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FOREWORD

This Final Report was prepared by Won G. Sunu, Manojit Sinha ,

Siddhartha Ghosh , Bruce H. Eliash , Douglas N. Bennion (Principal In-

vestigator) and John Newman (Co-Principal Investigator) . The report

covers work done April 15, 1976, through September 30, 1978, on con-

tract number F44620-76-C-0098. Advice and direction of Dr. David Pickett

and other personnel at AFAPL, Wright Patterson Air Force Base, is grate-

fully acknowledged.

The principal, completed results of this work are reported in the

Ph.D. dissertation of Dr. Won G. Sunu and the M.S. thesis of Mr. Manojit

Sinha. Dr. Sunu’s dissertation is included in its entirety as a part of

this report. Three papers are being prepared based on Dr. Sunu ’s re-

search. They will be submitted for publication in 1979. Mr. Sinha’s

thesis was condensed, modestly revised, ai~d published in the J. E~.e.c..t’w-

chem. Soc. A reprint of that paper is included as a part of this report.

Mx. Siddhartha Ghosh was supported primarily through work study

funds from the University of California. Between 10 and 20% of his sup-

port was from this contract. His thesis is included as part of this re-

port. A paper based on that work is to be submitted for publication in

• 1979.

Two pro~.cts are not yet complete. Mr. Bruce Eliash is continuing

the work of Dr. Ssmu. Mr. Eliash’s work should be finished in late 1979

or early 1980. Publication of that work is expected in 1980. Mr. Mano-

Sit Sinha has begun his Ph.D. research work on the performance of the

nickel oxide electrode in alkaline media. A preliminary theoretical

model is proposed and a co~~uter code has been written which allows cal-

culations based on the model . The results of that work are included
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with this report . Experimental work to test and improve the model is be-

ing started . Publication of these results is expected in 1980.
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ABSTRACT

The processes that control the useful lif e time and performance

rates in non-flowing zinc electrodes for electrical storage batteries

have been investigated. In particular, the chemical reaction rates, con-

centration, and electrical potential distributions have been predicted

theoretically and measured experimentally as functions of position in

the electrode and time for both charge, discharge, and ailtiple cycles.

Changes in crystal structure and solid distributions have also been mea-

sured and examined theoretically. Similar rates and distributions have

been measured and correlated for RAI P2291 ion exchange membrane separa-

tors used in zinc secondary batteries such as the nickel-zinc battery

(Zn/ICOH,H20/NiOCII). Distributions in flow through electrodes were also

observed experimentally and calculated theoretically, using the copper

deposition reaction for experimental convenience. Work was begun on the

theoretical description of the nickel oxide electrode. Experimental

work is being planned to validate and revise our understanding of how

the nickel electrode operates. Work is continuing on measurement of con-

centration profiles in zinc electrodes.

A number of factors have been found to be important in the operation

and control of zinc electrodes. During discharge, zinc metal (Zn) reacts

• with hydroxyl ions (Oil) to yield water and electrons which are “pumped”

into the external electrical circuit. Initially CII ions within the

porous, zinc electrode are consumed. When those Oil ions are consumed,

further reaction most be supported by transport of Oil across the separa-

tor from the counter electrode nickel oxide, for example. For RAI P2291

membrane separators, it was found that reaction rates of SO M/ca2 could

• I- V
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not be supported by the ion transport, but 20 mA/cm2 could be supported .

The supply of Oil ions across the separator is one factor, along with

the electric potential distribution, which causes the discharge reac-

tion to concentrate in a narrow zone close to the membrane. At 20 M/ca~
2

the zone is about 0.3 mm across. At 50 mA/cm2 the zone shrinks to about

0.1 mm. The reaction zone thickness has important implications for elec-

trode design.

During charging of the zinc electrode, CII ions are produced within

the porous electrode. This situation causes the Oil ion concentration

to increase in the depth of the porous electrode favoring a broad reac-

tion zone and lower potential losses at higher current densities as com-

pared to the discharge reaction. The implication is that the zinc elec-

trode can be safely charged at higher rates than discharged. There are

other considerations which enter, however. The nickel electrode becomes

oil ion “starved” during charging and wild, dendritic type zinc deposits

get worse at high charge rates. Thus high charge rates are not real ly

possible.

Two types of zinc electrode passivation have been identified, sur-

face coverage of otherwise reactive zinc area and pore blockage. Pore
— 

blockage will be discussed in later paragraphs. The exposed, reactive

zinc is gradually covered up by ZnO precipitation as the discharge reac-

tion proceeds. At modest current densities and reasonably high Oil con-

- 
• centrations, above about 1 .0 ~~, the precipitate is a porous, fluffy type

deposit which slowly inhibits access to the active zonc. However, this

form of surface coverage allows large, useful fractions of active zinc

to continue to react. It appears that when the surface concentration of

oil ions get too low, the form of the precipitate becomes monolithic,

vi
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impervious, and totally blanks off any further reaction. The electrode,

or at least the affected area of the porous electrode, is passivated. More

detailed observations of this passivation mechanism are needed; but the

evidence is that OW ion concentration is a significant factor.

Porosity of the porous zinc electrode is shown to be a critical

parameter. Zinc oxide (ZnO) has a much larger molar volume than zinc .

As zinc is converted to zinc oxide, the local volume fraction of solid

increases and the volume fraction of electrolytic solution (KOH,K2ZnOH4,
1120) decreases. As has been shown, the reaction rate is largest at the

face of the electrode leading to pore plugging at the face if there is

not sufficient space for the ZnO to precipitate. When the face of the

electrode plugs, further discharge is impossible. For a porosity (frac-

tion of volume filled with electrolytic solution) of 0.33 pore plugging

at the face was the failure mode. For a porosity of 0.6, pore plugging

at the face did not occur. However, tests on cycling performance showed

that with increasing number of cycles more and more zinc and zinc oxide

accumulated in the high reaction rate region, that is, in the face of

the electrode. Long term cycle tests have not yet been done, but the

clear implication of our results is that as cycling proceeds zinc trans-

ports from the central region of the electrode to the surface. This

transport of zinc causes increasing porosity in the central region and

decreasing porosity at the face. When the face porosity goes below a

critical value of about 0.5, failure by pore plugging will occur and

electrode life can be expected to end.

The oil concentration distributions have been shown to control
c l .

many factors which govern electrode performance. Experiments to measure

experimentally the actual 1C011 and IC2ZnCH4 concentrations are now under

vii
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way. An operating electrode is frozen, sectioned, and the sections ana-

lyzed. Preliminary, calibrating runs and technique development are com-

plete. Actual measurements are expected over the next few months. The

results will allow validation and possibly revisions to our present model

of transport in a porous zinc electrode.

It can be shown that once zinc electrodes are produced which approxi-

mete the practical limit implied by our model calculations, the nickel

oxide electrode will become performance limiting. A theoretical model

of the nickel electrode has been completed which shows the interrelation-

ships of water and OW ion transport along with potential and reaction

rate distributions and their relation to properties of the nickel oxide

film and associated charge transport steps. Future experiments are

designed to help investigate the nickel valence states which can be

achieved and what the limitations on charge transfer capacity are for

practical electrodes. In addition the role of water and affects of water

balance on the nickel oxide electrode will be considered.

Flow through porous electrodes are an alternative design to the more

customary electrodes with limited or no convective flow . In convection

designs , the working electrode is inert , and the ZnO precipitates in a

storage tank external to the electrode stack . Experimental and theoreti-

cal work has been completed demonstrating the interrelationships between

flow rates, applied potential, input and output concentration, electrode

length, and electrode thickness with potential, current and reaction dis- —

tribution and cost effectiveness. The experimental work was done with

copper deposition at 600 ppm input concentration. The optimum conditions

were found to be: electrode thickness of 0.6 cm, applied potential of

1.4 V, and superficial velocity of about 11 cm/s. The minimum in velocity

was very broad.

V i i i
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LIST OF SYMBOLS

A cross sectional area of zinc electrode, cm2

a specific surface area per unit volume of the electrode , cm2/cra3

a act ive surface area for charge transfer reaction per unit volume
of the electrode , ca2/cm3

a5 active surface area for precipitation or dissolution of ZnO per
unit volume of the electrode, cm2/cm3

c1 concentration of -species i, mole/cm3

initial, concentration of species i, mole/cm3

average concentration of species i within the boundary layer ,
mole/cm3

cr equilibrium or saturation concentration of zincate ion, mole/cm3

c~ concentration of species i at the active metal surface , mole/cm3

d thickness of the solution or membrane boundary layer , cm

binary diffusion coefficients, cm2f aec

diffusion coefficients with respect to solvent velocity, cis2/sec

diffusion coefficients across the boundary layer (solution or
membrane) , cm /8cc

F Faraday’s constant, 96,487 coul/equiv.

I superficial applied current density, amp/ca2

i3. superficial current density in matrix phase , amp/ca2

~2 superficial current density in solution phase, amp/ca2

~xchange current density based on initial concentrations of
and c~ , amp/cm

exchange current density, amp/cm2

j  local transfer current density based on unit area of active
— zinc surface, sap/ca2
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friction coefficients, interaction of species i and j, Joule—
sec/cm5

mass transfer coefficients of potassium zincate from active
sites to bulk in the pores or vice versa , ca/sec

kB mass transfer coefficients of potassium hydroxide from active
sites to bulk in the pores or vice versa, ca/sec

rate constant for precipitation or dissolution of ZnO, cm/sec

* rate constants combining mass transfer of zincate , kA, with
chemical rate constant , k

~~L, ca/sec

L electrode thickness, cm
2L1~ multicomponent transport parameters, mole /sec—cm-Joule

L~~ mess transfer coefficients of species I across the boundary
layer used in Table I and equation (55) , cm/sec

• 
N
1 

chemical symbol for species i

a1 molaiity of species I, mole/Kg of water

N1 flux of species I in the x—direction , mole/cm2—sec

N~~ flux of species i across the boundary layer , isoie/cm2—sec 
2flux of species I across the electrode surface (x—L) , mole/ca —

sec

ii number of electrons transferred in electrode reaction

n~ number of moles of species i in k th sectioned sample

p, q shap. factor, dimensionless

RT gas constant multiplied by absolute temperature, J oule/mole

source term of species i in equation (35) , uoie/cm3—sec

stoichiometric number of species I for charge transfer reaction ,
defined in equation (10)

atoichicaetric number of species I for precipitation or dissoiu—
tion of ZnO, defined as in equation (10)
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p .

*- t , t tortuosity factor

• - t~ transference number of species i referred to solvent velocity

transference number of species i across the boundary layer

I partial molar volume of species i, cm3/mole

V volume of electrolytic solution reservoir between the membrane

- and the zinc electrode surface, cm3

v~, velocity of species I in solution, ca/sec

• - v° superficial volume average velocity, Ejc1Vivj  , cm/sec

• x distance from the backing plate, cm

z~ charge number of species i

L

Greek Symbols

a a kinetic parameter
- a
- a a kinetic parameterc

exponent in zincate concentration dependence of the exchange
current density

- 
mean mold activity coefficient of species i

6 characteristic diffusion length between the active metal

- • 
- surface and the bulk in the pores, cm

- c electrod , porosity

volume fractions of solid species I

~

- , C exponent in oi concentration dependence of the exchange
current density

conductivity of solution, aho/ca

conductivity of solution in the membrane, aho/ca
- •-

kv number of ionic species I per molecule of electrolyte “k”

- 
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number of ions produced by the dissociation of one molecule of
electrolyte k. VA~4+ 4.3 

for potassium zincate and V
B

111V
~~
+V

~~

—2 for potassium hydroxide.

chemical potential of species i, Joule/mole

conductivity of solid species i, aho/ca

potential in metal phase, volts

+2 potential in solution phase , volts

potential of solution at the active metal surface, volts

Subscripts

I any arbitrary species 1; 1 for potassium ion, 2 for zincate ion,
3 for hydroxide ion , A for potassium zincate, and B for potass-
ium hydroxide.

o solvent

viii

• .- 

- -,;_~~
?_ -

- —_ —_- —_---_--- — —•_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~ _____________ _____________



— - — — —
~~~

—---—-
~~
--

~~~~~~~~ - -
—-• — —_-•- -•-- .- • -_— - - -

~ •,_• -- •_ -

LIST OF TABLES

No. Title Page

I Transport Parameters Applied to the Various

Boundary tayers . . . .  37

II Measured and Calculated Transference Numbers . • • 126

ix

LL.



LIST OF FIGURES

No. Title Page

1. Geometric features of the porous electrode
(for anodic reaction) . . . . . . . . . 19

2. Overpotential , +j (o)~ •,(L), of zinc electrode during
constant current diachaPge for type I membrane bound-
ary (1—50 MIca2, L”.O.l cm, e°’0.4 , ~~~~~~~~~~ 4~~

u.O.1) . 39

3. Concentration profiles during constant current dis-
charge for type I membrane boundary (1—50 mA/cm2 ,
A. for one minute polarization and B,C, and D for 10%,
20%, and 30% depth of discharge, respectively) . . . . 40

4. Concentration profiles of ROE after 10% depth of dis-
charge (I—SO mA/cm’ and A, B, and C for solution
boundary, type I membrane boundary, and type II mem-
brane boundary, respectively) • . 42

5. Distribution of local charge transfer current , j (mA/ cm~),
for type I membrane boundary (1—50 mA/cm2, L—O.1 cm,
and A,B,C,and D represent 0%, 10% 20%, and 40% depth
of discharge, respectively) . . . 43

6. Distribution of Zn and ZnO plotted as volume fractions
(cm3/cm3) for type I -membrane boundary (1—50 mA/cm2 ,
and A, B, C, and D represent 10%, 20%, 30%, and 40%
depth of discharge, respectively) . 44

7. Distribution of Zn and ZnO plotted as volume fractions
(cm3/cm3) for solution boundary (1—50 mA/ca2, and A,
B, C, and D represent 102, 20%, 30%, and 40% depth of
discharge, respectively) . . . . . 45

8. Concentration profile during constant current charge
for type I membrane boundary (I—SO M/ca2, L—0. 1 cm,
and A for one minute polarization and B and C for
102 and 202 depth of charge, respectively) . . . . . 48

9. Distribution of local charge transfer current density,
j(aA/ca’), during the first cycle for type I membrane
boundary (1—50 mA/ca2, L.0.1 cm, and A, B, and C re-
present 02, 102, 20% depth of discharge or charge,
respectively) . . . . . . . . . . . . . . 49

10. Overpotential, • (o)— • CL) , of zinc electrode with
time during thr e~ cyclj for type I membrane boundar t .
A, lit cycle; 3, 2nd cycle; C, 3rd cycle (1.50 mA/ca’,

x

- - — ----- -~~~~ - — ------ - -



0 0 0 -

L 0.1 cm, c 0.4 , ~~~~~~~ CZnO
IUO.l) • 50

11. Distribution of Zn and ZnO plotted as volume fractions
(cm3/cm3) during two cycles for type I membrane bound—
ary (1—50 mA/ cm’, L 0.l cm, c~~—O .5 , n~”~ 

• . . 5].

12. Distribution of Zn and ZnO plotted as volume fractions
(c113/cm3) during two cycles for solution boundary (I—
50 mA/ca2, L 0.l cm, 

~~n
Uh O 5

~ nO”o
~~ 

. 52

13. Distribution of Zn and ZnO plotted as volume fractions
at two current densities for type I membrane boundary .
—, af ter one cycle; — 

, after two cycles 53

14. Test cell assembly . . . . . .  59

15. Electrical circuit for operation of cell 61

16. Weight percent of the dissolved zinc in 1. N NK4C1—NR4OEwithin 6 or 7 minutes contact time . . . . . . . . 64

17. Profiles of Zn and ZnO for the low porosity electrode
discharged to 8% depth at 50 mA/ca2. 0 andO , ~~~~~~~~

—

sured profiles for Zn; histograms, measured profiles
for ZnO; smooth curves, predicted profiles for Zn and
ZnO . . . . . . . . . . . . . . 68

18. Profiles of Zn (circles and hexagons) and ZnO (histo-
grams) for the low porosity electrode discharged at
20 mA/ca2. and histogram A, measured profiles after
10% depth; and histogram 3, measured profiles af ter
23% depth ; smooth curves, predicted profiles after 102
and 23Z depths of discharge  69

19. Profiles of Zn and ZnO for the high porosity electrode
discharged to 10% depth at 50 mA/ca2. 0 and 0’ ~~~~~~~~

—

sured profiles for Zn; histograms, measured prof iles
for ZnO; smooth curves, predicted profiles for Zn and

• 
ZnO . . . . . . . . . . . . . . 7].

20. Profiles of Zn and ZnO for the high porosity electrode
discharged to 212 depth at 50 mA/ca2. 0 and 

~~~~~~
, 

~~~~~~
—

sured profiles for Zn; histograms, measured profiles
for ZnO; smooth curves, predicted profiles for Zn
and ZnO . . . . . . . . . . . . . • 72

21. Profile. of Zn (circles and hexagons) and ZnO (histo-
gra ms) measured for the high porosity electrode di.—
charged at 20 mA/cm2. 0 and histogram A for 102 depth

- - of discharge;O and histogram B for 22% depth of
discharge . ., . . . . . . . . . . . . 73

xi



- 

—

22. Profiles of Zn (circles and hexagons) and ZnO (histo-
grams) measured for the low porosity electrode dis-
charged at 50 mA/ ca2. 0 and histogram A. for 20% depth
of discharge for the electrode having thickness of
0.05 cm; and histogram B for 8% depth of discharge
for the ectrode having thickness of 0.1 cm . . . . 74

23. Profiles of Zn (top line) and ZnO (bottom line)
measured for the low porosity electrode after one
cycle. At each half cycle, 50 mA/cm2 and 10% depth of
initial zinc were applied . . . . . . . . . . 75

24. Overpotentials at the face of the zinc electrode (x.L)
on discharge at 50 mA/cm2. — and — , measured over—
potentials; 0, predicted overpotentials for L50—ZMD , —

• 
, predicted overpotentials for L50—ZDM. L and H

represent low porosity and high porosity electrodes,
respectively, and Z, N, and D represent zinc electrode,
membrane, and dyne]., respectively (Figure notation
L50—ZDM represents a low porosity zinc electrode ha~~n~a dynel beneath the membrane discharged at 50 mA/cm ) . • 78

25. Overpotentials at the fa2e of the zinc electrode (x”L)
on discharge at 20 mA/cmh. — and —— , measured over—

L potentials; Qand •, predicted overpotentials for
L20—ZDM without and with corrections for swelling, res—
pectively . Explanation of figure notation is given in
Figure 24 caption. . . . . . .  80

26. Photographs of the electrode surface. A, unused zinc
electrode; B, L5O—ZND electrode after discharge failure • 82

27. Photographs of the electrode surface after discharge
failure. A1 L20—ZMD (low porosity electrode discharged
at 20 mA/cm’); B, E20—ZDM (high porosity electrode
dischargeda t 2O M/ca2) . • 83

28. Ovmrpotential.a measured at four different Rositions On
discharge of L5O—ZDM electrode at 50 MIca’. Curves
A, B, and C represent the overpotentials measured at
the backing plate, at the face of the test electrode,
and above the membrane, respectively. Curve D is the
potential difference between the zinc teat and the
zin c c ounter electrodes . . . . • 85

