20.13)
END
SUBROUTINE LEPO(X,Y,N)
DIMENSION Y(205)
Y(1)=1.0
IF(N.EQ.1) RETURN
Y(2)=X
IF(N.EQ.2) RETURN
DO 1 I=3,N °
RI=I-2
Y(I)=((2.0*RI+1.0)/(RI+1.0))AX*Y(I-1)~(RI/(RI+1.0))*Y(I-2)
1 CONTINUE
RETURN
END
SUBROUTINE UDELTA
COMMON /SET2/ALPHA,DELTA,U,SIG,VISE,DENE,DENI,G,ARAD
SUM=0.0
DO 1 M=1,100
RM=M
A=STIG*(4 .0% (SINH( (RMH0.5)*ALPHA) )**2,0~( (2 .0*RM+1.0)*SINH( ALPHA)
1)%%2,0)+(2.0*SINH((2.0*RM+1.0)*ALPHA)~(2.0*RM+1.0)*SINH(2.0*
2ALPHA))
B=2,0*SINH( (2 .0%*RM+1 .0)*ALPHA)4+(2.0*RM+1.0)*SINH(2.0*ALPHA)
1=4 .0*( SINH( (RM+0.5)*ALPHA) )**2 .0+( (2. O*RM+1.0)*SINH( ALPHA) )**2.0
C=(2.0*RM+3.0)*EXP(2.0*ALPHA)+4 . OREXP(=( 2 .O*RM+1.0) *ALPHA ) -
1(2.0*RM~-1.0)*EXP(~2.0*ALPHA)
D=RM*( RM+1.0)/((2.0%RM-1.0)*(2.0*RM+3.0))
DSUM=D*( SIG*B+0.5%C) /A
SUM=SUM+DSUM
IF(ABS(DSUM/SUM).LE.0.000001) GO ro 2
1 CONTINUE
PRINT 102
102 FORMAT(# UDELTA DID NOT CONVERGE #)
GO TO 1000
2 DELTA=(4.0/3.0)*(3.0%(1.0+SIG)/(2.0+3.0*SIG) )*SINH( ALPHA)*SUM
U==(2.0%( ARAD**2 .0 )*( DENE=DENI)*G)/(3.0*VISE*( (2.0+3.0%*SIG)/(
11.04SIG) )*DELTA)
RETURN
1000 CONTINUE
END
SUBROUTINE VELGEN
COMMON/SET1/IMAX,JMAX, ISOR,MAXSOR,GC(40,40) ,EC(40,40),HC(40,40),
1FC(40,40) ,RC(40,40,3),K, WSOR/SETZ/ALPHA DELTA, U, SIG,VISE,DENE,DEN
21,G,ARAD/SET3/DINT,RT,DELT,D(3),T,CORD,DELN,RRN,RN,DELE,
3VN(40,40,3) ,VE(40,40,3) ,E,RE,PI ,KMAXAR ,KMAXBR, TREL
DIMENSION Y(3),RL(3),RG(3),S(3),P(ZOS)
RT=D(1)/ARAD
CALL AHCOS(ALPHA,RT)
CALL UDELTA
Y(1)=1.0/U
RT=DELT/4 .0+RT
CALL AHCOS(ALPHA,RT)
CALL UDELTA
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Y(2)=1.0/U

RT=DELT/4.0+RT

CALL AHCOS( ALPHA,RT)

CALL UDELTA

Y(3)=1.0/U

T=T =(DELT/12.0)*(Y(1)+4.0*Y(2)+Y(3))*ARAD

D( 2)=RT*ARAD

DO 1 K=2,KMAXAR

CORD=D(K)*TANH( ALPHA)

DO 2 I=1,IMAX

RI=I-1

RRN=RI*DELN

RN=PI*RRN

SUMIN=0.0

DO 3 J=1,JMAX

RJ=J-1

RE=RJ*DELE

E=ALPHA*RE

IF(J.GT.1) GO TO 4

VN(I,J,K)=0.0

VE(1,J,K)=0.0

GO TO 3

CONTINUE

SUMEN=0.0

SUMEE=0.0

RM=1.0

CONTINUE

MCHECK=0 :