29. OverpotenUals measured at four different positions on
- 

- charge of L50—ZDM electrode at 50 mA/ca2. Explanation
of curves A, 3, C, and D is given in Figure 28 caption.
The gaps F—C and C—E are the overpotentials across the
the membrane and across the solution in the counter
electrode compartment , respectively . . . . • • • 86

xii

_ _ _ _



- 

~~~~~~~~~~~~~~~~ ~~~~~~ -~~~~~~ --~~--- -~~~~--- - --~~~- -
~~ -- - —~-- - - --- — - - - ~

30. Overpotentials measured at the face of the electrode
(L5O—ZDM) on charge at 50 mA/ca2. Explanation of figure
notation is given in Figure 24 caption. The previous
discharge time prior to onset of charge is 39.4 minutes
for L50—ZMD, 69.6 minutes for L50—ZDM, 84.5 minutes for
a50— ZDN, and 138.5 minutes for L50—ZD. . . . • • . 88

31. Photographs of the dyne]. cloth after one discharge-
charge cycle. Current density was 50 mA/ca2. Zinc
deposit penetrates the dynel towards the counter
electrode. A for L50—ZDM and B for L50—ZD 90

32. Normalized average KDH concentration as a function of
operation time. Curve A is for one layer of RAI P2291
membrane, porosity of 0.3, and electrode thickness of
0.1 cm; curve B is for two layers of RAI P2291 membrane,
porosity of 0.3, and electrode thickness of 0.1 cm;
curve C is for two layers of RAI P2291 membrane, poro-
sity of 0.6 , and electrode thickness of 0.1 cm . . . . 96

33. Transference numbers of ions in a 0.1 N HCl—~C1 ternary
solution. Data points are the measured values (67) -

and solid curves are the calculated values . . . . . 127
34. Diffusion path during charge near the solid surface

within the pores; (A) zinc deposition by charge
transfer reaction and (B) dissolution of ZnO by
chemical reaction. Dashed lines represent the direc-
tion of zincate movement during charge 129

I 
- 

xiii

L ~~~~ — - ~~- — —_ ~~~~~~~~~~~ ___________



—-- . ~~— - - -- ---- - - - - -  - -~~ 
_ __ _ _--

-- -~ ——— —- —~-.--—-— -—-- —

- ABSTRACT OF ThE DISSERTATION
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Professor Douglas N. Bennion , Chairman

A one dimensional mathematical model, perpendicular to the

electrode surface, of a porous zinc electrode has been developed on the

basis of concentrated ternary electrolyte theory. Numerical techniques

were used to predict the galvanostatic behavior and thus the failure

mechanisms of porous zinc electrodes under conditions similar to those

of secondary zinc batteries. Profiles of zinc and zinc oxide and

electrode overpotentials during galvanostatic operation of pressed zinc

electrodes having two different porosities were measured at superficial

current densities of 20 and 50 mA/cm2 . A membrane was used to separate

the zinc test and counter electrode compartments. The experimental

observations are in good agreeme nt with the theoretical predictions.

Discharge at 50 m.&/cm2 caused electrode failure due to the deple-

tion of hydroxide ions within the zinc electrode compartment. At a

lower current density of 20 mA/ca2, dischar ge continued until pore

plugging (blockage of the lit kind) or pasaivation (blockage of the

2nd kind) caused the zinc electrode to fail. In both cases, the reac—

reaction prof iles are highly nonuniform and the reaction zone, located
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near the electrode surface, is very thin. On repeated cycling, the

difference between the anodic and cathodic reaction distributions

caused the movement of~zinc and zinc oxide in the direction perpendi—

- 
- cular to the electrode surface. This may be a limiting factor in the

losses in cell capacity of secondary zinc batteries which are designed

to eliminate dendrite penetration and shape change.
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I. INTRODUCTION

The zinc electrode has been commonly used as a negative electrode

in primary cells such as Leclanche dry cells and alkaline zinc manganese

dioxide cells. It also has received considerable attention, during the

last decade, as a negative plate in secondary batteries, e.g., zinc-

nickel , zinc-silver oxide, zinc-bromine , and zinc-chlorine cells. The

use of zinc electrodes in secondary batteries is attractive because of

its availability, its low cost , and its ability to deliver high energy

and power density. However, secondary cells using zinc electrodes have

poor cycle life, limited by zinc electrode failure. Any improvements

on the cycle life of the zinc electrode can be applicable to its~use in

Zn-Ni or Zn-AgO rechargeable batteries which are potential applications

for use in electric vehicle propulsion or aerospace .

- -  - Failure of the z inc electrode can be attributed to a variety of

causes. Two major causes of failure are zinc dendrite formation and

shape change. The zinc dendrites which are formed during charge pene-

trate the separator and cause short circuits to the counter electrode.

~4zch of the work to date cn improving zinc electrode behavior during

charge has been associated with zinc deposit morphology, deposit adher-

ency, and mechanism of dendrite growth as discussed in a review by

Oswin and Blurton (1). Zinc dendrite growth appears to be controlled

by the mass transfer of zincate ions (2) and is characterized by a

critical current density (3). The preferential dendrite growth at the

top of a porous zinc electrode observed by Oxley (4) has been attributed

to zincate depletion of the electrolytic solution in that region (1).

The results of these studies have suggested that the use of low charge

I 
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rate, pulse charging, and metallic or organic additives have some bene-

ficial effects on preventing the formation of dendritic zinc deposits

(5). The detrimental dendrite penetration, however, has been success-

fully reduced by use of an appropriate membrane material (6) such as

commercially available grafted polyethylene ion exchange membrane.

Another failure known as shape change is the redistribution of

solid zinc species during cycling over the electrode surface, which

eventually decreases the effective surface area and thus cell capacity

of the zinc electrode. Previous investigators (7,8,9) have indicated

that the solid species moves from the top and sides to the bottom and

center of the zinc porous electrode during cycling and that loose pack-

ing, compared to tight packing , of the cell promotes more rapid redis-

• 
- tribution of zinc.

A mechanism based on gravitational effects has been proposed (10),

but this mechanism is not consistent with the fact that shape change is

independent of cell orientation. Other investigators (7,9,11) suggested

concentration cell effects as a mechanism of shape change. t4cBreen (7)

has suggested that a concentration cell is generated by the differences

in the current distribution during charge and discharge.

Recently, Choi et al. (12,13) have proposed that the main reason

for the shape change is the convective flow driven by membrane electro-

osmotic effect as a dominant factor. The shape change was explained

by the concentration cell caused by the differences in the convective

flow pattern during cycling, i.e., flow of supersaturated zincate solu—

tion towards the zinc electrode center during discharge and flow of

undersaturated zincate solution towards the electrode edge (or solution

reservoir) during charge. The agreement between their experimental

2
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results and theoretical predictions demonstrated that sealing or tight

packing of the cell, preventing convection, successfully eliminated the

shape change.

The simple approaches mentioned above have been effective in

extending cycle life, but the resulting cycle life appears still to be

limited by other factors. Initial loss of cell capacity as well as

rapid decrease in cell capacity with continued cycling were observed

even for the sealed cells for which chemical analysis for zinc species

confirmed no shape change (13). This indicates that there are further

reasons for cell failure to be explained and minimized in order to gain

further cycle life improvements. A first step toward disclosing other

failure modes and mechanism is to understand and be able to predict the

zinc behavior within the porous negative electrode.

A number of workers investigated extensively the anodic zinc behav-

ior in alkaline solution, using polycrystalline, flat plate electrodes.

The major efforts have been concentrated on the studies of anodic passi-

vation of the planar zinc electrode. It has been generally accepted

that th. applied current density can be fitted to a linear relationship

with the inverse square root of the passivation time (14,15,16,17).

A linear relationship based on the Sand equation 118) implies that

diffusion of zincate ion away from the electrode is the controlling

process for passivation. Therefore, passivation is expected to occur

when the layer of electrolytic solution adj acent to the zinc surface

reaches a critical concentration of zincate (16,17) .

- - Porous electrodes involve aich more complicated and interrelated

phenomena than the planar electrode. In addition to passivation, conver-

LII ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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sion of zinc into ZnO during discharge of the porous electrode decreases

the pore size and thus the transport of electrolyte into th. interior

of the porous electrode. Some workers (19,20) have observed that utili-

zation of zinc depends strongly on the initial porosity of the zinc

electrode. Membranes, which have been used to prevent zinc dendrite

penetration, can limit the transport of electrolyte species to and from

the counter electrode as was discussed by Shaw and Remanick (21).

Porous electrodes have highly nonuniform current distribution with an

effective reaction zone which is very thin, resu3.ting in local, high

current density. The remaining part of the electrc~le acts as an inert

matrix which does not contribute to the cell capacity . Nonuniform dis-

tribution can also accelerate the decrease in pore size in the reaction

zone. In order to understand such processes and further identify the

faUure mechanisms, it is helpful to develop a mathematical model which

describes properly the transient behavior of the porous zinc electrode.

Various mathematical models have been proposed to describe the

behavior of the porous electrodes as summarized by Newman and Tiedeaann

(22) . Winsel (23) described battery discharge by considering a single

pore electrode of constant porosity and assuming uniform concentration

and conductivity in the solution. Newman and Tobias (24) included the

effects of a matrix resistance and concentration changes in their

steady state analysis of a one dimensional homogeneous mixture model .

An attempt to consider structural changes in the pores was initi-

ated by Alkire , Grens , and Tobias (25) . Using a straight pore geometry,

they investigated the effects of changes in porosity, concentration ,

and fluid flow on the dissolution of a porous copper electrode in

4
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sulfuric acid solution. Dunning et al. (26) proposed a mathematical
-

• model which predicted discharge and cycling behavior of a Ag/AgC1 elec-

trode in NaCl solution and a Cd/Cd(OH)2 electrode in KOH solution. They

considered the effects of complexing of the sparingly soluble salt with

the bulk electrolyte anion and the detailed structural effects on mass

transfer parameter on the limiting species. However, the concentrat&on

derivative term was neglected and they applied a so-called pseudo steady

state approximation to describe the transient behavior. Recently, Gu et

al. (27) extended the model of Dunning et al. for A.aJAgCl electrode to

include surface diffusion of the adsorbed complex ion and more realistic

active surface area based on their experimental measurements. The tran-

sient behavior of the model was solved without using the pseudo steady

state approximation.

Siaonsson (28,29) applied his model to predict the failure mode of
• of the positive electrode of the lead acid battery. He showed that the

discharge of the positive lead dioxide electrode at high current load

failed by the severe depletion of sulfuric acid at the pore mouth, while

Gidaspow and Baker (30) emphasized the pore plugging as a major cause of

battery failure . A mathematical model which predicts the transient

behavior of the porous zinc electrode has not been reported as yet

except that of Choi et ci. (12). The results of their model which in-

cludes a convection term in the y-direction , parallel to the electrode

surface , successfully predicted the mechanism of the failure called

“shape change”.

In the present work, a mathematical model is developed to describe

th. transient behavior of the porous zinc electrode in the direction

-j 
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perpendicular to the electrode surface . It also describes failure

mechanisms during discharge and cycling operation other than shape

change. The porous electrode is treated as the superposition of two

continua, solution and solid phases, by use of a macroscopic avera ging

technique (22). This model resembles real electrodes when particle

and pore dimensions are on the order of one micrometer.

The products produced during discharge of the Cd/Cd (OH) 2, Ag/AgC1,

and Pb02/PbSO4 electrodes are believed to be sparingly soluble in the

corresponding electrolytic solutions . For the zinc electrode, the dis-

charge product ZnO is highly soluble in KOM solution . The electrolytic

solution generally used for secondary batteries using zinc negative

electrodes is highly concentrated KOH solution (about 1CM) saturated

with ZnO (about 1M). Furthermore, the electrolytic solution in contact

with a discharging zinc electrode can become supersaturated with zincate

(31), resulting in the concentrated potassium hydroxide-potassium -

zincate-water ternary mixture. Therefore , fundame~’tal equations neces-

sary for describing the concentrated ternary solution are developed

based on irreversible thermodynamic principles (32) . The resulting

equations can also be applied to other multi-component systems such as

molten salt and membrane transport.

Commercial zinc-nickel or zinc-silver oxide batteries, in general,

have separators between the two electrode compartments which affect

significantly the concentration variations inside the porous electrodes.

The effect of the membrane separator and the electrolytic solution

reservoir on the zinc electrode performance are included in the model

to predict the mathematical behavior under conditions similar to a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~—•~~~~~~~~~ - • --~~~



practical battery system. The mathematical model presented here con-

sists of Ohm’s law in the solution phase, Ohm’s law in the matrix phase,

kinetic rate expression, conservation of charge , and conservation equa-

tions of hydroxide ion, zincate ion , water , and solid species. The

effect of local mass transfer between the electrode active surface and

the bulk solution in the pores, changes in porosity, variations of

active surface area, and convection arising from the differences in

molar volumes of reactants and products are included. The results of

the numerical solution are used to suggest certain modes of failure and

performance limitations of the zinc electrode.

Experimental measurements of zinc electrode overpotentials and

current distribution were carried out using galvanostatic operation at

two different current densities; 20 and 50 mA/cm2. Those results were

compared with the mathematical model predictions for zinc electrode

failure.

There are several alternate procedures for fabricating porous zinc

electrodes. They include pressing of ZnO powder mix (ZnO , HgO, and

some other additives) which gives the zinc electrode in the discharged

state (33) , pressing of amalgamated zinc powder (34) , metal spraying

process , and electrodeposition process which result in the zinc elec-

trode in the charged state. Determination of failure modes during dis-

charge and cycling is the primary objective of this work. The porosity

and volume of electrolyte reservoir of the electrode should be carefully

controlled during preparation in order to obtain reproducible electrode

performance and failure mechanism. The pressing techniques developed

- 
- by Morrell and Smith (34) satisfy most of the above mentioned require-

7
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ments and yield an electrode in the charged state.

There are three approaches for the experimental determination -of

current distribution. The first approach is the direct measurement of

potential distribution by using numerous reference electrodes along the

electrode. This approach was employed by Brodd (35) in the study of

current distribution in a manganese dioxide electrode. The second

approach is the direct measurement of the current distribution by using

a sectioned electrode and measuring the current in each section as was

used by Coleman (36) for t4t02 electrode and by Gagnon and Austin (37)

for Ag/Ag20 electrode. The third approach is to measure the reaction

distribution of the discharged electrode by electrode sectioning fol-

lowed by the analysis of each section. The charge state of each section

can be analyzed using chemical analysis as shown by Nagy and Bockris

(38) for the zinc electrode, Bro and Kang (39) for the cadmium electrode,

and Alkire (40) for the copper electrode .

The first two direct approaches have the advantage of allowing

continuous measurements during operation , however , reference electrode

probes or a discontinuous sectioned matrix say disturb the real current

distribution and can lead to distorted results. The third approach is

limited to one experiaehtal data set per electrode, and the sectioning

procedure can result in a net reduction and redistribution of material.

The sectioning approach seems to be one of the promising experimental

techniques required for battery development since its modification (so

called freezing technique) allows determining the distribution of both

solid and liquid species . By freezing the electrolyte in the boundary

layer , followed by sectioning and chemical analysis, Brenner (41) and

8
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Flatt et al. (42) successfully determined the concentration profiles in

- solution- - at dissolving anode surfaces and at a depositing cathode sur-

face, respectively. In the present study, zinc and zinc oxide profiles
- are measured using the sectioning method with EDTA titration. Freezing

was not tried.
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II. THE MATHEMATICAL MODEL

11-1. Zinc Electrode Reaction

The process occurring in the zinc electrode in alkaline solution

has been described by a dissolution-precipitation mechanism (43,44):

Zn + 4 0H ._ — Zn (OH) + 2 e (A)

Zn (OH) —. — ZnO + 20W • H20 (B)

Discharge of the zinc electrode produces supersaturated zincate solution

by electrochemical reaction (A) , from which ZnO is precipitated by a

chemical reaction (B) . The reverse process occurs during charge .

Several investigators (44 ,45) have attempted to determine the rate of

the precipitation reaction. However, exact values of rate constants are

• not precisely known .

• The electrochemical reaction mechanism for zinc amalgam electrode

in alkaline media has been studied by previous investigators (46,47,48)

t o g ive

Zn (Hg) + 20W Zn(014)2 + 2e (C)

Zn (0H)2 + 201C - .... ‘-Zn (CII)~ (D)

For a pure zinc electrode in alkaline solution , the exchange

reaction mechanism is more complicated due to the lattice disruption and

other imperfections. A number of investigators (49,50,51,52) have

studied the kinetic mechanism for the solid zinc electrode. The macha-

nisa proposed by Bockris et al. (52) is as follows .

Zn • ouC — Zn (CH) • e (E)

Zn (OH) + oW — 
— Zn (OH) (F)

~_ 
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ — —T_~..~~1:
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zn(oIo; + OW 
— 

-
~~ Zn (OH); + e (C)

Zn(OH) + OW -~~~~ , 
- Zn(OH) (H)

where reaction step (G) is the rate óontrolling step.

In a concentrated KOH solution saturated with ZnO, it is possible

for the following complexes of zinc species to be present as intermedi-

ate compounds: Zn~~, Zn(OH)
4’, Zn(OH) 2, Zn(OH), Zn (OH) ... Zn(0H)~~”.

These complexes are formed according to the following equat ion

Zn~~+ nOH~~... — Zn(OH)~~” (I)

The equilibrium constants reported by Butler (53) are for n—l,

10~015 for n— 2, 1014 25 for n—3, and 1015 for n—4. Using these values,

Boden et al. (54) concluded that the only species present to any appre-

ciable extent in KOM solution was Zn(OH) ion. Other workers (55,56,57)

also confirmed that the predominant species was zincate ion. Therefore,

in the present work, the electrolytic solution is considered as a four

component system containing ~~ OW, Zn (OH) , and H20:

11-2. Ternary Electrolyte Theory~

It is shown that the solution under consideration is a ternary

H mixture containing potassium hydroxide as well as potassium zincate.

The solution for use in alkaline zinc batteries is, in general, highly

concentrated KOH solution (about 40 wt%) saturated with ZnO. The ZnO

is highly soluble in K0H solution , and it is generally agreed that

anadic discharge of zinc in KOH solution produces a supersaturated

zincate solution which is often greater by a factor of two than the

equilibrium zincat e concentration (31) .

11 
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As the concentration of an ionic species become large, interactions

between ions and solvent and ion—ion interactions become important.

Newman et al. (58) have developed a binary electrolyte theory for con-

centrated solution. The following analysis of a four component system

will parallel that of a binary electrolyte considered by Newman et al.

The general concept of relating a driving force per unit volume

on a species i, d~(—c~Vu1)~ to a linear sum of frictional interactions

exerted on species i by species j, X1~(v~
_v
1)~ was proposed by Maxwell,

often referred to as the Stefan—Maxwell equation (59).

d1 c~ Vp1 
— 