RL(1)=( RM*(RM+1.0)/(2.0*RM+1.0) )*( SQRT(2.0) )*( ( (EXP(~( RM=0.5)
1*ALPHA))/(2.0*RM~1.0) )=( (EXP(~( RM+1.5)*ALPHA))/(2.0*RM+3.0)))
RL(2)=( RM*(RM+1.0) /(2.0%*RM+1.0) )*( (EXP(~( RM~0.5)*ALPHA) )-( EXP(~(
1RM+1.5)*ALPHA)))/(=SQRT(2.0))
RL(3)=(1.0/(2.0*SQRT(2.0)))*(RM*(RM+1.0)/(2.0*RM+1.0) )*( (2 .0*RM~
11.0)*(EXP(~(RM=0.5)*ALPHA) )=( 2. 0*RM+3.0)*( EXP( (-RM+1.5)*ALPHA)))
RG(1)=COSH( (RM-0.5)*ALPHA)

RG(3)=COSH( (RM+1.5)*ALPHA)

S(1)=SINH( (RM-0.5)*ALPHA)

S(3)=SINH( (RM+1.5)*ALPHA)
Am(2.0*RM+3.0)*S(3)-(2.0*RM~1.0)*S(1)
B=S(3)/(2.0*RM+3.0)-S(1)/(2.0*RM-1.0)

C=RG(3)-RG(1)
F=((2.0%*RM+3.0)**2 . 0)*RG(3)~( (2 .0%RM-1.0)**2 0)*RG(1)

RDEL=4 . 0% (2. 0*RM+3.0)*(2.0%(2.0%RM+1 .0)*SIG*( A*B=C**2,0)+F*B~
1A*C)

CM=—=2.0%(2 .0*RM+3.0)*UX( CORD**2 . 0)*(2.0%(2.0*RM+1.0)*SIG*(2.0%
1RL(2)*B-RL( 1)*C)+RL( 1)*(=A)+4.0*RL(3)*B) /RDEL

AM=-CM

DM=2 . 0*U*( CORD**2.0)*(2.0%(2.0*RM+1.0)*SIG*(2.0*RL(2)*C-RL(1)*
1A)=-RL( 1)*F+4.0%RL(3)*C) /RDEL

BM=—( (2.0*RM#+3.0)/(2.0*RM-1.0) )*DM

IF(I.EQ.1.0R.I.EQ.IMAX) GO TO 5

IF(J.LT.JMAX) GO TO 5

SAM=(=U*( CORD**2.0)*RL(2)~AM*(2.0*RM~1.0)*S(1)~BM*(2.0*RM-1.0)*
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1RG(1)-CM*(2.0*RM+3.0)*S(3)~DM*(2.0%RM+3.0)*RG(3) ) /(=4 .O*EXP(—~(
2RM-0.5)*ALPHA))
SBM=—-SAM* ( EXP(~( RM-0.5)*ALPHA) ) /(EXP(=( RM+1.5)*ALPHA))
5 CONTINUE
WM=AM* ( COSH( (RM~0.5)*E) )+BM* (SINH( (RM—0.5)*E) )+CM*( COSH((RM#+1.5)*
1E) )+DM*SINH( (RM+1.5)*E)
X=COS(RN)
M=RM+2.1
CALL LEPO(X,P,M)
VM=P(M-2)=-P(M)
IF(1.GT.1.AND.I.LT.IMAX) GO TO 6
DSUMEN=0.0
GO TO 9
6 CONTINUE
DSUMEN=(3.0*SINH(E)*WM*VM) /(2 .0*( CORD**2.0)*SIN(RN)*SQRT( COSH(E)-
1COS(RN)) )=( (SQRT( COSH(E)=COS(RN)))*( AM*(RM=0.5)*( SINH( (RM~0.5)*
2E) )+BM*(RM-0.5)*( COSH( (RM=0.5)*E) )+CM*(RM+1.5)*( SINH( (RM+1.5)*E))
3+DM*(RM+1.5)*(COSH( (RM+1.5)*E) ) )*VM)/( (CORD**2 .0)*SIN(RN))
DSUMEN=~DSUMEN
9 CONTINUE
DSUMEE=( (=3.0%WM*VM) /(2.0%(CORD**2, 0)*(SQRT(COSH(E)-COS(RN)))))
1+( (WM*( SQRT( COSH(E )-COS(RN) ) )* (RM*P(M=2)+(RM+1.)*P(M)))
2/(COS(RN)*(CORD**2.0)))
DSUMEE=-DSUMEE
IF(1.EQ.1.0R.I.EQ.IMAX) GO TO 13
IF(J.LT.JMAX) GO TO 13
DSUMIN=( (3.0*SINH( ALPHA)*( SAMYEXP(~( RM~0. 5)*ALPHA )+SBM*EXP(~( RM+
11.5)*ALPHA) )*VM)/( ( SQRT( COSH(ALPHA )~COS(RN)) )*2.0*( CORD**2,0)*
2SIN(RN) )+ ((SQRT(COSH(ALPHA)~COS(RN) ) )*( SAM*(RM~0.5)*EXP(-( RM~0.5
3)*ALPHA)+SBM*( RM+1 . 5)*EXP(~(RM+1.5)*ALPHA) )*VM) /( (CORD**2.0)*
4SIN(RN)) )
DSUMIN=~DSUMIN
SUMIN=SUMIN+DSUMIN
IF(ABS(DSUMIN/SUMIN) .GE.0.00001) MCHECK=1
13 CONTINUE
SUMEN=SUMEN+DSUMEN
SUMEE=SUMEE+DSUMEE
IF(I.EQ.1.0R.I.EQ.IMAX) GO TO 18
IF(ABS(DSUMEN/SUMEN) .GE.0.00001.0R.ABS(DSUMEE/SUMEE) .GE.0.00001)
1 MCHECK=1
GO TO 19
18 1F(ABS(DSUMEE/SUMEE).GE.0.00001) MCHECK=1
19 CONTINUE
. IF(MCHECK.EQ.0) GO TO 14
RM=RM+1.0
IF(RM.LT.200.0) GO TO 15
PRINT 103
103 FORMAT(# THE VELOCITY DID NOT CONVERGE #)
STOP
14 CONTINUE
VN(I,J,K)=SUMEN
VE(I,J,K)=SUMEE
IF(I.EQ.1.0R.I.EQ.IMAX) GO TO 16
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IF(J.LT.JMAX) GO TO 16
VELCK-ABS(SUMEN-SUMIN—U*(SINH(E)*SIN(RN))/(COSH(E)—COS(RN)))
VELCK=VELCK/ABS( SUMIN)

IF(VELCK.LE.0.005) GO TO 16

PRINT 102,VELCK

FORMAT(# SPHERE SURFACE VELOCITY DID NOT MATCH #,/,# VELCK = #,
1E15.8)

CONTINUE

CONTINUE

CONTINUE

IF(K.EQ.KMAXAR) GO TO 1

Y(1)=1.0/U

DO 17 I=2,3

RT=RT+DELT/2.0

CALL AHCOS(ALPHA,RT)

CALL UDELTA

Y(I)=1.0/U

CONTINUE

D(K+1 )=RT*ARAD

T=T~(DELT/6.0)*(Y(1)+4.0%Y(2)+Y(3))*ARAD

CONTINUE '

RETURN

CONTINUE

END

SUBROUTINE LDINMA

COMMON/SET1/IMAX ,JMAX, ISOR,MAXSOR,GC(40,40) ,EC(40,40) ,HC(40,40),
1FC(40,40),RC(40,40,3) ,K,WSOR

DIMENSION RA(40,40),RB(40,40),RE(40,40) ,RF(40,40) ,RG(40,40),
1R(40,40),RD(40,40)