~~~ 
K~3 

(v
3 

— vi) (l )

j

where v1 is the velocity of species 1, C1 is the concentration of ape—

cies 1, and p~ is the chemical potential or, in case of ionic species,

is to be interpreted as electrochemical potentials as suggested by

by Guggenheim (60). The friction coefficients are, in general,

quite concentration dependent. However, they can be defined in terms

of binary diffusion coefficients 
~~~ 

which are found to be less

condentration dependent (58,59)

R T c c
K - (2)i CT~~ij

where c,~, is the total concentration of the solution . From Newton s

Third Law of Motion, Onsager ’s reciprocal relation is satisfied (61);

~~ .JC~ 
~~
. Therefore , the number of independent friction coefficients

for the n component system are n(n-l)/2 .

For the four component system under consideration , i.e •, co on

cation K’ (species “1”) , anions Zn (OH) (species “2”) and OW (species

12



“3”) , water (species “o”), the multicomponent transport equation (1)

can be represented as follows :

c1 ~~ — K12(v2-v1) + K13(v3-v1) + K10(v0-v1) (3)

C
2 Vu~ — K21(v1-v2) + K~3(v3-v~) + K20(v0-v2) (4)

c3 V)13 — K31(v1-v3) + K32 (v2-v3) + K30(v -v3) (5)

The fourth equation for water is not an independent equation due to the

Gibbs-Duhem equation, Z~c~Vi~ ”0.

The chemical potentials of electrolytes A and B are defined by

the following equations.

— i4 Vu 1 + v~ Vu2 (6)

V~ Vu 1 + v
~ 

V~a3 (7)

where the electrolyte A (K2Zn (CII)4) contains number of species “1”

(K ’) and number of species “2” (Zn (OH) ). Lik wise, and are

defined by the number of species “1” (K’) and species “3” (OW) , res-

pectively, per molecule of electrolyte B (KOH) . Electroneutrality

requires z1v~+z24.O and z1v~.z3v~’.O (or z1c1+z 2c2+z 3c3 0).

The current density is written as

i — F E z1N1 — Fz1c1v1 + Fz2c2v2 + Fz 3c3v3 (8)

If the electrical potential $ is defined by the potential of a

suitable reference electrode at a point in the solution measured with

respec t to a similar reference electrode at a fixed point in the solu-

tion, thermodynamic principles yield

13 
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- nF V$ — 
~l 

V~1 + s2 .Via 2 + $3 Vu 3 + 
~~ 

Vu~, (9)

• The s~ coefficients are the stoichiometric coefficients of species i

for the electrode reaction represented by

s~ ~~~ — ne (10)

where M~ is a symbol representing the chemical formula of species i.

Equations (3) to (8) are six linear equations containing ten varia-

bles; vl.v2.v3,vO,Pl,U2IUS9UAIUB, and i. The rearrangement of equations

(3) to (8) in terms of fluxes N1(or civi) is straightforward but quite

involved. The above system of four components is very similar to those

considered by Bennion (membrane, single salt, and water) (62), by

Tiedemann and Bennion (cation, anion, neutral salt, and water) (63), and

by Miller (two salts with common cation and water) (64) .

Using the reference velocity as the solvent velocity v0, the

resulting rearrangement through matrix inversion is given by the follow-

ing equations.

N1 
— — (v~t~A+ 4LAB )v~

_ (i/~I~~+~~L88) VM8+ (11)

N2 
- - 4t,~ VuaA - V~LAB Vu~ + 

._L i + c2v0 (12)

N3 — - v~L~~ VuA - v~L88 Vu8 + ._3_. j + c3v0 (13)
23

N — c v  (14)
0 0 0

The arrangement of Equation (9) for potential coupled with equa-

tion (11) through (14) results in the following equation.

14
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i - — KV$ - — + 
~~~A ~~ - 

_2. C
A 

Vu,,1n V2 ~~~~~ 0

IC r s  n
i 3 

_ _  
o o- — I T + t, - — c,, Viz,, (15)

~ I ~~ U .~ C U U
W L ’U3 

Z
3

V
3 

0

where transport parameters L~~ , L~~ , LBB, t ]~ t2 (or t~) ,  and K are

expressed as a function of the Ki~ 
and concentration in Appendix A-l.

The reverse relations, i.e., Ki~ 
as a function of the six measurable

transport parameters are also shown in Appendix A-2. Appendix A-3

shows how the equations (11) to (15) can be transformed to represent

transport equations for the other systems such as single salt-membrane-

water and single salt-neutral salt-water.

The flux equations containing the diffusion coefficients, which

are usually reported , are expressed in terms of concentration gradients .

The chemical potential gradient is related to concentration gradients

as
dM 1 ~~i. dcA ~~i .  dci,

— ( —2.) —a. + ( _2.) ~~~ (16)
dx 3cA dx 3cB dx

The solvent velocity v0 has been chosen as a reference velocity

in the above treatment. In some cases, such as in porous electrodes,

it is more convenient to use volume average velocity V0 as a reference

velocity. The volume average velocity is defined by

E civiVi
— E N V  (17)

• wher v is the partial molar volume of species i.

H 15
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The flux equations referred to the volume average velocity, using

concentration gradients, are shown below :

- - - D~~ + 

‘2’U.~ 

~ + C
A

y (18)

B — - - DBB 
dCB + 

z
3
v~: 

~ + CBv (19)

N0 ~~+D~~
_A + D 08 -.~~~- c t  — +c~~

o (20)
dx dx °° F

where
C
A au’3

- D~~- ~~
- DOA ; - L~~ ~~~ 

+ L~~ ~~~
.—

o CA
r DOB D~~ = L~~ -~~

.-. + LAB ~ç
o CB o aU A + L  ~~BDM - D~~- ~~~ 

DOA D~~ = LAB ~~~ BB . (21)

C auA au’3
DBB — T- DOB D~~ — LAB 5~~ 

+ L33 ~~~

au au’3
- cO CVAL,,,~+ VBLAB) .~A + co(VALAB+ VBLBB) 

~
ç

au
DOB co(VAL,,,,+ V8L~~) .

~~~~ + co (VAL,~
+ VBLBB) 

~~~~
—

t2 — t~ -

t3 — ~~ - ~~~~~~~~~~~~~~~~ — - + 
V2t~ + 

V3t~
22
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For the solvent velocity reference frame, the parameters D~~, D03,

and t disappear from the above equations . The quantities Di~~ t~ , and

v°should be replaced with D~~ 1 t~, and v0, respectively, to represent

the flux equations referred to the solvent velocity v0.

The partial molar volumes of the ions shown in the parameter t0
satisfy

VA - V
1 

V1 + v~ V2 (22)

w B~~r 3 wa v1 v1 + v3 v3 (23)

These relations are not sufficient to determine the partial molar

volumes of ions separately. Consequently, we let
0 0

— 
t2 ~~. t3_

V1 VA
+_

~T
VB (24)

1 3

This choice is based solely on convenience (65) , and no physical signi-

• ficance should be attached to it. With this choice t0 becomes zero,

and t~ in equations (18) and (19) reduce to t~ .

The expressions of Appendix A-i enable us to calculate the traits-

port parameters for a ternary mixture from the data of binary electroly-

tes . Tabulated data for K1~ (or ~~~ for 1:1 and 1:2 binary elec-

trolytes have been compiled by Chap n (66) . The transference numbers

and conductivities calculated fro. the two sets of binary data showed

good agreement with the experimental data for the ternary mixtures.

An example is shown in Appendix A-4 where measured transference numbers

for HC1-XC1 solution (67) are compared with the tr’an,f.rence numbers

estimated from the binary data (66) .

However, successful prediction of the diffusion coefficients,

17

—~ -.



• - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~-

for ternary mixtures requires the knowledge of the ternary activity

coefficients as indicated by equations (21). The activity coefficients

for -a mixed solution may be approximated by use of Newman’s treatment

(68). Some workers (64,69,70) have used experimental ternary activity

coefficients to show reasonable agreements between the measured and the

predicted diffusion coefficients. They applied the multicomponent

• transport equations of Miller (64), which were derived based on an

inverse description of the equation (1) of the form : J~— ~~~~~~ 
where

is the thermodynamic driving force , J~ is the molar flux of species

i, and are the phenomenological or transport coefficients. The

flux equations (18),(19), and (20) and current equation (15) will be

used to describe the mathematical model of the porous zinc electrode.

11-3. Description of the Model

A one dimensional mathematical model of a porous zinc electrode
— has been proposed which predicts oW concentration c3, Zn (OH) concen-

tration c2, superficial current density in the solution i2, transfer

current density j, porosity c , superficial volume average velocity v°~
potential in the solution and potential in the matrix as a

function of time and position perpendicular to the surface of the elec-

trode. The geometric features of the model are shown in Figure 1. A

backing plate is located at x-O and the membrane or external boundary

layer is at x-L. The effects of membrane as well as volume of solu-

tion reservoir between the electrode surface and membrane on the elec-

trod. perfo rmanc, were included to predict zinc electrode behavior Un-

dat - - conditions similar to a practical battery system. The porous

18

• 
-- • 

~~~~~~~~~~~~~~~~~ 
_ ~~~~~~~~~~~~~~~~~~ _________  ___ _____



-• _ _ _ _ _ _ _ _ _ _ _

-a

t.z~ fli 
~~~~

_____L IL
I

~~~~~~~~~~~~~~~

r~’~~~~ 
j

~~~ ~~~~~~~~ 

~~~~~~~~~~ 

_ __ I :
1

~~~~~ 

.

• ~~~~~~~~~~~~~~ ;:~y:;’:. -
~~.

I_ ~~~~~~~~~~~~~~~~~~~ _ ~~~~-~• • - ~~~— -—.~~.L~~~~~--— • --—- • • .  — — ~~~~!~~~~~ -~- •~~~~~~~~
_ - ••~

_
~~~~~



- ,~~~~~~~~~~ • ——----—-—-—— 
_ — -

electrode is treated as a homogeneous mixture of the ionically conduct-

ing solution phase denoted by subscript “2” and an electronically

conducting matrix phase denoted by subscript “1”. The solid matrix

might contain zinc , zinc oxide, and inert conducting materials (for

example , graphite) or any combinations of the three. Th. equations

• developed in the previous section can be applied only to the pure

homogeneous solution phase (porosity of unity) . In the porous electrode,

effects of porosity and tortuosity on the transport equations must be

included.

The macroscopic averaging technique performed over the volume of

pores within the electrode has been described in detail by Newman and

Tiedeaann (22) and Dunning (71) . This macroscopic averaging treatment

is applied to the present model by disregarding the actual geometric

details of the pores. For example, consider Cj as the concentration of

species i averaged over the volume of solution in the pores . Then the

superficial concentration, averaged over the unit volume of the elec- -

trode, is cci where c is the porosity of the electrode. If Ni is

defined by the superficial flux based on the unit cross sectional area

of the electrode, Ni/c represents the flux through the unit area of

solution phase in the pores . Similarly, v~~c is the velocity in the

solution phase if v°is a superficial bulk fluid velocity.

The use of averaged quantities (N~/c 1 i2/c , and JR’S) into equa-

tions (18), (19), and (20) yields the following equations.

~~~. _ D ~,,c
hlt __

~ _ D ~~ c~~t _—! +
~~~~~~~i2 + C AV° (25)
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- Dg~S
1
~~ ~~~ - DBBC~~

t + ç ~2 
+ cBv (26)

V
3 dx x z3v3

N D~~E~~t A + Do1~
t 

~~~~~~~~ + - c v0 (27)
.0 dx dx

where t~ is the transference number of species i, t is the tortuosity

factor, Cj is the bulk concentration of species i averaged over the

volume of solution, and ~~ i2, and v°refer to the superficial quanti-

ties based on the unit• cross sectional area of both matrix and pores .

The diffusion coefficients are replaced with ~~~ to account for

the tortuosity correction. Schofield and Dakahinamurti (72) have

suggested that the effective diffusion coefficients are proportional

to ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~
The basic equations of the model to be discussed are Ohm’s law in

th. solution phase, redox kinetic expression, conservation of zincate,

conservation of hydroxide ion, overall conservation, and Ohm’s law- in

the matrix phase.

Ohm’s Law in the Solution Phase

A modified Ohm ’s law applied to the ternary electrolyte solution

in the porous electrode is obtained from equation (15) .

d.b KC~
l4t 

~ nt° a d~si2 Ke — - (-r A -
~~~

cA —dx nF ~~ z
2

ts
2 

c
0 

dx

l+t s n t 0 s dKg 3 3 a
- (—~~~. ---—~ . - ~~~..c3

) -—- (28)
nF L~3 

Z3V3 0 dx

where is the potential of a reference electrode of the same kind as

21 
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the working electrode placed in the bulk solution within the pores of

the porous electrode; K is the conductivity of solution in the pores at

concentration cj; Cj is the concentration of species i where subscript

o refers to solvent; g~ is the chemical potential of species i; and

n, and z
~ 
have meanings as defined in equation (10). The effective

solution conductivity corrected for tortuosity considered here is repre-

sented by ~~~~~~~ Meredith and Tobias (73) and Gagnon (74) suggested

t as 0.5, while t—2.0 was observed by lCsenzhek et al. (75). Simonsson

(28) and Romanova and Selitsky (76) observed an effective conductivity

which is only about one tenth of the conductivity of the free electro-

lytie solution. They attributed this great reduction to the gas bubbles

left in the pores.

• Redox Electrochemical Rate Expression

The rate of the charge transfer reaction A at the solid-solution

interface can be represented by the following equation.

aF

~ 
c~ ~r 

c~ 
~~~ 

-
~r 

(‘~~~ ~~) - 4r ~~i i0 ( — - )  (—~- )~e — e J (29)c2 c3

where and are the effective anodic and cathodic transfer coeffi-

cients, respectively; J is the local transfer current per unit area of

active zinc surface which acts as active sites for reaction (A) ; i~ is

the exchange current density evaluated at reference. .concentrat ions c~

and 4; ~v and ~ are the orders of depsfldsnc.. of. the exchang. current

density i0 Ofl ziucate and hydroxide concentrations, respectively; èl ~~
th. potential of the matrix phase; and is the potential of the

reference •lectrode of the same kind as the working electrode located

• 22
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just outside the double layer.

The conservation of charge requires
di

a ~ ~
_! (30)

• dx

where am is the solid-solution int
erface area per unit volume of elec-

trod. which acts as active sites for reaction (A).

If the diffusion of a species to or from the reaction sites is

assumed to proceed through a well defined characteristic diffu~ion

length, 6, the concentration of zincate ion (c~) and hydroxide ion (4)
at the metal surface can be determined from the following equations .

di nP
— - — a k A(c

~ 
- c2) (31)

dx

di nF
— -

~~~
-- a k

5
( 4 _ c

3
) (32)

dx 3

where a is the solid-solution interface area per unit volume of the

electrode , ki is the mass transfer coefficient (in cm/sec) of species i

from the bulk solution in the pores to the reaction sites which are

active for charge transfer reaction (A) or vice versa.

The potential at the metal surface,. 4~ , is assumed to be the same

as the potential of the bulk solution in the pores , •2• Equations (29)

through (32) are combined to give

a ~O (C2 ~2 
~~~~~~ - 

~~~~~~ ~1e~ ~ t ‘2~
dx m ° k c ~ nPak

*
C
~
J
~~
C
~ 

nPakg4JI

~~1T ~~1 2~1 (33 k

-e I
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The constants y, 
~
, a~, and a~,corresponding to the reaction mechanism

(E) to (H) of Bockris et al. (52), are 0.75, 0.0, 1.5, and 0.5, respec-

tively. The exchange current density, i~, reported by a number of

investigators (52 ,77,78,79,80) has the values in the range of 10 to 300

mA/ca2.

Species Conservation Equation

The use of appropriate averaging quantities yields the following

conservation equation.

3cc d Nj 
— + R (34)

8t dx

where R~ represents production or consumption of species i due to the

electrode reaction. During discharge, zincate ion is produced by charge

transfer reaction (A) and consumed by precipitation reaction (B). On

the other hand, hydroxide ion is consumed by reaction (A) and produced

by reaction (B) . The reaction source R~ can be written as

s~~di2 * *Ri - —— + s~ ak Cc2 - c~~) (35)
nF dx

where k , during discharge, is defined by the rate constant combining

mass transfer of zincate ions from bulk solution in the pores to the

reaction sites with chemical rate constant for precipitation of ZnO;

c~~ is the equilibrium (or saturation) concentration of zincate ion at

the s
~~~

d o 1
~
it

~~~ 
interface which are active for reaction (B) ; and

and a are the stoichicmetric coefficients of species i for the reac-
4 i

tion (A) and for the reaction (B) , respectively, d.fin.d by .quation
- J (10) . Substitution of equation (35) into equation (34) yi.lds

24
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8cc2 d N 2 1 di2 * e
____ — - + — — - ak Cc2 

- C2
~ ) (36)

dx n F d x  $

3cc3 d N 3 4 di2 *
• - 

____ — — — + 2 ak Cc 2 - C2
~ ) (37)

øt dx n F d x

8cc
0 

d N  
*

____ — - 
- + ak Cc2 - c~~) (38)

dx

* * *‘ühere 52~~
52~~

1
~ 

s3~4~ 53~—2~ ~~~~ 
and s~,—i have been substittited-.

Overall Conservation Equation

The porosity of the electrode will increase as zinc dissolves and

decrease as ZnO precipitates. A material balance on the solid phases

shows how the porosity changes with time as shown below .

• ._
i
.. 

~~~~ 
V~s~ + 

~~~~~~ ~~~~~~~~~ 

- c~~) (39)

solid solid
- - 

species 
- -

~~ species

where is the partial molar volume of species i.

Similarly, a material balance on the species in the sciution

phase gives the following electrolyte continuity equat r 
-

- 8e dv0 /VAt2 ‘VBt3 VA$2 ~j B53 V0s
0\ 

1 di2
8 t d x 

~
Z2V2~~~~~~3

f l V
~~~~

fl n / F d x

- 

~~~

; 
(52VA + ~3~B + v

0s:) (C
2 

- c~~~) (40)

This equation is obtained by adding equations (36) , (37) , and (38)

which have been mult iplied by V
A
/4, 

V81~3, and V0, respectively, and
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using the relations of cAVA+cBVB+cOVO~l, VAD~~+VBDM
_V
OooA

so, and

VADAB iVBDBB
_V
ODOB•0. The last two relations for and DOB are

obtained from equations (21).

From equations (39) and (40) , the convective bulk flow motion in

the porous electrode can be described by the following overall continuity

equation.

d v ° 1 t°V t°V i d i
_ _ _  — —  — V~ +4VB

_ V
A
_ 2 ( 2

A
A + B~~~~~dx nP V1 ~~ 

jdx

+ ..
~; [ V~~0+ 

~~~~ 
2V8

_ VAI
(C2 - c~~) (41)

- The second bracket term is the volume change of reaction (B) . The

first bracket term represents the volume change due to reaction (A) if

equation (24) is applied.

Ohm’s Law in the Solid Matrix

Ohm’s law in the solid matrix can be written as

d~ (42)
m dx

where is the potential of the solid matrix, and m is the volume of

conducting material per unit volume of the electrode (not necessarily

equal to 1-c) . The superficial current density in the solid phase i1
and that in the solution phase i2 are related to the total applied

current density as i~+i2-I. The conductivity of solid matrix is approx-

imated by 
--

~ 

a — 
~~n

(tZn1
t + a~~~(c10)

t + a0 ( c ) t

where a~~, a~nO, and are the conductivities of the zinc metal, zinc

26
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oxide, and inert materials in the pure solid state, respectively, and

£Zn~ €ZnOD and are the volumes of zinc, zinc oxide, and inert

materials, respectively, per unit volume of the electrode.

Mass Transfer Coefficients 
~
1A’ k3, and k~)

The react ion rate is determined by the rate of mass transfer of a

limiting species between bulk solution within the pores and the active

reaction sites. During discharge, hydroxide ion is depleted at the

metal surface, producing zincate ion. The zincate ions are expected to

diffuse into the bulk solution in the pores resulting in a supersatu-

rated zincate solution. At the same time, the zincate ions in the

supersaturated solution will diffuse to the ZnO surface to precipitate

as m O. The limiting species at the metal surface during charge is the

aincate ions which must be supplied from the bulk in the pores. The

solut ion becomes undersaturated with ZnO and solid ZnO will dissolve

into the solution.