IFN=IMAX~-1

JFN=JMAX~1

DO 1 I=2,IFN

DO 2 J=2,JFN

RA(1,J)=GC(1,J)-EC(I,J)

RB(I,J)=HC(I,J)-FC(I,J)

RE(I,J)=1.0-2.0%GC(I,J)~ 2.0%HC(I,J)

RF(I,J)=FC(I,J)+HC(1,J)

RG(I1,J)=EC(I,J)+GC(I,J)
RD(I,J)=(1.0+2.0*GC(I,J)+2.0%HC(I,J))*RC(I,J,K-1)=RG(I,J)*
1RC(I+1,J,K-1)-RA(I,J)*RC(I-1,J,K=1)=RF(I,J)*RC(I,J+1,K=1)=RB(I,J)
2*RC(I1,J-1,K-1)
CONTINUE

CONTINUE

DO 3 I=1,IMAX

DO 4 J=1,JMAX
RC(I,J,K)=RC(I,J,K-1)
IF(J.EQ.1) RC(1,J,K)=0.0
CONTINUE

CONTINUE
RC(1,1,K)=1.0

DO 5 ISOR=1,MAXSOR
KCHK=0

DO 6 I=1,IMAX
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DO 7 J=1,JMAX

IF(J.EQ.1) GO TO 8

IF(1.EQ.1.AND.J.EQ.JMAX) GO TO 9

IF(1.EQ.IMAX.AND.J.EQ.JMAX) GO TO 10

IF(I1.EQ.1) GO TO 11

IF(I.EQ.IMAX) GO TO 12

IF(J.EQ.JMAX) GO TO 13

R(I,J)=( (RD(I,J)=-RA(T,JY*RC(I-1,J,K)-RB(L,J)*RC(I,J~1,K)~RF(I,])
1*RC(T,J+1 ,K)=RG( I, J)*RC(I+1 ,J,K) ) /REC I,J) )=RC( I ,J .K)

GO TO 14
8 R(I,J)=0.0

GO TO 18
9 R(I,J)=((1.0+2.0%*GC(I,J)+2.0%HC(I,J))*RC(I,J,K~1)=(2.0*GC(,J))
1*RC( I+1,J,K~1)=(2.0*HC(I,J) )*RC(I,J=1,K=1)=(2.0%HC(I,J))*
2RC(I,J-1,K)=(2.0%GC(I,J) )*RC(I+1,J,K))/(1.0-2.0*GC(I,T)~2.0%
3HC(1,J))-RC(I,J,K)

GO TO 14

10 R(I,J)=((1.0+2.0%*GC(I,J)+2.0%HC(I,J))*RC(I,J ,K-1)=(2.0*GC(I,J))
1*RC(I~1,J,K=1)=(2.0%HC(I,J))*RC(I,J=1,K-1)=(2.0*GC(I,J))*RC(I~1,
2J,K)=(2.0%HC(I,J))*RC(I,J=1,K))/(1.0-2.0*GC(I,J)~2.0%HC(I,J))~
3RC(I,J,K)

GO TO 14

11 R(I,J)=((1.0+2.0%*GC(I,J)+2.0%HC(I,J))*RC(I,J ,K~1)~(2.0%*GC(I,J))*
1RC( I+1,J ,K=1)=(FC(I,J)+HC(I,J))*RC(I,J+1 ,K=-1)+(FC(I,J)-HC(I,J))*
2RC(I,J=1,K=1)=(HC(I,J)=FC(I,J))*RC(I,J=1,K)=( FC(I,J)+HC(I,J))*
3RC(I,J+1,K)~(2.0*GC(I,J))*RC(I+1,J,K))/(1.0~2.0*GC(I,J)=2.0%
4HC(1,J))-RC(I,J,K)

GO TO 14

12 R(I,J)=((1.0+2.0%*GC(1,J)+2.0%HC(I,J))*RC(I,J ,K~1)=(2.0%GC(I,J))*
IRC(I-1,J,K=1)=(FC(I,J)+HC(I,J))*RC(I,J+1,K~1)+(FC(I,J)~HC(I,J))*
2RC(I,J-1,K~1)=(2.0*GC(I,J))*RC(I~1,J,K)=(HC(I,J)=FC(I,J))*
3RC(I,J-1,K)=(FC(I,J)+HC(I,J))*RC(I,J+1,K))/(1.0-2.0%GC(I,J)~2.0%
4HC(I,J))~RC(I,J,K) .

GO TO 14 _

13 R(I,J)=((1.0+2.0%*GC(I,J)+2.0%HC(I,J))*RC(I,J,K~1)~(EC(I,J)+
1GC(I,J))*RC(I+1,J,K-1)+(EC(I,J)=GC(I,J))*RC(I-1,J,K-1)-2.0
2%HC(1,J)*RC(I,J~1,K=1)=(GC(I,J)=EC(I,J))*RC(I~1,J,K)=(2.0%
3HC(I,J))*RC(I,J-1,K)=(EC(I,J)+GC(I,J))*RC(I+1,J,K))/(1.0=2.0%
4GC(1,J)=2.0%*HC(I,J))-RC(I,J,K)

14 IF(ABS(R(I,J)/RC(I,J,K)).GE.0.0001) KCHK=1

18 CONTINUE

RC(I,J,K)=RC(I,J,K)+(R(I,J)*WSOR)
IF(RC(I,J,K).LT.~0.00001) RC(I,J,K)= 0.00001
IF(RC(1,J,K).GT. 1.00001) RC(I,J,K)= 1.0
7 CONTINUE
6 CONTINUE
IF(KCHK.EQ.1) GO TO 5
GO TO 15
5 CONTINUE
PRINT 100
100 FORMAT(# LDINMA DID NOT CONVERGE #)
DO 20 I=1,IMAX
RI=I
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DO 21 J=1,JMAX

RJ=J

PRINT 120,RI,RJ,RC(I,J,K-1),RC(I,J,K),R(I,J)
PRINT 121,RA(I,J),RB(I,J),RE(I,J),RF(I,J),RG(I,J),RD(I,J)
FORMAT( 5E15.8)

FORMAT(6E15.8)

CONTINUE

CONTINUE

STOP

CONTINUE

RETURN

END
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Appendix I

Collapse of Bubble Contact Area Programs

The program used to solve the mass transport equation is writ-
ten in FORTRAN and was executed on a CDC7600 computer. The numer-
ical method used to solve the differential equation is the same
that is used in the bubble release program (see Appendix H). The
program is listed in listing I.1l.

The program used to calculate the results for the infinite
Peclet number solution is written in a Hewlett Packard Language
(HPL) for a desktop computer and digital plotter previously de-
scribed (Section 2.3.3). Besides generating a graph of the lim-
iting case solution the program includes a plbtting routine for
p1otting results from the numerical solution. The program is

listed in listing I.2.
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Program I.1 Listing.

PROGRAM BUBCOL (INPUT,OUTPUT)

DIMENSION RC(101,51,2),A(101,51),B(101,51),E(101,51),F(101,51),
1RESID(101,51)

READ 1,D,ARAD,BASEI,SEL,CBULK
1 FORMAT(3E20°13,F2.0,E18°11)

READ 2,THETAO,NSET,VALSET

- 2 FORMAT(E20.13,15,E20.13)