Based on the assumption that there exists a characteristic dif-

fusion length, 6 , which is the distance between the solid-solution

interface and the bulk solution inside the pores , mass transfer coeffi-

cients kA, k8, and k: defined in equations (30) , (31) , and (35) are

describ ed by the following equations (see Appendix B for derivation)

~ D
* ; k ~~- 

AA

ln(~-)

a
l~~~-A Da ; k ~~- ~~ (44)
ln(L.)

m
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where kA and kB are the mass transfer coefficients of potassium zincate

and potassium hydroxide, respectively, transferring from metal surface

to the bulk within the pores or vice versa , 6 is the characteristic

diffusion length, k; is the rate constant combining mass transfer of

zincate from bulk to ZnO surface with chemical rate constant for preci-

pitation of ZnO, and D~~ and DBB are the diffusion coefficients of the

potassium zincate and potassium hydroxide, respectively. The area am
and a5 represent the interfacial areas which are active for electro-

chemical reaction (A) and for chemical reaction (B) , respectively.

Surface Area (am, a5, and a)

The value of the true electrochemically active area is difficult

• - - to determine. To a first approximation, it is assumed that the macro-

scopic averaged particles with -uniform radius are arranged in face

centered cubic closed packed positions. For a given reference porosity

and radius R0, the solid-solution interface area a0 per unit volume

of the electrode can be estimated from the relation of a°—3(l-c°)/R°.

The specific surface area of the electrode at any state having porosity
• of c can be related to the reference interface area a0 as

(1-e0)/R . Since the ratio R/R° is equal to (a/a0)~
S 
, the specific

area a can be represented as follows :

a _ a 0 (  
::o)

2/3 

-
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The specific interface area a is the sum of the area a
m which is active

for charge transfer reaction (A) and the area a5 which is the active

site for dissolution or precipitation of ZnO.

In the absence of the inert conducting material, the area am and a5
become a~~ (zinc area) and aZnO (ZnO area), respectively. They are

approximated by the following equation. -

*(c2 )(or am) • a - z~~0 — a 
* 

(46)
(c
z )

P+ (C~~0)~

where is the volume fraction of ZnO, £~~ ~S the volume fraction of

active zinc which can be converted into ZnO, and p and q are the cons-

tants relating volume to surface area which depend on morphology of the

crystals (p—q— -
~~ for cubical or spherical crystals). The volume frac-

tion of active zinc, £~~~~, is defined by

* vile.n
• c  — ( c ’ 6 + t  ) (47)Zn Zn Zn Zn

where ~~~~~ and ~~~~ represent the volume fractions of nonactive zinc

caused by pore plugging (blockage of the 1st kind) and complete coverage

on zinc surface by ZnO (usually cal led passivation or blockage of the

2nd kind) , respectively.

The quantity ~~~~ is approximated by

~
cOvr • plugs 

~48Zn ~~~Zn - J

where 
___

C a £ + £Zn Zn ZnO vmo

£~~ -( c) ~~ / 
~~ZnO vz )
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The meaning of the various volume fractions is explained by using the

following example.

Let us consider a local section of the electrode having porosity

of 0.3, 60% Zn by volume, and 10% ZnO by volume. The partial molar

volumes of zinc and zinc oxide are 9.15 and 14.51 cm3/mole, respectively.

Due to the differences in the partial molar volumes, 85.3% conversion

of Zn into ZnO results in pore plugging, i.e., ca0, t~~.O.O88, and

0.912. The remaining Zn can not be converted into ZnO, and is denoted

by C~~~ (.O.O88). However, complete surface coverage of zinc by ZnO

might occur before pore plugging. If complete conversion of ZnO into

Zn occurs during cycling due to a local deep charge, the maximum amount

of zinc in the fully charged state, c~~
x, becomes 0.663. The maximum

amount of active zinc which can be utilized, ~maX .plug is 0.575 .

- The fractional constant X is defined based on this quantity to describe

the failure due to passivation.

When inert conducting material is present in the matrix, a con-

stant value is used for the surface area of the inert material a1 with

the relation of aaa
~~
+a
~~0

+ai. In this case, am becomes a~~
+ai and a3

becomes a
~~0 

during charge. On discharge, am and a5 are taken as a~~
and a

~~0
+a1, respectively.

11-4 . Computation Procedures

The six equations ; two second order equations (36) and (37) and

four first order equations (28) , (33) , (41) , and (42) ; form a set of

nonlinear , coupled differential equations . The six unknown variables

are j2~ é2~ 
C2, C3, v~~ and •l’ which are functions of time and posi-
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tion . The six equations can be solved by use of numerical techniques

with the following initial and boundary conditions.

Initial conditions at time—0

C2 
a

c3 
a c~ (49)

0 -

v a 0

For the other variables, the analytical solutions of the following

approximated equations are used to estimate the initial profiles of i2,

and

- K~~~ (C~~~)
’

~~~~~~ 

2
dx

di2 ~ 
(a+a)P

—  — ~ 
a c 

- (50)
dx RT

il • I - i 2 — - a 0e —
dx

where the superscript o refers to the values evaluated at time—0, and

I is the applied current density. The solution of equation (SO) can be

written as follows (e.g., for current distribution)

• 
a~ Cosh XT + 

‘~ Cosh x(l-y) (51)
dy \ K + a SiDh X K0+% Siflh X /

where I c a .a p i °a° 1 1
X — L ~l 

a c 0 a~~~_~~_ )
RT Ce ~

where y is the dimensionless distance from the backing plate (x/L) , L ~s

the electrode thickness, 
~ 

is the effective matrix conductivity (a°c),
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and is the effective solution conductivity (K0 (C0)~~1t ) .

The boundary conditions at x 0 are as follows:

d4 2
— — 0  (or i2—O)dx
dc

— 0
dx

dc3 (52)
— — 0
dx

At the boundary x—L , the current density in the solution phase (i2)

is the same as the applied current density (I). For the species bound-

ary conditions, the limited mass transfer of the various species across

the boundary la5er should be accounted for to give a better appx oxima-

tion to an actual battery system. Most of the aqueous secondary -

batteries have a separator adjacent to the electrode surface. Membranes

have been used as separators. In some cases, porous, inert materials

(for example, dynel cloth) which contain excess solution reservoir are

placed between the electrode surface and the membrane.

If the solution reservoir is assumed to be completely mixed , the

changes in amount of species i with time in the solution reservoir are

equal to the flux of species i across the boundary at x-L , N~, minus

the flux of species i across the boundary layer (or membrane) , N~
1.

Based on this concept , the boundary conditions at x-L can be written

as follows :

At xaL i a !2
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_!. (Vc2) • A(N~ - N~~) (53)

—
~~~ (Vc

3) — A(N~ - N~~)
at

where A is the cross sectional area of the electrode and V is the volume

of solution reservoir located between the electrode surface and the mem-

brane. If excess solution reservoir is absent (i,e.~,V—O), the above

boundary conditions simply represent the conservation of fluxes at the

boundary , i.e., N~- N~~ and N~. N~
1.

The fluxes N~ and N~ are given by equations (25) and (26) , respect-

ively, modified to describe the fluxes at the boundary at x—L. The

fluxes N~
1 and N~ are written as follows:

bl bl bl

• — Cc  - c ) + —  I + c  v
2 2 2  (54)
bl bl bl

o~ _______-i—. • —~~c - c j + ~~+ c  v
3 Z3 3

where d is the thickness of the boundary layer (or membrane) .

The six equations can be solved by numerical techniques developed

by Newman (81,82) subject to the initial conditions (49) and (50) and

the boundary conditions (52) through (54) . The electrode length of L

was divided into NJ mesh points separated by a distance h between mesh

points . The boundaries were at Jal (x—0) and J—NJ (x•L) . Mesh point J

r.f.rs to a distance of (J- l) h  fro, the backing plate . In the computer

progr- (ng, the variables were denoted as follows :

C(l ,J) • i2 (J)
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C(2 ,J) — •2 (J)

C(3,J) — c2(J) or c
A

(J)

C(4,J) — c3(J) or cB(J)

C(5,J) — J~~J)

C(6,J) —

In order to apply Newman ’s technique, the six equations were

linearized about a trial solution and put into finite difference form.

Central difference form was used for equations (36) and (37) . Forward

difference form for equation (28) and backward difference form for

equations (33) , (41) , and (42) were employed with the coefficients of

terms being averaged between two appropriate mesh points . The result-

ing six finite difference equations are correct to second order , h2 .

At the boundaries J—l and 3—NJ, the following finite difference

forms were used for the first order boundary conditions .

For 3—1,
dC’K j ’ 3C(K,J)+4C(K,J+1) C(K,J42) 2a(J) ‘- ‘ -‘ a(J) + O (h )

dx 2 h

For J-NJ

dC (K,J) C(X ,J-2)—4C (K,J—l )+3C(K ,J) 2a(J) • a (J) + O(h )
dx 2 h

where K refers to the unknown variable and J refers to the mesh point.

The Crank-Nicolson implicit method (83) was used for averaging

time derivatives in equations (36) and (37) . For example, considering

the following equation,
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the finite difference form used is

C(3,J)-Z(3,J) 1 C(3,J+1)+C(3,J-l)-2C(3,J)
____________ • — a(J)

At 2 2 h

1 Z(3,J+l)+Z(3,J-l)-2Z(3,J)
+ — z;(J)

2 2 h

where Z and za represent the values of C and a of the previous time

st•p , respect ively.

The resulting matrix was solved using numerical techniques

developed by Newman (81,82) . The convergence criterion used was

which is defined by the ratio of the difference between the two suc-

cessive solutions to the present solution.

The numerical calculations require a knowledge of the various

parameters used in the mathematical model . The conductivity of the

electrolytic solution (84) , solubility of ZnO in KOH solut ion (85) , and

activity coefficients of KOH and potassium zincate (68,86) were

expressed as a function of concentration based on the data taken from

various literature reports . Those formulas and references are

described in Appendix C. Other chemical and physical parameters perti-

nent to the system under consideration are described in Appendix D-l.

The computer programs and the control parameters are shown in Appendix

D. The numerical solutions were carried out in double precision on the

XLA 1314 360/91 digital computer.
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III • ZINC ELECTRODE BEHAVIOR PREDICTED FROM
THE MATHEM~LTICAL MODEL

The mathematical model described in the previous section was solved

to predict the behavior and failure modes of the porous zinc electrode

having the following initial conditions. The electrolytic solution

initially contained in the pores is taken as SM KOH solution (about 35

wt%) saturated with zincate (c~aO.66M). The electrode under considera-

tion is initially 40% void volume, 50% zinc, and 10% ZnO by volume Cc0—

0.4, c~~aO.S, c~~o
•O.l, and c~aO). The zinc electrode behavior during

galvanostatic operation with superficial current densities of 50 and

20 mA/cu 2 were considered. These current densities are believed to be

high enough to represent those required during operation of comson

secondary batteries and low enough to eliminate anodic passivation,

at least in the initial stages. Therefore, it is assumed that complete

coverage of the zinc surface by precipitated ZnO (passivation) does not

occur; ~~~~ is zero.

A general membrane boundary case, where a membrane is placed

between the zinc electrode surface and the free solution, is considered

by taking the parameters shown In Table 1 (type I). However, some of

the results for the other boundaries , when they appear to be useful ,

are also included; for example, solution boundary (the third column)

- I and cation exchange RAI P2291 membrane boundary (the fourth column of

Table I). The other parameters used in this calculation are shown in

Appendix D-l. The predicted results during galvanostatic discharge of

a porous zinc electrode are shown in Figures 2 to 7. Figures 8 to 13

illustrate the sumaarized zinc electrode behavior during cycling.
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Table I. Transport Parameters Applied to the
Various Boundary Layers

Type I Solution Type II
Membrane 

~~ d~ 
Membrane 

*Boundary Un ry (RAI P2291)

0.5 0.23 0.5

41 0.0 
- 

0.05 0.0

4’ 0.5 0.72 0.5

D~~ (cm2/s) 2.5x1o 8 
~.oxio 6 l.oxlo 8

D~~ ( 2/ )  2.5x10 7 
- 

2.OxlO 5 7.5x10 8

d (cm) 0.0025 0.005 0.0025

(cm/a) 1.0xl0~~ 0. 0012 4.OxlO 6

(cm/a) 1.OxlO 4 0.004 3.0x10 5

* Transport parameters for RAI P229 1 membrane were taken from
the data of Sinha and Bennion. (87) . The parameter i4j is
defined by D~j /d (refer to equation 54).

________________ 
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111-1. Discharge Behavior

Figure 2 shows the anodic overpotentials , ~ (0) - d~2(L) , defined by

the potential of the backing plate minus the potential in the solution

at the electrode surface, as a function of t ime or depth of discharge.

The shape of potential -time curve resembles those reported by Elsdale

et al (88). In contrast to the sharp increase at a point of passiva-

tion on a planar zinc electrode (for example, see references 14 and 15),

the potential—time curve is characterized by an initial gradual rise in

overpotuntial followed by a steeper rise at a later stage. The overpo-

tential goes up substantially in the region of 40% depth of discharge.

It is to be noticed that even in the idealized model, only 40% of m i -

tial zinc metal can be converted into ZnO prior to electrode failure.

The electrode failure at 40% depth of discharge is caused by high ohmic

loss in the solution due to the decrease in pore size as well as KOM

concentration and partly by high act ivation and concentration overpoten-

tials.

Figure 3 shows bow the concentration profiles for KOH (top curves)

and potassium zincate (bottom curves) develop during discharge at 50

mA/ca2 current density. Initial concentration of the solution was 8M

EON saturated with zincate (0. 66M) as shown by dotted lines. After one

minute polarization , KOH concentration decreases and zincate becomes

supersaturated (curve A). On further discharge, EON concentration

decreases further to give curves B for 10%, C for 20% , and D for 30%

depth of discharge. Saturation concentration of zincate decreases as

ECu concentration decreases. Therefore, zincato solution concentration

also decreases as discharge continues; however, there is always some

38
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Figure 3. Concentration Profiles During Constant Current
Di.cb rgs for Type I Membrane Boundary (1-50
M/ca~, A for One Minute Polarization and B,C,
and D for 10%, 20%, and 30% Depth of Discharge,
zssp.ctiv.ly)
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degree of supersaturation. The significant depletion of EON electrolyte,

e.g., 4.SM at 30% depth of discharge is due to the restricted flux of

hydroxide ions across the membrane. This pheno.eno~ become more obvious

in Figure 4 where EON concentration profiles for three types of bound-

aries are presented . The average KOH concentration after 10% depth of

discharge becomes 7.SM for solution boundary (curve A) but becomes 2. OM

for type II membrane boundary (curve C). Clearly, the cell hav ng type

II membrane as a separator can fail duu to EON depletion. 
-

The charge transfer current density, j (mA/cm 2), is plotted as a

function of distance in Figure 5. Initially, the distribution of charge

transfer reaction is shown as curve A, having the maximum at the front

face of the electrode. As discharge continues up to 10% depth of dis-

charge , ICOH concentration, porosity, and therefore conductivity of solu-

tion decrease. Furthermore, the increase in the surface zincate

concentration at the zinc surface results in smaller activation overpo-

tential. These two effects shift the reaction toward the front face

and the reaction profiles become less uniform as shown in curve B. If

the electrode is discharged further beyond the 20% depth of discharge,

the reaction at the face of the electrode starts decreasing due to the

depleted active zinc metal (curve C). For 40% discharge , all the zinc

near the front face of the electrode is used up as shown in curve D.

The reaction profile is highly nonuniform and the effective reaction

zone moves step by step from the face of the electrode toward the back-

ing plate. Similar profiles are obtained for the other two boundaries .

The distribution of solid zinc and zinc oxide , in terms of volume

fractions , is plotted in Figure 6 for type I membrane and in Figure 7
- -
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for solution boundary. As shown in Figure 5, solid zinc is consumed

mainly near the face of the electrode and used up after only 23% dis-

charge for the membrane boundary (Figure 6) and 10% discharge for the

solution boundary (Figure 7). During discharge , solid zinc dissolves

into solution by charge transfer reaction (A) , producing supersaturated

zincate solution from which ZnO is precipitated by chemical reaction

step (B) . Consequently, the total conversion of zinc into zincate ion

at a specified time t , i.e., the integrated area between the dotted line

• (denoted by c~~) and the curve at time t , must be the same for both

cases. However, the total amount- of ZnO precipitated, i.e., the inte-

grated area of ZnO profile, is smaller for the solution case than for

the membrane case. For example, after 40% depth of discharge, the

amount of precipitated ZnO obtained from Figure 6 and Figure 7 are 95%

and 55%, respectively, of the total amount of the consumed zinc which

is calculated from the current applied during the operation period (8400

seconds). The missing zinc oxide is lost into the counter electrode

compartment as a soluble species, zincate ion , before precipitation

occurs.

111-2. Bohavior on Cycling

The electrode initially composed of 40% liquid filled pores, 50%

Zn , and 10% ZnO by volume was cycled with constant current density of

SO M/ca2. For each cycle, 20% depth of discharge followed by 20% depth

of charge are applied . At the beginning of each discharge or charge

step, the concentrations of zincate and hydroxide ions are assumed to be

c~ (0.66M) and 4(8M) . respectively. This assumption is not significant

- ~~- -_ --



since the time required to reach c~ or c~ is negligible compared to the

total operation time at each half cycle. For example, at the end of 20%

discharge of the first cycle, the solution is SM KOH for type I membrane

boundary case and 7•4~4 KOH for the solution boundary case. The time

required after cycle reversal for the solut ion to reach 8M KOH is about

3 minutes for type I membrane boundary and 30 seconds for the solution

boundary case.

Figure 8 shows the concentration profiles of hydroxide (top curves)

and zincate (bottom curves) during charge of the first cycle. In Figure

9, transfer current distribution on charging is compared to that on dis-

charging for type I membrane boundary case. Current distribution during

charge becomes more uniform since precipitated ZnO initially reduces

the active zinc surface area and shifts the reaction towards the backing

plate. The overpotential is plotted as a function of time in Figure 10.

The anodic ovexpotentials increase to give 20 mV, 24mV, and 32aV at the

end of discharge of the 1st, 2nd, and 3rd cycle , respectively. Similar

but less significant increase in overpotential is observed during

charge . This increase in overpotential, namely, the decrease in cell

capacity with cycling is due to the redistribution of zinc and zinc

oxide which causes pore plugging near the front face of the electrode.

The volume fractions of zinc and zinc oxide during two cycles are

plotted as a function of distance in Figure 11 for the ~~~ I membrane

boundary and Figure 12 for the solution boundary. The distribution of

zinc and zinc oxide becomes less uniform as cycling continues. This

noiumiforaity is more serious for the solution boundary (Figure 12) than

for the membrane boundary (Figure 11). The volume fractions of Zn and

L ~~~~~~~~~~~~~~~~ -- _ _ _



_ _ _ _ _ _ _  _ _ _ _ _  _ _  _ _  _ _  _ _

• 
_ _ _ _ _•. 

- 

- 

-

I 

-

.