READ 3,IMAX,JMAX,KMAX
3 FORMAT(31I5)
PI=3.141592654
RHOO=ARAD*SIN( THETAO)
AREA=PI*( RHOO**2)
IF(NSET.NE.1) GO TO 10
U=VALSET
TMAX=RHOO/U
GO TO 11
10 TMAX=VALSET
U=RHOO/TMAX
11 FAR=96487.0
PRINT 8,D,ARAD,BASEI,SEL,CBULK
8 FORMAT(#DIFFUSION COEFICIENT = #,E20.13,# CM**2/SEC#/
1#BUBBLE RADIUS = #,E20.13,# CM#/#BASE CURRENT = #,E20.13,
2# AMPS/CM**2#/#THERE 1S #,F2.0,# EQUIV./MOLE#/
3# BULK CONCENTRATION = #,E20.13,# MOLE/CM**3#)
PRINT 9,THETAO,RHOO,U,TMAX,AREA
9 FORMAT( #CONTACT ANGLE = #,E20.13,# RADIANS#/
1#RADIUS OF BASE = #,E20.13,# CM#/#COLLAPSE VELOCITY = #,
2E20.13,# CM/SEC #/
3#RELEASE TIME = #,E20.13,# SECONDS#/# BASE AREA = #,
4E20.13,# CM**2#)
RMAX=ARAD
RIMAX=IMAX~-1
RIMAX=JMAX~-1
RKMAX=KMAX~-1
KPRT=RKMAX/10.0
IF(KPRT.LE.20) KPRT=0
DELR=RMAX/RIMAX
DELTHA=THETAO/RIJMAX
DELT=TMAX/RKMAX
DEN=D*SEL*FAR
SLOPEM=BASEI/( ARAD-RHOO)
DO 15 I=1,IMAX
RI=I-1
R=RI*DELR
DO 14 Jm=1,JMAX
RC(I,J, 1)-0 0
RC(I1,J,2)=RC(I,J 1)
IF(I.EQ.1) GO TO 14
RI=J=-1
THETA=RJ*DELTHA
Y=R*SIN( THETA)
X=sR*COS( THETA)
BASEIO=BASEI
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IF(X.LE.(ARAD-RHOO)) BASEIO=SLOPEM*X

DELTA=( 2.0*DEN*CBULK) /BASEIO

IF(DELTA.LT.(X*TAN(THETAO))) GO TO 12
ALPHA=BASEIO/DEN

BETA=-BASEI0/(DEN*X*TAN( THETAO))

GO TO 13

12 RC(I,J,1)=1.0

IF(Y.GE.DELTA) GO TO 29

ALPHA=2 .0*CBULK/DELTA

BETA=-~2 .0*CBULK/(DELTA**2)

13 RC(I,J,1)=(ALPHA*Y+( (BETA/2.0)*(Y**2)))/CBULK
29 RC(1,J,2)=RC(1,J,1)

VR=U* (-THETAO*COS( THETA)+( SIN( THETAQ)**2)*( SIN( THETA)+
1THETA*COS( THETA) )+SIN( THETAO)*COS( TRETAQ)*( COS( THETA) -
2THETA*SIN(THETA) ))/( SIN(THETAO)*COS( THETAO)-THETAO)

VTHA=-U*( ~THETAO* SIN( THETA)+THETA* ( SIN( THETAQ )**2)*
1SIN( THETA)+SIN( THETAO)*COS( THETAQ)*THETA*COS( THETA))/
2( SIN( THETAO)*COS( THETAO)-THETAO)

A(1,J)=(DELT/(4.0*DELR))*( VR-D/R)

B(I,J)=DELT*VTHA/(4.0*R*DELTHA)

E(1,J)=~D*DELT/(2.0*(DELR**2))

F(L,J)==D*DELT/(2.0*( R*DELTHA)**2)

14 CONTINUE
15 CONTINUE

WSOR=1.5

L=51

DO 19 K=2,KMAX

RK=K-1

T=RK*DELT :

IF(K.NE.L.AND.K.NE.KMAX) GO TO 33

PRINT 7,T

7 FORMAT(# TIME = #,E20.13,# SECONDS #)
PRINT 4
4 FORMAT(#. RHO (CM) #,# R (CM) #,
1# I (AMPS/CM**2) #) :
33 CONTINUE

DO 18 M=1,200

MCK=0

DO 17 I=1,IMAX

DO 16 J=1,JMAX

IF(I.EQ.1) GO TO 28

IF(J.NE.1) GO TO 20

28 RC(I1,J,2)=0.0

RESID(I,J)=0.0

GO TO 23

20 IF(I.NE.IMAX) GO TO 21

RC(I,J,2)=RC(I,J,1)