- TYPE I MZMBRM~1 BOUNDARY

- 

~~ 

I I

8

7 -  -

~~~ 1. -) -

C

B

~~

X 0  0.02 0.04 0.06 0.08 0.1

- - 
DISTANCE FROM BACKING PLATE (cm)

Figur e 8. Concentra t ion Profile During Constant Current
Charge for Type I Membrane Boundary (1—50 mA-
ca2, V.0.1 cm, and A for One Minute Polarize—

y tion andBendCfor l0% and 2O% Depth of
Charge , Respectively)

-.

h~~  
-—--_

~~~
_ _

~~~~ - - : ~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~- 
- -
-- ---~~ -~~ 

.-
~~
--

~~
-

~
- -~~~~~~



— - - -  - - - -~~~--- ~~~~~ • - ~~~~~~— - ---~~~-

I 
— FIRST CYCLE

DISCHARGE CHARGE
60

I _ _ _ _

x0 0.05 0.1 0.05 0.1

DISTANCE PROM BACKING PLATE (cm)

Figure 9. Distribution of Local Charge Transfer Current
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ZnO for the low current density of 20 mA/cm2 are compared with those for

the high current density of 50 mA/cm2 in Figure 13. For each cycle, 20%

depth of discharge followed- by 20% depth of- charge was applied. Pro-

files of Zn and ZnO are clearly more uniform for the low current density

compared to those for the high current density.

111-3. Zinc Electrode Failure Modes

Zinc electrode behavior occurring during cycling has been predicted

by a mathematical model . Th. model predicts that discharge of the zinc

electrode having porosity of 0.4 with current density of SO mA/cm2

failed after only 40% depth of discharge (see Figure 2) due to pore

plugging (blockage of the 1st kind) as shown in Figure 6. The model

also predicts that the reaction distribution is highly nonuniform, and

the effective reaction zone is very thin (Figure 5). This nonuniform

reaction distribution will accelerate the failure due to pore plugging

— at the face of the electrode. Furthermore, the zinc metal in the region

outside the effective reaction zone serves simply as an inert matrix and

does not contribute to the cell capacity. Therefore, thin electrodes

are required for design of industrial cells in order to have high cell

capacity per unit weight of electrode.

The loss of ZnO species into the counter electrode compartment

during discharge is very large for cells without a membrane (see Figure

7), whil, for the cell with a membrane (Figure 6), mass transfer of

zincat e ion into the counter electrode compartment was restricted.

During charge , for the cell without a membrane or with a punctured

membrane, the zincate ions which have moved towards the counter elec-

1
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trode on discharging are expected to move back towards the zinc test

electrode. This type of mass tr ansport leads to zinc dendrite formation

which eventually causes short circuits to the counter electrode. This

is, probably, the main reason along with preventing zinc metal nuclea-

tion within the membrane why industrial cells having appropriate mem-

branes successfully reduce dendrite formation and short circuits.

However, for cells having a membrane such as MI P229 1 cation

exchange membrane, KOR concentration was depleted significantly during -

discharge, which can be a cause of electrode failure. Discharge failure

due to KOH depletion was predicted in Figure 4 (curve C).

Shape change, i.e., the redistribution of solid zinc species in the

y-direction , has been successfully explained by the differences in con-

vective flow and the degree of super- (or under-) saturation of zincate

ion during cycling (12,13). Similarly, redistribution of solid zinc

species in the x-direction is predicted as shown in Figures 11 to 13.

ZnO precipitated during discharge was not completely dissolved during

charge but accumulated at the electrode surface as cycling continues.

This movement may be a limiting factor in the loss of cell capacity

after many cycles.

Based on the zinc electrode behavior predicted by the present

mathematical model , failure modes occurring in the zinc electrode are

summarized as follows;

Failure during discharge
*(1) Blockage of the 1st kind (pore plugging)
*

(2) Blockage of the 2nd kind (passivation or surface coverage on zinc

surface by the precipitated ZnO)
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*
(3) Depletion of KOH solution

(4) Gas evolution

Failure during charge
*(1) Depletion of zincate

(2) Zinc dendrite formation

(3) Gas evolution

Failure during cycling

(1) Zinc dendrite formation and short circuit

(2) Shape change in the y-direct ion

(3) Redistribution of Zn species in the x-direction

(4) Accumulated gas evolution

where symbol “a” denotes the failure modes to be considered in the

present work.
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IV . EXPER IMENTS

P/-1. Preparation of the Pressed Zinc Electrode

The test electrodes were prepared from pure zinc powder (Plasmadyne

Co.) with particle sizes between 230 and 323 mesh (60-44 microns). The

zinc powder was amalgamated with mercury m a  mercuric acetate solution

containing an amount of mercury equal to 2.5 wt% of the zinc weight.

The amalgamation solution also contains one percent glacial acetic acid.

Complete amalgamation was confirmed by adding a mixture of NH4C1 and

NH4OH to a small sample of the solution, where any dissolved mercury

would form a white precipitate. After amalgamation is complete, the

zinc powder is rinsed, dried in a vacuum oven, and stored in a desicator.

The test zinc electrodes were prepared by pressing amalgamated zinc

powder onto a backing plate. The backing plate consisted of a titanium

foil (0.001 inches thick) upon which a silver screen (0.004 inches thick)

had been spot welded . Electrodes with two different porosities were

tested; low porosity and high porosity electrodes . The low porosity

electrodes were obtained by pressing the Zn(Hg) powder in a stainless

steel mold using 13000 psi. The resultant electrode contained about 0.5

grams of zinc amalgam and had a porosity of about 0.3 to 0.35. The high

porosity electrodes were prepared by the procedure given by Morrell and

Smith (34). A mixture of~ NaC1 powder and Zn (Hg) powder having the

weight ratio of 40 NaC 1-60 Zn (Hg) was pressed onto a backing plate using

20000 psi. The NaCl powder used as a filler had a particle size of 250

to 325 mesh. After pressing, the resultant electrode was soaked in

distilled water for 24 hours. Complete dissolution of NaC1 was con-
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firmed during this period. This gave a highly porous, stable structure

having a porosity of about 0.6. After the electrode was dried, a white

precipitate formed, which may be zinc-oxych]oride, zinc-hydroxy chloride,

or zinc-hydroxy carbonate. This compound was easily dissolved by dip-

ping it in dilute HC1 solution. The resultant electrode contained about

0.3 g of zinc.

The electrodes made by the above procedures were disks having a

cross sectional area of 1 cm2 and thickness of about 0.1 to 0.11 cm.

Small cross sectional area, 1 cm2, was chosen in order to minimize the

effect of nonuniform current distribution in the direction parallel to

the electrode surface.

P1-2. Potential Measurements

A schematic drawing of the test cell is shown in Figure 14. The

main body of the cell was made of Plexiglas. The test zinc electrode

was completely sealed by two 0-rings when the cell is assembled by

tightening screws. A silver screen having a zinc deposit was used as a

counter electrode. Two layers of MI P2291 (40/20) cation exchange

membrane (thickness of 0.001 inches) and one layer of dynel (thickness

of 0.005 inches), used as separators, were placed on top of the test

electrode . The MI membrane is a beta radiation cross linked low den-

sity polyethylene film which has been gasma-radiation grafted with

methacrylic acid . The dynel is a porous non-woven acrylonitrile which

is resistant to oxidation in the cell environment. The sealed test zinc

electrode contained limited electrolytic solution (about 0.03 to 0.11

cm3), while the counter electrode compartment contained effectively a

large amount of solution (about 1.5 cm3).
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The teflon capillaries lead to the Hg/HgO reference electrodes.

The Hg/HgO reference electrodes were made by the procedure given by Falk

and Salkind (89). The H-shaped glass tube contained 40 wt% KOH solution

which contacted with a mercury oxide-mercury- platinum wire couple. A

dynel fiber plug was inserted into the end of the capillary tube to

minimize the flow of electrolytic solution from the zinc electrode corn-

partrnent into the reference electrode or vice versa .

After evacuation, filling the cell with solution, and assembling

the cell, the test electrodes were discharged galvanostatically in a

40 wt% KOH solution saturated with ZnO. Figure 15 is the basic circuit

used in operation of the cell. The overpotentials of the test zinc

electrode were measured with respect to Hg/HgO reference electrodes

using a Keithley Model 602 electrometer and one channel of a Varian

Associate G2000 two-channel recorder. Three Hg/HgO reference elec-

trodes were used to measure the zinc electrode potentials at three dif-

ferent positions; one above the nembrane, one on the electrode surface,

and one on the backing plate . An automatic multipole switch and a

Flexopulse HG lO8A6 timer were used to allow periodic measurements at

three positions with intervals of 20 seconds. An ext ernal zinc-mercury

cell was connected in series in the electrometer circuit to cancel out

the equilibrium potential of the zinc electrode with respect to Hg/HgO

reference electrod.. This arrangement allowed zero potential at open

circuit and the sensitivity of the potential data was improved . Poten-

tial diff•rences between th. zinc test and th . zinc counter electrodes

were recorded continuously using th. other channel of the recorder.

The int.grated current passed was counted by a coulometer, Model 541
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ligure 15. Electrical Circuit for Operation of Cell.
A, ~~~ter ; C, counter electrode; El, electrometer for
monitoring test to counter electrode potential, difference;
12, electrometer for measuring ov.rpoe.ntiala at thr.. dif-
ferent positions; H, Hg/EgO reference electrodes (40 wtl
HOE solution); H, separators; 0, resistor; PS , constant cur-
rent power supply; B, two channel recorder; Z and Za , zinc
teat and zinc auxiliary electrodes (40 wtZ HOE-saturated
zincate) ,respectively. 
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P/-3. Determination of Reaction Profiles

Some electrodes were sectioned using the technique developed by

Bro and Kang (39) . The discharged electrode was fitted into a fixture

having a microadvancing screw. This allowed the electrode to be ad-

vanced 0.025 inches per revolution. The electrode having thickness of

0.1 to 0.11 cm was then machined off, by use of a milling machine, in

the direction parallel to the electrode surface. This sectioning opera-

tion resulted in about 5 to 10 sections . The machined chips per each

section were collected and analyzed to determine the amount of zinc and

zinc oxide.

The standard technique for analyzing zinc and z inc oxide with EDTA

titration has been described in detail by Welcher (90). The sectioned

chips were dissolved and stirred vigorously in 10 ml of lM NH4C1-NH4OH

buffer solution for five minutes. Previous investigators (38,91) have

suggested that this solution dissolves ZnO completely but attacks zinc

negligibly during this period. The solution was vacuum filtered and

washed six times with distilled water. About 5 ml of lM NH4C1-NH4OH was

added to the filtrate and the resulting solution was titrated with 0.1M

disodiia EDTA. Near the end point, 0.OlM disodium EDTA was used to give

a more accurate titration. The indicator used was 0.2% solution of

Eriochrome Black T in triethanolamine. The color of indicator changes

from red to blue at the end point. The weight of ZnO equivalent to 1 ml

of 0.1M disodium EDTA is 8.138 ag. Following the analysis of the ZnO,

the filtered zinc powder was dissolved in 1 to 2 ml of 10t4 HC1 solution

for several hours. The solution was adj usted to p11.7 by adding iN KOH
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solution and then p11—10 by adding 1M NH4C1-NH4OH solution, and titrated

with 0dM (and 0.O1M) disodium EDTA. The equivalent weight of zinc for

1 ml of 0.lM disodium EDTA is 6.538 ag.

The error associated with the above procedure was estimated from

the following experiments. Samples containing known weights of Zn or

ZnO were titrated without filtration. For ZnO the results of the titra-

tion agreed with the known weight of the ZnO sample within 0.5%. For

the sampled zinc powder, titration error was within 1%. However, when

a sample containing a mixture of known amounts of Zn and ZnO is analyzed

by the above procedure, it appears that the vigorous stirring, used to

ensure the complete dissolution of ZnO, increases the dissolution rate

of Zn. In order to quantify the error caused by the dissolution of Zn,

samples of amalgamated zinc powder were vigorously stirred in 10 ml. of

lM NH4C1-NH4OH solution for five minutes and vacuum filtered for one or

two minutes. The filtered solution was titrated with disodium EDTA.

It was observed that the dissolution of zinc in lM NH4C1-NH4OH solution

was about 4 wt% of the initial zinc within 6 or 7 minutes contact time

as shown in Figure i6. Thus, when the amount of dissolved zinc during

selective dissolution of ZnO from a Zn-ZnO mixtur e is accounted for,

titrat ion errors remain within 1% unless the sampled chips require less

than about 0.02 ml of 0.1M disodium EDTA for titration.

The reaction profiles are represented by the absolute volume frac-

tions of Zn and ZnO as a function of distance. During discharge, the

•1.ctrode thickness generally increased as much as 10% depending on the

porosity and depth of discharge. Th.refore, the fractional thickness of

— - 
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th. sectioned electrode was taken as the moles of Zn and ZnO in the chip
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sample divided by the total moles of Zn and ZnO.
Zn ZnO
~~ 

+n j
d~ - 

t (n ~~+ n ~~0 )

where ~~~ and n~~° are the number of moles of Zn and ZnO in the i th

sectioned chip sample, respectively, N is the total number of sections ,

and d~ is the dimensionless thickness of the i th sectioned sample.

6
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V. RESULTS

V-l. Reaction Profiles

The reaction distribution, in terms of the volume fractions of Zn

and ZnO, is shown in Figures 17 to 23. In all of these experiments, a

dynel cloth was placed between the test electrode surface and the mem-

brane. This arrangement is designated by “ZDM” configuration through-

out this report. The measured volume fractions of ZnO are represented

by the histog rams and those of zinc axe plotted as circles and hexagons,

which are located at the center of each level of the ZnO histogram.

Some of the measured profiles are compared with the profiles pre-

dicted from the mathematical model. The data of Appendix D-l are used

for the numerical calculations . Some of the important parameters are

as follows : the initial specific surface area, a0-300 ca2/cm3 initial

KOH concentration , c~— l0 P4; initial porosity, a°uO.33 for the low poro-

sity electrode and £~—0.6 for the high porosity electrode; initial

volume fractions of ZnO and the inert conducting material, 0 and

c1
~.0; exchange current density, i~—O.l amp/cm

2 (taken from reference

52); tortuosity factor, t—O . 5; transport parameters of hydroxide ions

across the two layers of RAI P2291 membrane , t~-O.5 and L~8”l.5xlO
5

ca/sec (taken from reference 87) .

All the parameters used are taken from experimental data reported

in the literature or are estimated from theoretical considerations .

One exception is the effective conductivity of the electrolytic solu-

tion which was chosen to give the best fit between experimental and

theoretical results. The effective conductivities are taken as 27%

~ 
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(for the low porosity electrode) and 12% (for the high porosity elec-

trode) of the conductivity of the free electrolytic solution. This

F 

choice may not be unreasonable considering the observations of Simon-

sson (28) and Romanova and Selitsky (76). They observed an effective

conductivity which is only about one tenth of the conductivity of the

free solution. They attributed- this large reduction in conductivity

to the gas generaged in the pores.

Figure 17 shows the volume fractions of zinc (circles and hexagons)

and zinc oxide (histograms) measured for low porosity electrode (ZDM

configuration) discharged to 8% depth at 50 mA/cm2. The predicted

profiles are shown as the smooth curves. The reaction profiles are

highly nonuniform resulting in a very thin reaction zone . The observed

as well as predicted reaction profiles, discharged at a low current

density of 20 mA/cm2, are shown in Figure 18. Circles and solid line A

are measured after 10% depth and hexagons and solid line B are measured

after 23% depth of discharge. Even for the 20 mA/cm2 discharge , a

thin reaction zone is still observed. After 23% depth of discharge

(4.51 hour), all the zinc at the electrode face is used up and reaches

the region for pore plugging. Discharge failure occurs at about 22%

depth in the theoretical calculation but at about 32% depth in our

experiments. Cracking or swelling of the electrode observed during

operation allows further discharge to 32% depth (6.3 hour discharge)

before the electrode fails due to pore plugging . It is to be noticed

that only one fift h of the electrode is effectively utilized prior to

electrode failure.

The zinc and zinc oxide profiles for the high porosity electrode
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to 10% depth at 50 mA/cm2 are shown in Figure 19. Further discharge up

to 21% depth (one hour discharge) results in the profiles in Figure 20.

Two sets of data as well as the predicted profiles are presented. For

the high porosity electrode, ohmic loss as well as concentration over-

potentials through the solution are smaller than those for the low poro-

sity electrode. This small solution resistance shifts ~the reaction

profile towards the backing plate to produce a more uniform profile.

Agreement between the measured and the predicted profiles becomes poor

compared to that for the low porosity electrode. This is due to the

severe swelling of the high porosity electrode which is weak in mecha-

nical strength. Evidently, porosities for this electrode are ‘.arge

enough to eliminate the failure due to pore plugging, at j east in the

short cycle range.

In Figure 21, the measured profiles for 20 mA/cm 2 discharge are

shown. Curve A is for 10% depth of discharge and curve B is for 22%

depth of discharge (2.6 hour operation) . Since the mechanical strength

of this electrode discharged to 22% depth was very weak , the electrode

was broken into pieces during sectioning process of the missing portion

of solid line B. Discharge of this electrode at 20 mA/cm2 continued

to more than 68% depth (8 hour operation).

In Figure 22, the measured profiles of zinc and zinc oxide for

the low porosity electrode having thickness of 0.05 cm is compared to

that for the electrode having thickness of 0.1 cm.

The profiles shown in Figure 23 are measured after one cycle for

a low porosity electrode with an applied current density of 50 mA/cm2.

- 

- 
The total charge passed at each half cycle was equivalent to 10% conver-
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sion of initial zinc. Some of the ZnO precipitated on discharging wa~
not dissolved completely on charging but remained near the face of the

electrode. This type of ZnO movement on cycling might cause long time

failures.

V-2. Overpotentials of the Zinc Electrode

The potential data taken during the preliminary test period were

not reproducible. It was found later that the reproducibility of the

data was successfully improved when the amount of electrolytic solution

accessible to the electrode was carefully controlled . Consequently ,

• several cell configurations having different amounts of electrolytic

solution have been used in the potential measurements .

Figure 24 illustrates the anodic overpotentials during discharge

at so mA./cm2 for four different configurations. They are a low poro-

sity electrode having dynel on top of the membrane (designated by L50-

• 
, 

ZMD), a low porosity electrode having dynel beneath the membrane

(LSO-ZDt4) , a high porosity electrode having dynel beneath the membrane

p (HS0-ZDM), and a low porosity electrode having dynel but without a mem-

brane (L50-ZD). For all the as , dynel and membrane refer to the

use of one layer of dyn.l cloth and two layers of RAI P2291 membrane ,

resp.ctiv.ly. Placing dynel cloth below the membrane in ZDI4 configura-

tion provides an additional solution res ervoir of about 0.03 cm3, but

the dynel cloth used in an arrangement Z~~ simp ly serves as a support-

ing material to minimize the difficulties associated with swelling of

the electrode.

The zinc electrode compartment is about 0.12 cm thickness (see
4.,-
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Figure 14), while the zinc test electrode has thickness of about 0.1 to

0.11 cm. For 0.1 cm thickness electrodes, the configurations ZMD and

ZDM using low porosity electrode (e.0.3) have electrolytic solution of

about 0.05 cm3 and 0.08 cm3, respectively. The total capacity for the

• the low porosity electrode is 23.6 A-mm (or 471 minutes operation at

50 mA/cm2) and that for the high porosity electrode is 14.05 A-mm (or

281 minutes operation time at 50 mA/cm2). Discharge failure occurs

after 33 minutes for L50-ZMD (curve A), after 62 minutes for L50-ZDM

(curve B), and after 70 minutes for H50-ZDM (curve C). These observa-

tions indicate that the electrode failure is caused by KOH depletion

since the failure time is approximately doubled by increasing the

electrolyte voiwne from 0.05 cm3 for ZMD to 0.08 cm3 (for L50-ZDP4 con-

figuration) or 0.11 cm3 (for H5O-ZDM configuration). The theoretical

result shown in Figure 4 (curve C) also indicates that the discharge

to 10% depth of the cell configuration corresponding to ZMD decreases

the KOH concentration from 8 M to 2 M.

The predicted ov.rpotentials using the data of Appendix D-1 were

plotted as white circles for LS0-ZMD configuration and as black circles

for t5O-ZDM configuration. The volume of the external solution reser-

voir, which is located between the electrode surface and the membrane,

is taken as 0.01 cm3 for ZMD and 0.05 cm3 for ZDM configurations in

the numerical calculat ions . Discharge for the cell without a membrane

(L5O -ZD) (curve D in Figure 24) was continued to 137 minutes. Since

there will be a large supply of KOIl solution fro. the counter electrode

compartment , the fai lure observed for L50-ZD electrode might be associ-

ated with the pore plugging.
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Figure 25 shows the anodic overpotentials measured at the face of

the zinc test electrode during discharge with 20 mA/cm2 current density.

Those for 50 mA/cm2 discharge are shown for comparison. Curve C (L20-

ZDP4) and curve A and B (two sets of data for L20-ZMD) give about 6 to

7 hours failure time (31 to 36% depth of discharge). Discharge of the

high porosity electrode (1120-ZDM) can continue further, beyond 8 hours

operation (or 68% depth of discharge). It is to be noticed that the

addition of dynel as a solution reservoir (curve C) does not increase

significantly the failure time compared to L20-ZMD cell (curves A and

B) On the other hand, the use of a high porosity electrode increases

substantially the fai lure t ime. Further more , signifi cant drop in

overpotential instead of continuous increase was frequently observed

as shown in curve A at 1.25 hour discharge and also in other curves

as smooth humps , which are caused by swelling and cracking of the elec-

trode. Thes e observations favor the pore plugging model , attributing

the fai lure during a 20 mA/cm2 discharge to pore plugging.

It was mentioned that the calculated discharge used in Figure 18

failed at about 22% dep th (4.32 hour operation). The overpotential

obtained from the numerical calculations for Figure 18 are plotted as

white circles . The predicted discharge failure time is much shorter

than the observed failure time. When the electrode is allowed to

retain its porosity of 0.3 during discharge in the numerical calcula-

tions, the resulting overpotent ials resemble the observed overpo t en-

tials as shown in the black circles .

The numerical calcu lation s modified to include the swelling effect

(black circles) can be described as follows. The reaction zone of the
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low porosity electrode (initial porosity of 0.33) is allowed to retain

a constant porosity of 0.3. The increase of the solid volume due to

the precipitated ZnO is transferred to the reservoir region (volume of

0.01 — 0.02 cm3) between the electrode surface and the dynel cloth .

When the porosity of this reservoir region reaches 0.3, the porosity

of the reaction zone is allowed to decrease due to the precipitated

ZnO, causing the pore plugging. The black circles obtained , based on

these numerical procedures, agree well with the observed overpotentials.

Several photographs of the discharged electrode surface are shown

in Figures 26 and 27. In Figure 26, the surface of the unused zinc

electrode (picture A) is compared with that of the electrode L50-ZMD

which failed due to KOH depletion. The porous structure is still

visible in picture B. In Figure 27, picture A shows the surface of the

electrode L20-Z?4D after 6.33 hour discharge to failure. The ZnO preci-

pitated as a continuous coherent film causing the pore plugging.

Picture B is the surface of H20-ZDM electrode taken after 8 hour dis-

charge. The electrode did not fail during this period and the result-

ing electrode still has an open structure. The cracks and swelling ,

clearly visible in Figure 27 , are responsible for the irreg ular p0-ten-

tial behavior as described previously in the discussion of Figure 25.

Figure 28 shows the overpotentials measured at three different

positions (curves A, B, and C) and the potential differences between

the zinc test (L50-ZDM configuration) and the zinc counter electrode

(curve D). The curves A , B , and C are the overpotentials measured at -:

the backing plat e, at the face of the electrode , and on top of the

membrane, respectively. The potential difference of 80 mV between
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lines B and C, which is the potential drop across the two layers of

RAI P2291 membrane, is comparable to the ohmic loss of about 90 my cal—

culated based on the measured conductivity across this membrane (87).

The first discharge failed after 67.5 minutes. By allowing the cell to

rest for 8 minutes at open circuit , an additional discharge time of

12 minutes is obtained prior to failure. Increase in the rest period

leads to a longer time tc failure for the second discharge. This

implies that ICOH depletion is the failure mechanism under these condi-

tions. 
-

Figure 29 is the corresponding potential-time curves during

continued charge of the test electrode. The applied current density

was 50 mA/cm2 . During continued charge, about 3.9 A-minute was

recovered, prior to significant potential drop, out of 3.98 A-minute
• applied during discharge. Curves A, B, and C are the overpotentials —

• measured at the backing plate, at the electrode surface, and on top of

the membrane. Curve D is the potential difference between the zinc

test and the zinc counter electrodes . Curve S is drawn based on the

solution ohmic loss in the counter electrode compartment . The dis-

tanc e between the membrane and the counter electrode surface (1.1 cm)

and the conductivity of 10 M XOH solution (about 0.51 C~
1ca4) C84)

results in the ohmic loss of about 110 mV which is the gap C-E. The

gap D-E represe nts the anod ic overpotentials of the counter zinc

electrode .

Comparison of Figure 28 with Figure 29 provides some useful

information of the potential behavior . The test zinc electrode has

0.08 cm3 of electrolytic solution and porosity of 0.33, while the 
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electrodeposited counter zinc electrode contains 1.5 cm3 of electroly-

tic solution with porosity of about 0.6 to 0.8. Notice that the anodic

overpotential of the test zinc electrode (curve B of Figure 28) is much

larger than that of the counter zinc electrode (gap D-E of Figure 29).

This consideration indicates that the high anodic overpotentials of

the test zinc electrode consists mainly of concentration overpotential

due to the KOH depleted solution.

Another interesting point to note is the potential differences

between the electrode surf ace and the top of the membrane (line

spacings B-C of Figures 28 and 29) . This gap B-C is the potential

drop across the solution reservoir located between the electrode sur-

face and the dynel , across the dynel , and across the membrane . The

gap B-C of Figure 29 rises with time and is much larger compared to

the gap B-C of Figure 28 which is nearly constant throughout the

operation. The potential drop across the membrane of about 80 mV ,

i.e., the gap B-C of Figure 28 , is used to produce the gap C-P of

Figure 29. The significant increase of the gap B-F , potential dif-

ferences across the dynel and the solution reservoir , with time

indicates that zinc deposition reaction takes place above the d cc-

• trod. surface and grows through the dynel

The overpotentials during continued charge of the electrodes

shown in Figure 24 are plotted with time in Figure 30. The -over—

potentials measured at the electrode surface are presented . Ctiarge

failure time observed was 37 minutes for L50—ZMD electrode, 78 minutes

for L50—ZDM electrode which has excess solution reservoir in the dynel,

and U2 minutes for the high porosity electrode. Most of the coulois—
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bic charge applied during discharge is recovered during the charge step

prior to significant overpotentiai. rise. For the cell without a mem-

brane (curve D), very small cathodic overpotentials were observed

throughout the operation period. Zinc deposits penetrated the dynel

cloth and continued to grow towards the counter electrode at a fairly

constant overpotential . No failure wee observed during charge of this

• electrode. The dendrite growth of this type will short out an actual

cell whenever the membrane is bridged during operation.

After disassembling the cell, a photograph of the dynel was taken

from the side opposite of the test electrode. Picture 31—A was taken

after one discharge—charge cycle for L50— ZDM electrode. Zinc, dendrites

penetrating the dynel cloth are clearly shown. Charge failed at this

stage due to the depletion of zincate ions. A photograph of the dynel

separator used for a discharge—charge cycle of a L50—ZD electrode was

taken from the same direction as shown in Picture 31—B. Zinc dendri-

tes, for the cell having no membrane, seem to grow in the direction

towards the counter electrode until no zincate ions are available in

the counter electrode compartment. In one experiment, charge was

allowed to proceed until failure, but addition of drops of fresh

electrolytic solution restored original performance.

-•-- - • - ••-- • • - • • ••-.•- -- --- ~~— —.-- --—-- -.,-•-- ~— -  --• • ~ _J__ - ~--— •.‘--~~~--~----- -- •• - - -•-••-•-—- -— —-•- - •----•- -—---- --



— - - -- - - --- ——•-~~•-- - -~~~-- — - •  ------ --- - -

~~ ~~~~“% i ~~~~~~~~~~~~~~~~~~~~~ 

v
~~~~~

i
~~~e.

~~~~~~~~~~~~~~~~ z~
’ ¶ 

‘~ 
.
‘ 

~‘•1L. 
‘

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~
• . C  - 

- .~~I.

.
~~
.. 

• .‘.
, ; q

l!r(. 
SI
, 4 

._.

- 

~
.

F. -

: .  -U, .’. U t : T
- 

•~• . f c ’ ~~~
. 

f 1 ~~~~~~~ 
. • ‘ . k - vd

‘~U~IL17 •- 1~~• 1., - - S. - - 0 — ~4 41
-

~
,‘- ..J~~ r ’ .4. - b- -

.

~“~: ~~~~~~~~~~ 
-

~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~ I! 
~~~

—— --_______ -— - ~~- — — — — -  — - — — III 7~~1 
-

p p . .
- ‘

- - 41U  •~1. ~~~04 • ‘ -— o b O e 4 ,
. -.-~~ .- - ~~~~1 4 Q U

- - ‘~~~~~~~~~~~~~~~~~ — 0 4 1 0 . 4 1

•

-: - ,., 
- 41

.I
~~. 

• ~ ~ :
- C. -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- -  
~~~~~~

.

- ~~~~~ •‘
~~~~~~~~~~

‘
~
‘ )‘%‘i~ 

~~~~~~ •~ 
. 

-
. .4

I. - — -
~ - - ••  •• - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • - --—--•- — ~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ _~~~~~~~~~~ - -:- -- ~

,
~~

—
~~--

--—-—.‘ • 
_ _ .__-~~~

_i I



—---- • - - • - - ,- --- -•-•~~~~~• --

— -~~

- • - - - ~~-~~~•---- ~~~-• - ~~~~~~~~~~~~~~~~~~~~~~~~~~
•
~~
,-

~~~~~~
--

~~~
- - •

VI. DISCUSSION

VI-l . Failure During Discharge

In general , discharge failure of planar zinc electrodes has been

interpreted as a phenomenon called “passivation”. However , discharge

failure of the porous zinc electrode involves interrelated phenomena,

and therefore, it appears to be valuable to divide these interrelated

mechanisms into several sub-mechanisms having more precise meaning, i.e.,

• passivation, pore plugging, and solution depletion.’ Each failure mecha-

nism is defined as follows. Consider a test electrode compartment which

contains solution inside the porous electrode (designated by “internal

solution”), and solution outside the porous electrode but within that

compartment (“solution reservoir”). Solution outside the test electrode

compartment on the other side of the membrane separator which is usually

contained in the counter electrode compartment is denoted by “external

solution”. Discharge of the porous electrode may fail in three ways .

(1) If the concentration of h~rdroxide ions in the solution reset-

voir is severely depleted due to the lizited C~I~ flux across the separa-

tor , then the internal solution is also depleted of electrolyte KOH .

This causes passivation due to a decrease in solubility of ZnO and a

rapid increase in the rate of ZnO precipitation on the zinc metal , in

addition to increased resistance losses. This phenomenon is defined as

concentration depletion.

(2) If the concentration of th. solution reservoir is reasonably

~~~ high, but that of the internal solution is severely depleted due to the

limited mass transfer through the porous structure near either side of

the electrode surfaces, then the internal solution becomes depleted and
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causes passivation. This phenomenon is defined as pore plugging.

(3) Even if the KOH concentration of the internal solution as well

as the solution reservoir is appreciably high, passivation can occur by

the physical blocking of the active zinc surface by the precipita ted ZnO

or by the depleted hydroxide ion or excess zincate at the zinc surface

caused by high local current density. This phenomenon is defined as

passivation, having the same meaning as was used for planar electrodes.

Failure causes or parameters which are expected to eliminat, fail-

ure now become clear . For example, membrane parameters can be adjusted

to allow faster 0H transport or volume of the electrolytic solution

reservoir can be increased to reduce depletion of 0H concentration.

High porosity electrodes allow for swelling and eliminate pore plugging,

and high surface area reduces local transfer current density reducing

the chance for passivation .

‘71—2. Depletion of Electrolytes

The overall discharge reaction of the zinc electrode consumes

hydroxide ions and produces water . Hydroxide ion concentration is

expected to decrease in the zinc electrode compartment during discharge

if the supply of hydroxide ion from the counter electrode is not suffi-

cient to compensate for the consumed hydroxide ion. Depletion of KOR

becoises even more serious for sealed or tight packed cells having men-

branea designed to minimize failure due to zinc dendrite penetration

and shape change. Tight packing decreases the volume of electrolytic

solution reservoir and generally membranes used to prevent zinc dendrite

formation also limit the mass transfer of hydroxid. ions between the

two ~e1ectrode compartments 
-• 

A restricted amount of electro lytic solu-
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tion and/or limited flux of hydroxide ions across the membrane can lead

to a situation in which the zinc electrode fails on discharge earlier

than if a large amount of electrolyte is available.

Failure observed during discharge of the zinc test electrode having

two layers of RAI P2291 membrane with current density of 50 mA/ca2 was

attributed to the KOH depletion (see Figure 24-A ,3,and C). Theoretical

prediction shown in Figure 4 (curve C) confirmed these observations.

Depletion of ICON strongly depends on the typ. of the membrane, volume of

electrolytic solut ion reservoir , and porosity of the electrode.

In order to make such information more useful for industrial

battery design, an approximate relationship between the electrode design

parameter s and the change in KOH concentration with time was obtained

as follows . It is assumed that all the zincate ions produced by zinc

dissolution are converted into ZnO and that 0H concentration inside the

electrode is completely mixed. Under these conditions , the decrease in

ICON concentration inside the electrode , allowing for hydroxide ion flux

from the boundary layer , can be written by the following simplified

conservation equation.

V a~ N~
1 N (x.0) I r b] t 1 ~

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (55)
A at V3 V3 F z3’j3F F

where V is the volume of the electrode compartment , A is the cross

sectional area of the electrode , c is the porosity, I is the superficial

applied current density, c3 is the average (mixed) concentration of the

hydroxide ion inside the electrode, c~ is the hydroxide concentration in

the counter electrode compartment, and and t~~ are the mass transfer

coefficient of potassium hydroxide and transference number of the
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hydroxide ion across the membrane, respectively. The ratio V/A is the

same as the electrode thickness L and the concentration c~ becomes the

initial concentration of the hydroxide ion for the present cell.

The solut ion of equation (55) is given by
,bl

bl bl
C

3 
(l— t, )I - q.~_At l-t, -H—

—~ — 1 -  bi 0 c i - e  ) — l -  ~ cl- e ) (56)
F L BB c3 H

where porosity, electrode thickness, and transport parameters and

t~~ are assumed to be constant . The characteristic time r (.4FCL./I) is

defined by the time required for complete depletion of ICON when the

boundary is insulated with respect to OW flux . The dimensionless

parameter H (“c~ F L~~/I) corrects for the flux of hydroxide ion through

the boundary. For the cell configuration L5O-ZMD (t.O.4,

— 0.1, L—O.1 cm, c~ii.8M, and 1.50 mA/cm2), the characteristic time r is 617

seconds which is equivalent to only 3% conversion of initial zinc into

ZnO. This number is surprisingly small. If the flux across the men- - -

brane is considered, the ratio c3/c~ becomes, after 10% depth of dis-

charge (2100 seconds operation) , 0.68 for type I membrane (t~—0. 5 and

• l0~~ ca/sec) and 0.14 for one layer of RAI P2291 membrane (t~.O.5

and a 3xl0~~ ca/s.c) This staple calculation provides a good

approximation to the numerical solutions shown in Figure 4.

Based on equation (56) , the ratio of the average KOH concentration

inside the zinc test electrode to the initial concentra tion , c3/c~, is

plotted as a function of discharge t ime at two different current den -

siti.s in Figur e 32. The transport param eters for type II PAl P2291

membrane (L~~~a3x1O~~ cm/sec and t~u’O.5) measure d by Sinha and Bennion
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(87), electrode thickness of 0.1 cm, and initial KON concentration of

1OM are used in the calculations . Curve A is for one layer of membrane

(L
~~Ha3x10 5 cm/sec and t~—O.5) and porosity of 0.3. Curve B is for two

layers of membrane (L~OHlIl.5xl0 S cm/sec and t~.0.S) and porosity of 0.3,

and curve C is for two layers of membrane. and porosity of 0.6.

The average concentration of KO}I for 50 mA/cm2 discharge decreases

to zero after 30 minutes for the low porosity electrode (curve B) and

after one hour for the high porosity electrode Ccurve C). The two fold

increase in porosity (or amount of KOH contained in the zinc electrode)

doubles the concentration limited operation time. On the other hand ,

for 20 mA/cm2 discharge, the average ICON concentration inside the low

porosity electrode remains 3.l4M KOR at infinite time of operation

(curve B), which means that the flux of KOH from the counter electrode

compartment through the membrane can supply the KOH solution consumed in

the zinc test electrode . Consequently, the predicted (Pigure 32) and

the observed (Figures 24 and 25) results lead to the conclusion that at

high rate discharge (50 isA/cm2), ICON depletion causes the zinc electrode -

to fail prior to pore plugging, while discharge at low rate (20 mA/cm2)

continues until pore plugging causes zinc electrode failure.

VI-3. Pore Plu~ggi~~
— 

- Discharg. of most battery electrodes is accompanied by changes in

— 
pore sizes because of the differences in the molar volumes of solid

reactant and solid product. Since th, molar volume of ZnO (14.51 ca3/

mole) is lar ger than that of zinc (9.15 cm3/mole) , th, conversion of

zinc into ZnO during discharge d.cr.ases the pore size and eventually

causes plugging of the porous structure unless sufficient space is

15
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provided for the swelling. A nonuniform current distribution will

accentuate this problem at the pore mout - - This phenomenon has been

given some attention recently by Gidaspow and Baker (30) who emphasize

porosity changes and pore plugging as a mechanism of battery failure.

Discharge failure due to pore plugging was predicted from the

mathematical model as shown in the reaction profiles of Figures 6 and 7

(see also Figure 18). If it is assumed that all the zincate ions result-

ing from zinc dissolution precipitate as ZnO on discharge, the zinc

electrode having a relatively low porosity (less than 0.4) can be easily

blocked by the precipitated ZnO . Failure due to pore plugging is ex-

pected to occur after only 10% depth of discharge when a penetration

depth of 0.1 is considered. This pore blocking was confirmed by experi-

mental and theoretical reaction profiles obtained for the low porosity

electrode discharged at 20 mA/cm2 current density, as shown in Figure 18.

Potential measurements support this phenomenon. Failure time observed

during low rate discharge (20 mA/cm2) was about 6 to 7 hours which is

equivalent to 31 to 36% depth of discharge.

The discrepancy between the observed and expected failure time is

primarily due to swelling and cracking of the electrode and partly by

incomplete precipitation of ZnO. The test electrode used in our study
— was supported by plexiglas except the front surface which had dynel cloth

as a supporting material . Therefore, the stress arising from the -

-
- 

- - 
increase in solid volume during discharge causes swelling and sometimes

- - cracking of the frontal surface which increases the time required for

plugging by several times. This phenomenon, so called pore plugging,

is also observed during high rate discharge (at 50 mA/cm2) of L50-ZD

97.
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electrode having no membrane (see curve D of Figure 24) .