RESID(I,J)=0.0

GO TO 23

21 IF(J.NE.JMAX) GO TO 22

RESID(I,J)=( (~=(A(L,J)+E(I,J))*RC(I+1,J,1)=2.0%F(I,J)*RC(1,J-1,1)
1+(1.0+2.0*F(I,J)+2.0*E(I,J))*RC(1,J,1)+(ACL,T)~E(I,T))*
2RC(I-1,J,1)~CACI,J)+E(I,J))*RC(I+1,J,2)=2.0*%F(1,J)*
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3RC(I,J-1,2)+(A(I,J)=~E(I,J))*RC(1~1,J,2))/
4(1.0-2.0%E(1,J)~2.0*%*F(1,J)))-RC(1,J,2)
RC(1,J,2)=RC(I,J,2)+WSOR*RESID(I,J)
GO TO 23
22 RESID(I,J)=((=(A(I,J)+E(I,J))*(RC(I+1,J,1)+RC(I+1,T,2))~
1(B(L,J)+F(I1,J))*(RC(I,J+1,1)+RC(I,J+1,2))+
2(1.0+2.0%E(I,J)+2.0%F(1,J))*RC(I,J,1)+
3(B(I,J)=F(1,J))*(RC(I,J-1,1)+RC(I,J-1,2))+
4(A(1,J)-E(I,J))*(RC(I-1,J,1)+RC(1I~1,7,2)))/
5(1.0-2.0*%*E(I,J)=2.0*F(1,J)))~RC(I,J,2)
RC(I,J,2)=RC(I1,J,2)+WSOR*RESID(I,J)

23 IF(RC(1,J,2).LT.0.0) RC(I,J,2)=0.0
IF(RC(1,J,2).GT.1.0) RC(1,J,2)=1.0
IF(ABS(RC(I,J,2)).LT.1.0E~20) GO TO 16
IF(ABS(RESID(I,J)/RC(1,J,2)).GT.0.0001) MCK=1

16 CONTINUE

17 CONTINUE
IF(MCK.EQ.1) GO TO 18
DO 24 I=1,IMAX
IF(K.NE.L.AND.K.NE.KMAX) GO TO 34
RI=I-1
R=RI*DELR
IF(1.EQ.1) GO TO 25
CURDEN=( DEN/(R*DELTHA) )*CBULK*(RC(I1,4,2)/3.0~

13.0*RC(1,3,2)/2.0+3.0%RC(1,2,2)-11.0*RC(I,1,2)/6.0)
GO TO 26

25 CURDEN=0.0

26 RHO=RHOO-U*T+R
PRINT 5,RHO,R,CURDEN

S5 FORMAT(3E20.13)

34 CONTINUE
DO 27 J=1,JMAX
RC(1,J,1)=RC(I,J,2)

27 CONTINUE

24 CONTINUE
IF(K.EQ.L) L=L+50
GO TO 19

18 CONTINUE
PRINT 6

6 FORMAT(# THE SYSTEM DID NOT CONVERGE #)
DO 31 I=1,IMAX
DO 32 J=1,JMAX
PRINT 100,I,J,RC(I,J,1),RC(1,J,2),RESID(I,J)
100 FORMAT (2I5,3E15.8)

32 CONTINUE :

31 CONTINUE
GO TO 1000

19 CONTINUE

1000 CONTINUE
STOP
END
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4S5: rS-r32ré
46t (zin(R)-A*
cos(R))s(sin(RA)
*cos (R) =RV
47t Ve(ré6-Usrli>
r?
48t r7#cos(R)+r?
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89: end
+16099

Program 1.2 Listing.
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