Complete pore plugging leading to zero porosity is not necessary to

cause failure. The electrode face having pore size smaller than some

certain value can limit significantly the KOH supply into the interior

of the electrode, resulting in KOH depletion and then passivation .

Simonsson (28 ,29) has proposed this phenomenon, i.e., blocking of the

electrode surface in the outer layer of the electrode by a discharge

product followed by acid depletion in the inner part of the electrode,

as a failure mechanism during high rate discharge of the porous Pb02
positive electrode in a lead acid battery.

The effect of pore plugging on concentration of electrolyte in the

interior of the electrode can be roughly estimated by use of equation

(56) . Consider a situation which might occur after 20% depth of dis-

charge of an L20-ZDM electrode. It is assumed that an electrode with a

unit cross sectional area (A— i cm~ consists of an outer layer of ZnO

which has a porosity of 0.05 and a thickness of 0.02 cm and an inner

layer of unattacked zinc having a porosity of 0.3 and a thickness of

0.08 cm. The following parameters are applied to equation (56) : A—i cm2,

V (volume of electrolytic solution of the inner part)—0.024 cm3, 1—0.02

amp/cm2, ~~~~~~ and c~ (initial concentration of ICON outside the elec-

trode) .0.005 mole/cm3. The mass transfer coefficient across the outer

(La) is evaluated using the values of D~8..2xlO 5 cm2/sec and d 0.02 cm,

i.e., L~~ .D~8a1 5 /d.l.ll8xlO~~ ca/sec. The OW concentration, C3,
calculated from equation (56) becomes 3.95 M after 8.3 minutes and 1.63 M

tfter ~33~ainutes~.

U -
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VI-4 . Passivation

A number of workers (14,15,16,17) have reported discharge failure

associated with the passivation of a flat plate zinc electrode in alka-

line solution as was summarized by Jolas (92) and Powers and Breiter

(93) . It is generally agreed that the passivated electrodes are

physically blocked from further dissolution by the presence of a passi-

vating film of ZnO (14) .

Two possibilities exist for the formation of the passive film;

(a) direct formation on the electrode surface through a solid stat e

reaction and (b) indirect formation from a eupersatursted zincate solu-

tion through a dissolution-precipitation mechanism (51,93,94,95,96).

Further studies (94 ,95 , 96) on planar zinc electrodes have shown that

a white porous film of ZnO (type I) forms by precipitation from super-

saturated solution before passivation occurs , while a coherent compact

film of ZnO (type II) with color varying from light grey to black,

which is responsible for passivation, appears directly on the surface

beneath the type I film. It was also indicated that a ~~~ I film and

then a type II film could be formed in the absence of convection, but

only the type II film was observed when the conditions for supersatura -

tion were largely removed by th. presence of convection or stirring.

Only a few works (88 ,94 ,97) have been rep orted on the passivation
— behavior of the porous zinc electrode . Breiter (97) has found that

only a small fraction of the interior of the porous electrodes partici-

pate in the electrochemical process. Nagy and Bockris (38) explained

the passive film on the zinc surface. Elsdale et al (88,98) observed

4 

their measured reaction distribution by introducing the effects of

-4.-I - 
-
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a gradual increase in potential in the vicinity of transition from the

active to the passive region, in contrast to the abrupt increase in

potential for the planar zinc electrode (for example, references 14 and

15) . Consequently, they defined a time, t0 3 ,  as the time required

for attainment of a potential rise of 0.3 V from the initial potential

and provided a linear plot of current density versus

It is assumed that the two types of passive film (i.e., porous

film and compact film) observed by Powers (95) are formed by the follow-

ing mechanisms (99).

Zn(OH)2 — ZnO + H20 (a)

Zn(OH) — ZnO + H20 + 20W (b)

Previous investigators have explained passivation phenomenon using

transport process of zincate ions away from the metal surface. A very
- 

- useful interpretation of the passivation mechanism can be made if

hydroxide concentration at the metal surface is included in the pass i-

vation mechanism.

If the concentration of OW at the zinc surface is severely

depleted or if the ratio of zincate to OW exceeds a certain critical

value, the intermediate species , Zn (OH) 2, of the zinc dissolution reac-

tions can not dissolve in the ICON solut ion but produces a compact film

of ZnO (type II) directly on the solid surface by mechanism (a) . This

phenomenon is expected with very high anodic current operation. On the

other hand, when the concentration of OW at the zinc surface remains

reasonably high as expected with low current dissolution , the inter-

mediate species Zn(OH)2 dissolves in the ICON solution to produce a

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  ~~~— - -- --- ~~~~---~~
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supersaturated zincate solution from which a porous type I film of ZnO

forms by mechanism (b) . If the porous t~p. I film grows to reach a

certain thickness, transport of zin’at. and hydroxid. ions between the

zinc surface and the bulk in th. pores will be limited, causing forma-

tion of the type II film, which is the passivating film.

This mechanism explains the co on feature of most previous

observat ions (99) that linear relation (between the current densit y

and inverse of square root of the passivation time) holds for short

passivation time, while for longer passivation t ime deviation from the

linear relationship with less reproducibility in data occurs.

Popova et al. (100,101) concluded that passivation occurs by

either (a) or (b) when zincate concentration in the vicinity of the

zinc surface exceeds a critical concentration . They suggested that the

molar ratio of zincate to hydroxide ions at the electrode surface was

0.16 at the instant of passivation . Other workers reported that the

critical concentration of zincate ion was approximately half the hyd-

roxide ion concentration in the electrolytic solution (16,17).

The passivation effects on electrode failure included in the pre -

sent mathematical model (see equations (46) to (48)) are surface

coverage of zinc surface by the precipitated ZnO (blockage of the 2nd

kind) which corresponds to type I film. Our model does not include

passivation due to type II film. Therefore, predicted potentials

-

~ ~~
- 

- 

increase gradually until ICON solution in the bulk of the pores do-

— ~ creases to zero . The abrupt increase in overpotentials observed in the

present experiments (see Figure 24 and 25) are believed due to this

type II pusivat ing film when the zinc electrode compartment becomes

101.
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severely depleted with ICON .

It was not possible to observe precisely when a porous type I film

or compact type II film started to form since the test electrode was

not visible and covered by the membrane and dynel cloth during opera-

tion . Immediately after disassembling the cell, the color of the dis-

charged electrode was grey in the wet state, but it changed to white

when the electrode was washed and completely dried. The grey color

observed during discharge implies that the film formed under ICON de-

pleted conditions is very similar to the type II film of ZnO .

Considering that a separator was excluded from the experiments by

Elsdale et *1. (98) and Coates ct al. (88) , their results , i.e., gra-

dual increase in potential in the vicinity of passivation, are in

agreement with the present interpretation since the (OR concentration

in their experiments may not have decreased to below the critical value

to form a type II film.

The failure observed for the H20-ZDf4 electrode (see curve D of

Figure 25) is attributed to passivation. Porosity of 0.6 for the 1120-

Z014 electrode is large enough to prevent, at least in the initial first

cycle, pore plugging (blockage of the 1st kind) as shown in Figures 19

to 21. Complete conversion of zinc into ZnO results in about 0.4

porosity. Potential measurement (Figure 25), however, seems to m di-

cate that the high porosity electrode also fails after about 8 to 10

hour operation (68 to 85% depth of discharge) with a current density

of 20 mA/ca2. Dischar ge up to the range of this operat ion time might

cause type I film formation, i.e., surface coverage of zinc metal by

the precipitat ed ZnO. Type I film having a certain thickness can 

;~
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cause a significant decrease in OW ion concentrat ion , an increase in

zincate ion concentration at the active zinc surface , arid finally type

II passivation.

VI-5. Failure During Charge

Most of the work concerning the failure initiated during charge

has been associated with zinc dendrite growth and short circuits which

have been one of the major problems after many cycles. Comparison of

Figure 30 with Figure 24 indicates that charge continues without signifi-

cant overpotential rise until most of the coulombic charge applied

during discharge has been recovered on charging. This observation leads

to the conclusion that discharge products in any form of zincate , ZnO ,

or Zn (OH) 2 can be converted easily into zinc on charging . However ,

zincate depletion as a failure mechanism can not be neglected simply

because of this observation .

During charge, zincate becomes undersaturated, and under certain

circumstances depletion of zincate might play an important role as a

limiting factor . If solid ZnO can not dissolve as fast as zinc deposits ,

zincat e is expected to be depleted inside the porous electrode. Even

if solid ZnO dissolves fast enough to replace the depositing zincate,

zincate ions at the zinc surfac e can be depleted due to the limited mass

transfer of zincate , especially at high charge rate. The increase in

the zincate diffusion length from ZnO source to zinc sink, resulting

fro. the high molar volume ratio of ZnO to Zn (1.5) , might accelerate

this phenomenon. The latter effect, namely, zincate depletion due to

limited mass transfer, was not a dominant factor during charge of the

103
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present electrode with current density up to 50 mA/ca2 .

Picture 31-A implies that zinc deposit growth , instead of being

limited by depleted zincate ion at the zinc surface, continues to grow

toward the zincate source in the dynel cloth . Similar behavior has been

observed by Namby (102) who found the zinc dendrite pen.tration through

the porous polyethylene film (1/8” thickness) which was placed, as a

solution reservoir, on the opposite side from the counter electrode (on

the side of the backing plate). These observations leave only one possi-

ble reason for depletion of zincate, namely, slow dissolution of ZnO.

There is some indication that the dissolution direction of chemi-

cal reaction (B) is slow (103,104 ,105) on charge; however, the kinetic

data has not been established . The fact that it takes one or two days

even with vigorous stirring to obtain a saturated solution from ZnO

powder in 1MM ICON solution gives a rough idea how slow the dissolution

reaction is. The zincate depletion of this type may cause the initial

low capacity during charge of an electrode made of pure ZnO, co only

used as negative zinc plates in the construction of secondary batteries.

Choi et al (13) observed cell capacity less than 30% of ZnO pro-

sent during initial charge of a ZnO electrode . They attributed the

resulting low capacity mainly to the failure of the positive silver

oxide electrode. However , ~incate depletion seems to have some effect

on the initial low capacity since the electrolytic solution contained

insid e their electrode corresponds to only 0.37 A-hour (3.1% depth of

charge) based on the following parameters ; cross sectional area of 66

cm2, electrode thickness of 0.16 cm, porosity of 0.65 , and zincate

concentration of 1 M.

•
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On charge of L50-ZD electrode (Picture 31-B) , without using a mem-

brane , the cell accepted charge without rapid increase in potential

until all the zincate ions in the counter electrode compartment was

depleted. The zinc reaction front , in dondritic form , then moves step

by step towards the counter electrode. Complete recovery of the dis ,

charg e product on charge (compar e Figures 24 and 30) does not prove

zincat e depletion due to slow dissolution of ZnO . Consequently, the

success in interpretation of the charge failure outlined above depends

on further knowledge of whether the rate of dissolution of the precipi-

tated ZnO or , if it exists, Zn (OH) 2 is faster than that of ZnO powder

used in forming the electrode.

VI-6. Failure During Cycling

Zinc electrode failure occurring after many cycles can be referred

to as a phenomenon called “redistribution of solid zinc species (Zn and

ZiiO) ”. Inability of reforming the solid zinc species in their original

position during cycling causes zinc dendrite penetration and shape

change. High solubility of ZnO in KOH solution may accentuate the re-

distribution of zinc species from one part of the electrode to the other .

For the cel l without a membrane, Figure 7 shows that only half

(55%) of the discharge product (zincate ion) precipitates as ZnO and the

remaining half diffuses into the counter electrode compartment before

precipitation. On charge, once the zincate source in the zinc electrode

is depleted, zinc deposits will grow towards sdditional zincate which

is transferring fr om the counter electrode compartment . Zinc deposits

formed under zincate limiting conditions similar to this are known to

- 
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be dendritic, as shown in Figure 31-B (see also references I and 2).

On the other hand , if a membrane is used as a separator, 95% of the dis-

charge product precipitates as ZnO as shown in Figure 6. Some of the

remaining 5% of the zincate ion stars in the zinc electrode compartment

and the remainder is lost into the counter electrode . Use of a membrane

restricts zincate movement away from the test electrode. Charge of

this electrode is less likely to cause dendrite growth through the sepa-

rator because the source of zincate ions remains in the zinc test elec-

trode. Comparison of these two examples shows an effect of the membrane

on z inc dendrite penetration .

Redistribution of solid zinc and zinc oxide from one part of the

electrode to the other can occur through the movement of zincate ions.

The most important processes involving zincate ions include the charge

transfer reaction, mass transfer of zincate, and chemical precipitation

or dissolution of ZnO. Therefore, current distribution which character-

izes the charge transfer reaction , degree of super- (or under-) satura-

tion which determines precipitation or dissolution of ZnO, and mass

transfer modes (e.g., diffusion, migration, and convection) will govern

the redistribution of solid zinc species.

Let us consider shape change (redistribution of the solic zinc

species in the y-directi on parallel to the electrod e surface) of a

vented porous electrode having a solution reservoir on top and a mem-

brane directly attached on one side. Choi et al. (12) has proposed

that shape change is caused by convective flows driven pri marily by

membrane electroosmotic effects. Discharge induced convective flow of

- - 

electrolytic solution towards the counter electrode results in a
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d~~rease of the total volum, of electrolytic solution inside the zinc

electrode. If the electrod e is vented , the solution in the reservoir

will flow downwards. The solution picks up zincate ions along the flow

path causing greater precipitation rates in the direction of flow . On

th. other hand, on charge, the increase of total volume of electrolytic

solution inside the zinc electrode will push the undersaturated solution

towards the reservoir. Notice that the solution in the reservoir now

becomes undersaturated and greater dissolution is expected near the vent

or reservoir. Repeated cycling causes movement of solid zinc species

from near the reservoir portion of the electrode to positions remote

from the reservoir. If the electrode is sealed , convective flow , and

thus shape change will be limited.

Similar treatment can be applied to the redistribution of solid

zinc species in the x-direction perpendicular to the electrode surface .

The present work , in both experimental and theoretical aspects, deals

with a sealed electrode to minimize the convective flow driven by the

membrane. Under this condition , th. convective flow arising from the

volume changes due to the overall electrode reaction is on the order

of l0~~ ca/sec and is considered negligible.

The reaction or current distribution in the x—direction during

discharge is highly nonuniform as cc?nfirmed by Figure 3 and Figures 17

to 22. On th. other hand, current distribution on charging is more uni-

form compared to that during discharge , since precipitated ZnO reduces

the effective zinc surface area and shifts the reaction towards the

backing plate (refer to Figure 9 for detailed comparison) . On repeated

cycling, this difference of anodic and cathodic current distributions
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together with differences in the degree of super— (or under— ) satura-

tion causes the redistribution of solid zinc species and thus signifi-

cant distortion of the electrode structure occurs as cycling progresses.

Th. distorted structure is shown in Figures 11 to 13 (theoretical) and

also in Figure 23 (experimental) . The results are shown as an accumula-

tion of ZnO •~ the electrode surface. If convective flow due to mem—

brane p*~~ ing La aUow~d, more serious redistribution is expected .

~iailarly, allowing free movement of zincate ion into the counter elec-

trode , by eliminating the membrane, may accelerate this effect as

shown in Figures 11 and 12.

The result of Figure 10, namely, substantial overpotential rise

with repeAted cycling , predicts that the redistribution of zinc and zinc

oxide in the x-direction is a limiting factor in the loss of cell capa- .

city observed for cells designed to minimize shape change and dendrite

penetration.

Comparison of Figure 28 with Figure 29 shows that the present cell

exhibits much higher overpotentials during discharge compared to those

during charge. Similar behavior has been observed by Hamby (102) . He

has concluded that the overpo tentia ls during charge remain essentially

constant but those on discharging increase significantly with large

differences in overpotential between different positions . These observa-

tions imply that failure during anodic discharging may control the

overall zinc electrode failure . This means that the redistribution of

zinc species may cause overpotential rise through discharge failure

mechanisms such as pore pluggin g, KOH depletion , and passivation. The

ZnO accumulated for many cycles can decrease pore size, at least locally,

resulting in high ohmic overpote ntial and eventually deplete the el.c-

108
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trolytes in the interior of the electrode to increase concentration

overpotential . It also reduces the active zinc surface area , promoting

high activation overpotential . Similar adverse effects are expected

due to the gas trapped inside the porous electrode.
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VII. CONCLUSION

A mathematical model has been developed using the concentrat ed

ternary electrolyte theory to predict the local charge transfer current,

current density in the solution, potential in the solution and in the

matrix, concentrations of hydroxide ions and zincate ions, porosity,

volume fractions of Zn and ZnO, and bulk solution velocity as a function

of time and position perpendicular to the surface of the electrode.

The predicted behaviors have been confirmed by galvanostatic experi-

ments on overpotential s and reaction distributions . The agreement be-

tween the theoretical predictions and the experimental observations

provides a good interpretation of the failure mechanisms of negat ive

zinc electrodes for use in secondary batteries .

During discharge at high rate (at so .~,‘cm2) for both low porosity

and high porosity electrodes, the utilization of zinc is sr~~ 1y

limited by depletion of electroly te within the zinc electrode compart-

ment , depending on the volume of solution reservoir and the type of mem-

brane used.

At lower current densities (e.g., 20 mA/cm2), the utilization of

zinc is much higher than that at high current densities. However, pore

plugging plays an important role in limiting the discharge capacity.

The predicted and the observed reaction profiles on discharge are highly

nonuniform and the reaction zone, located near the electrode surface,

is very thin, typically 0.2 ma. This highly nonuniform reaction distri-

bution accentuates the failure due to pore plugging at the pore mouth .

Low current density discharge of the high porosity electrode, designed

to remove failure due to pore plugging , continued until the electrode

k--
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failed due to passivation.

The predicted reaction distribution on charge become more uniform

compared to that on discharge . The difference of anodic and cathodic

reaction distribution caused the redistribution of solid zinc and zinc

oxide species on repeated cycling. This movement of solid species is

predicted to contribute to the loss in cell capacity for long cycled

cells.

The results of this work can be applied to the design of industrial

zinc electrodes to improve their performance and cycle life. The re-

sults also point out areas where further research should be emphasized

in order to gain cycle life improvements.
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APPENDIX A

A-i. Ternary Transport Parameters as Functions of Friction Coefficients

The transport parameters used in equations (ii) through (15) are

related to the friction coefficients Kj)5 in the following forms

— 
_! ( C~M3 + 2C1C3K13 + C~M1 ) -

LAB ~ LM 
cAcE 

( c K 13+K23 +c1c3 2K13+K10 +c~~1)

~
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/ 2 
-

LBB ~~ I~ 
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1
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~~~~ 
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where
D — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

E — M0(K12K13+K12K23+K13K23) + ~1 K2 (K13+K23) + K23K~,(K 12+K13)

• X1 o~~lfiC23~ 
+ 1C101C20K30

; i,j. 1,2 ,3, and o
Jt,i

C~ z1c~ ; i—l ,2, and 3

(for example, M1 1C10+K12.K13)
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It is to be noticed that one of the transference numbers is a de—

pendant parameter because of the relation t~+t~+t~’.l.

A-2. Friction Coefficients as Functions of Six Transport Parameters
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A-3. Transformation of the Transport Equations into the Other
Four Component Systems.

The transport equations (12) to (15), which are expressed based on

the solvent reference velocity , are rewritten in more convenient forms

as follows :
N to

NA, - - - L~~VuA, - LAB Vp8 + — i +

N t°
NB — — - L~~VUA, 

- LBBVPB + 
_! i + CBV (A.3.1)

3

i — - K V$ - — ((sA
4.nt~

_ 
~~~~

•• CA) V
~A + (s8~~t~- ~~

••
~ 

C~~ ) VU
B)

0 0  A 0 0  B Awhere new parameters defined by tA~t2/(z2v2) ,  tB~t3/(z3V 3), 5A,~~ 2/V 2

and 58~53/V~ include the effects of charge of the individual species.

The equations (A.3.1) are transformed into several forms to describe

the transport equations of similar four component systems.

Membrane System

A system consisting of salt A (cation “1” and anion “2”), solvent

“o”, and membrane “a” is considered . It appears to be convenient to

select the reference velocity as the membrane velocity V
m 
which is zero

rather than solvent velocity v0. Therefore , the symbol “o” of equations

(A.3.l) is replaced with the symbol “a”. The remaining species “B” of

equations (A. 3.1) corresponds to the solvent species “o” of th. membrane

system. The parameter C3 used in the relations of Appendix A—i and A—2

is taken as zero , i.e. , C3—z 3c3 0. The resultin g equations are
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N0 — - L~0VuA, - L0 Vu0 + t0 — + CoVa (A.3.2)

~~
i — - Km v, - .!_ (._~ + ~

) Vu~ + + nt~~nP v2 z
2

v
2

where

— c~ (K 10+ K20+ Kmo) /D
a 

~ Dm_(K10+K20+K~,) ~~1a 2a”~oa~ ~ m

L~0 - CACO (IC
i~
+ K20),D

m

L c~ (K10+ K20+ K1 + K2m)/D
m

- z:
c
i 

(K10K2m
_ K2 K1 

)/Dm

— (K1 (K1 + K20+ K )  + K10KOm)/Dm

flF2Dm 

~ mi’ K~~+ K )  (K12K10+ K12K20+ K10K20) + K1 K~~(K1 +K2 )

+ K2oKoa(K12+ K10) + K
1m

Kom(K12+ K20) + K1 K~~K

The transference number t~ is related to t~ by the relation t~+t~—l.

These equations are the same as those develop ed by Bennion (62) .

~~ g~j~a1t-Neutral Species-Water System

A similar treatment can be applied to obtain the transport equa-

tions of a system which contains single salt (cation “1” and anion “2”) ,

neutral species “N”, and water “0” . The velocity of the solvent is

chosen as the reference velocity. If the symbols “a” and “o” are

-- 
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replaced with the symbols “0” and “N”, respectively, equations (A.3.2)

reduce to the following equations (for example, for the current equa-

tion) :

K S flt° S S
i - - K - _ (_~ + 

2 
- 

~~~ 
CA)VP A + ~~~ 

ntN
_ I cN )VU

N)
\

V
2 

Z2V2 0 0

where 
(A.3.3)

— 1 - t~ — 
~
1(2o~

1(Nl~ 
1
~N2~ 

Krn,) +

— -

D * 
~ Nl~~~N2~ 

KNO)(Kol + 1(02+ 1(oN~ 
-

The transference numbers t~ and t~ are positive, but t~ can be positive

or negative. Equations (A.3.3) together with the corresponding flux

equations are the same as those developed by Tiedemann (63).

A-4. Ternary Transport Parameters Calculated front Two Sets of Binary
Data

The transport parameters for binary electrolytic solution

have been compiled by Chapman (66). Some of the data for HC1 and KC1

electrolytes are shown in Table II. If C1 ion, H’
~ ion, and J

~4. 
ton are

denoted by species “1”, “2” , and “3” , respectively, a mixture contain-

ing 0.025 H HC1 (salt “A”) and 0.075 H KC1 (salt “B”) hav e the follow-

ing values for

— ‘• ~ ~ 20 9.258x10 5, ~12—1 .l78x1O
6

a 2.063x10~~ ,~~~ —l.978xlO 5, ~13—3 .fllxlO
7

— O.lx1O~~ ,c2 O.025x10 ’3, c3 • O.075x10
3
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and c0 — ( ~~
- CA,MA,- cBMB)/Mo ~~~ 

A1c~+ A2cB

where p is the density of the ternary solution (p0 is the density of

pure solvent, and A1 and A2 are the best fit parameters calculated from

the densities of two binary solutions), Mi is the molecular weight of

the species i, and the subscripts “o”, “A”, and “B” represent water,

HC1, and KC1, respectively. The parameter QJ23 is missing but parameter

~ lo has two different values. For the following mixing rule is

employed .

2 
c,~~0 + C~~~0

10

The parameter~~~3 is approximated by the following form.

~23 
— 
/~2o~~3o 

— 2.0431xl0 5

The minus sign is chosen due to the repulsion forces arising between two

different cations .

The friction coefficients ~~~~~ obtained front these six ~~~~ by

use of equation (2), are substituted into the relations of Appendix A-i.

The calculated transference numbers of individual ions are compared

to those reported by Maclnnes et al. (67) in Table 11-2 and Figure 33.

Calculated transference numbers based on the arbitrarily chosen value

of ?23
1 —100 are also shown in Table 11—2.

-m l   - _

•1 
‘ 
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-- 
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Table II. Measured and Calculated Transference Numbers

11—1. Transport Parameters ~ jj ’8 of Binary Electrolytes*

HC1 KC1 QJ_0x10
5 

~~~x10
5 

~~~ x106

(mole/i) (mole/i) (cm Is) (cm /s) (cm /s)

0.025 — 1.984 9.258 1.178

0.05 — 1.964 9.270 1.702
0.075 — 1.951 9.289 2.058

— 0.025 2.051 1.969 0.1776

— 0.05 2.058 1.974 0.2653

— 0.075 2.063 1.978 0.3311

* These data are provided by Professor John Newman, University
of California, Berkeley.

11—2. Measured and Calculated Transference Numbers for
0.1 H HC1—KC1 Mixture

lid KC1 Measured (67) Calculated a Calculated b

(aol/i) (~o1/1) t°~ t°~ t°~ t°~ t°~H K H K H K
0.075 0.025 0.7456 0.0503 0.7579 0.0404 0.7577 0.0405

0.05 0.05 0.6198 0.1242 0.6286 0.1164 0.6281 0.1167
0.025 0.075 0.4109 0.2477 0.4051 0.2486 0.4045 0.2490

where 
~ 23 

— T~2o ~~~ 
and ~~~~ — 100 are used for a and b,

respectively.
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APPENDIX B

MASS TRANSFER COEFFICIENTS (kA , kB, and k
*)

It is assumed that the diffusion of a species proceeds through

a well defined diffusion layer, 6, which is the distance between the

solid—solution interface and the bulk solution inside the pores. The

geometry of the situation is shown in Figure 34. The dimensionless

distance, F~, is defined by the distance from the solid surface, y,

divided by the diffusion layer, 6. As an example, mass transfer of

zincate ions occurring during charge will be considered.

Zinc Deposition by Charge Transfer Reaction

Electrode reaction is given by

Zn + 40H rn Zn(0H)~ + 2e (A)

where the atoichiometric coefficients have been defined in equation

(10) to give the values of 52~
_1
~ Sf

4. and n—2. During charge, am —

cate ions in the solution diffuse into the area, a
~
, to deposit as

zinc. Within the diffusion layer, the flux of a species is given by

Fick’s law

dc2 D~~ dc2
N

2 
DAA — — (B.l)

dy 6 d~
Species conservation equation within the control volume at ~ can be

written as

d i

— 1 {  a +(a—a ) } N2 ~ — 0 (8.2)
d~ \ 

a m /
with boundary conditions ;

c2 c~ at ~.0 and c2.4 at c—i. 
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Integrating equation (B.2) yields the following concentration

profile. / a—a
s in 11+ ( m)~1c — c  a2 2 _ a

b s ac2 — c 2 ln(—)

The flux of zincate ion at F~a0 across the metal area , a
~ or across

the interface area, a, becomes

a N20—0) — a [-• ? ~ 
2 )] — 

l~(~~~) 
(c~—c~)

The charge transfer current per unit area of metal surface,j, is

related to the zincate flux as follows:

di nP uP
— 

~~ 
— — ) a N 2 (~—O) — — — a k (c~—c~) (B.4)

dx 2

awhere 
~. 

-
~~~~ D

kA u ’k : k~ —
~~~~~~ (B.5)
6

Equation (B.4) and equation (8.5) are equal to equations (31) and

(44) , respectively.

Similarly, mass transfer coefficient fOr hydroxide ion can be

obtained to give a
1 a

0 a o BBkB~~~
k
~ ln(~~-) 

:

Dissolution of Zn0 by chemical Reaction

On charging, solution becomes undersaturated with ZnO due to

the charge transfer reaction (A) . Under this condition , ZnO will

dissolve into the solution by chemical reaction . Phase change from

— - - -- - - - - -- - -
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ZnO crystal into the zincate ion at the ZnO surface can be described by

— k~~~ _
3~, 

(c~~ — c~*) (8.7)

where cr is the equilibrium concentration of zincate ion and kxm
represents the rate constant of the chemical reaction. The surface

8*concentration c2 is not necessarily the same as the concentration

at the zinc surface, c . The zincate species is expected to diffuse

from the ZnO surface (c~*) to bulk in the pores (c~).

Zincate conservation equation at ~ in the boundary layer becomes

d l  1
— (a + (a—a ) ~ ) N 2 I 0 (B.8)
d~ J

where the flux of zincate, N2, refers to equation (B.i).

The boundary conditions are

8*c2 c2 at ~~0

bc2 — c 2 at ~~l

The integration of equation (8.8) with (B.i) results in the

following eoncentration profile.
a—a

ln~~i+( 
8
)~

~~2 2 — 
a8

b •* ac2 — c 2 ln(— )

Th. flux of zincate at ~ —0 transferring away from the ZnO area

(a5) or interface area (a) becomes

— 
D~~ dc

2) — — _•

~~~~~ 
• (c~ .c~~) (8 9)

4 d~ ~~~ I

It appears to be convenient to express the rate of dissolution

/
1
~~ 
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of ZnO per area of a5 (a5N~~~ of equation (B.7J), which is the same as

the flux a5N2(~~O) of equation (8.9), by the following form

a 
~~~ 

— a N2(~—0) — a k* (c~ — 4) (3.10)

Rearranging equations (B.10) together with (8.7) and (8.9) yields

the following relationship.

1 1 1 D
- + :

k~ 
?kXTL 

A 6

-
--
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APPENDIX C

C—i. Solubility of ZnO in KOR Solution (Reference 85)

The notation c5 represents the saturation concentration of ZnO

in KOR solution.

(a) CK.OH < 2.OxlO 3 mole/ca3

S
C — O

(b) 2.0x10 3 < cK~~ 
< 9.OxlO 3 mole/cm3

—2.].x10 4 + 9.75x10 2 
+ 1.25 

~ XOH~

— 9.75x1.0 2 + 2.5 c3cKOH KOH

(c) CKOH 
> 9.Oxl O 3 mole/cm3

c5 — l.OxlO ’4 + 3.OxlO 2 CROH + 5.0

5ac
— 3.OxlO 2 + 10.0 c

~~KOH ic~OH

4-.

1.~~~
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C—2. Conductivity of KOH Electrolytic Solution (Reference 84)

—3 3(a) CKOH 
< l.5x10 (mole/ca )

K — 0.03655 + 195.34 (CKOB 
— l.5i3x10 4) mho/cm

a ac — 195.34 mho—cm2/mole
~~~~~~

(b) l.5x10 3 < 
~KOH 

< 3.7x10 3 (mole/cm3)

K — 0.3 + 134.10 (cxOH — 1.SxlO 3) aho/cm

a 
ac — 134.10 mho—cm2/mole

CKOH

(c) 3.7z10 3 < C~~~~ < 9.OxlO 3 (mole/cm3)

c —0.00645
0.6572 cos ~ 0.0105 ~ mho/cm

—0.00645
— — 31.295 ~ 0.0105 ‘~ aho—cm2/mole

(d) 
~~~ 

> 9.OxlO 3 (mole/cm 3)

— 0.61 — 57.8O5(c~~8 
— 0.009) mho/cm

acV~,H 
— — 57.805 aho—cm2/mole

____ 
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C—3. Activity Coefficients of Potassium Hydroxide and Potassium
Zincate

The activity coefficients of electrolytes A(K2Zn(OH)4
) and

B (KOR) are approximated by the following equation (reference 68).

2 a1t2m2 4m3in 
~
‘A — — — 

+ 2 812( 
) + B13 

—

l+BaSJT 3 3

in 
~
‘B — — 

1 + ~fT 

+ 812 112 + 813(m1 + 11
3

)

where rn
~ 

is the molality (mole/Kg of water) of species i, and sub—

scripts “i”, “2”, and “3” denote K+ ion, Zn(OH) ion, and 0H ion,

respectively. The ionic strength I is defined by

1 1 1
I — — 

E z
~
mi — c M 0 

— 

~~~~~ 

Z~ C~

The coefficients a and 813 for potassium hydroxide are taken from

the reported data (68,106), while the coefficients Ba and 812 for

potassium zincate were estimated from the data of activity coeffi—

cients of K2CrO4 (86).

— 1.1762

Ba — 1.158

812 — — 0.01425

— 0.130
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APPENDIX D

D—1. Input Data

ALPHA Kinetic parameter used in equation (33) , (a~—1.5)

ALPHC Kinetic parameter used in equation (33), (o —0.5)

A0 Initial effective interface area (a°, taken as 50 cm2!

cm3 for Figures 2 to l~ and as 300 cmn
2/cm3 for Figures

17 to 20, 24, and 25)

CITOT Applied superficial curr ent density, amp/cm2

COB Initial concentration of ROB, moles/cm3, (c~, taken as

0.008 for Figures 2 to 13 and 0.01 for Figures 17 to 20,

24 , and 25)

CONMEM Effective conductivity of the solution in the membrane

(K
a_ 0.5243 mho/cm)

DIPA Diffusion coefficient of potassium zincate in the solu-

tion (D~~, taken as 6.86x10 6 cm2/sec)

DIFB Diffusion coefficients of KOR in the solution (DBB,

2z10 5 cm2/sec at 10 K KOR solution )

DJS Parameter characterizing complete coverage of the zinc

ucface by ZuO ( A , taken as zero)

EPI Initial porosity of the electrode ( C°, taken as 0.4
for Figures 2 to 13. For Figures 17 to 20, 24, and 25,

c0_o.33 and c°—0.6 are used for the low porosity and

the high porosity electrodes , respective ly)

EPGI Initial volume fraction of the inert conduc t ing

material (c~, taken as zero)
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PlO Exchange current density ~~ , taken as 0.06 amp/cm
2

for Figures 2 to 13 and 0.1 amp/cm2 for Figures 17 to

20, 24 , and 25)

FL Thickness of the Zinc electrode (L’.O.l cm)
— 

FLCOUN Distance between the membrane and the counter elec-

trode (taken as 1.1 cm)

GAM Kinetic parameter used in equation (33) (y —0.75)

QI Initial volume fraction of ZnO (4~ taken as 0.1 for

Figures 2 to 13 and zero for Figures 17 to 20, 24,

and 25)

RHO Mass transfer coefficient of zincate ion defined by

equation (44) (k~ , taken as 0.001 cm/sec)

ROHO Mass fransfer coefficient of hydroxide ion defined by

equation (44) (k~, taken as 0.003 cm/sec)

RXT Rate constant of the chemical reaction defined by

equation (44) ~~~~~ taken as 0.005 cm/sec)

SQ(O Conductivity of pure zinc metal 
~~~~ 

2xl05 fl~~cm~~)

SGSO Conductivity of ZnO (a~~0’. 0.01

SGG0 Conductivity of inert conducting material (a~ , taken

as 100 ~2 1cm 1) 
-

Si Stoichioinetric coefficients of species i for the charge

transfer reaction, defined by equation (10) ; Si for

ion (s~—0) . S2 for zincate ion (52
u1_1), S3 for 0H ion

(53
w 4) , and SO for water (s

~
1.0)

SSi Stoichiometric coefficients of species I for chemical

precipitation or dissolution reaction; SS1 for ion

137
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(s~”O) , SS2 for zincate ion (s —l), SS3 for Oil ion

(s ’u’~2), and SSO for water (s*_ —1).

T2R Tr~nsference number of zincate ion (t~ , taken as 0.05

at 10 N KOR—saturated ZnO solution)

T1R Transference number of the potassium ion (t~, taken as

0.23 for 10 N ROB—saturated ZnO solution)

TOR Tortuosity factor for diffusion coefficients (TOR) and
TOT

that for conductivity of the solution (TOT) (t—O.5)

TR2M Transference number of zincate ion in the membrane

(t~—O)

TR3M Transference number of oil ion in the membrane (t’~—O.5)

VA Molar volume of potassium zincate (VA —67.0 cm3/mole)

VB Molar volume of potassium hydroxide (VB~
17.8 cm3/mole)

VM - Molar volume of metallic zinc (Van — 9.15 cm3/moie)

VS Molar volume of ZnO (VZO —14.51 cm
3/mole)

VO Molar volume of water (VH ~ 
— 18.07 cm3/mole)

2
VOL1 Partial molar volume of potassium ion (VK+ , taken as

37.2 cm /mole)

VOLUME Volume of the electrolyte reservoir between the zinc

electrode surface and the membrane (V , taken as zero

for Figures 2 to 13. For Figures 17 to 20 , 24 , and 25,

V is taken as 0.01 cia3 (for ZMD) and 0.05 cm3 (for ZDM))

ZETA Kinetic parameter used in equation (33) (c’.’O.O)

~‘: -.~~~~
-

- .
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D—2. Programming Parameters

Control Parameter

N Number of unknowns (N—6)

NJ Number of mesh points used (NJ”31)

JP Has the value of 0 if is assumed to be the same as

(See equation (29)), and 1 or 2 if correction for

is included.

JPLG Has the value of 1 or 2 if swelling effects are included.

Otherwise, .JPLG is zero.

L Specifies the initial mode of operation. Equal to 1 for

discharge and 2 for charge.

LIIX Has the value of 1 without inert conducting matrix and

2 with inert conducting material.

LCB Specifies the initial concentration of the continued

half cycle. Equal to zero if c~ and c~ are used, but

equal to 1 if average concentrations of salts A and B

resulting from the previous half cycle were used.

I2UN Has the value of 1 if punched cards for output are

desired. Equal to zero if punched -data cards are not

necessary.

LREP Activates reading of the punched output cards (obtained

from LPUN—1) and continues calculation

NACT Use of binary activity coefficients for the galue of

zero and ternary activity coefficients for the value, - 2.

NBC Specifies types of boundary layer. Equal to zero for

139
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solution boundary and 1 for the membrane boundary

NCYCLM Specifies the number of half cycle. Equal to 0 or 1 for

the initial half cycle. The value of 4 activates the

run for the two complete cycles.

NT Has the values greater than zero. The first time step

of each half cycle (onset of each half cycle) is di-

vided by the NT number of intervals.

TDEL Time step duration, seconds

TLIMIT Fixes maximum of operation time of each half cycle,

seconds

TSTOP Specifies the rest period between two half cycles, seconds

Subroutine

BAND Called at each. mesh point to solve the sot of linearized
MaTINV

equations . these are developed by Newman.

EQUIL Equilibrium or saturation concentration of ZnO in KOR

sclut.Lon and its derivatives with respect to concentra-

tions , a2 and a3

RKAY Active surface area (a
11
, a , and a), mass transfer

coefficients (kA, kE, and k) and their derivatives

with respect to concentrations , a2 and c...

SACTIV Activity coefficients of ROB and potassium zincate

and their derivatives with respect to concentrations.

SCOND Conductivity of solution and its derivatives with

- 
- respect to concentrations , c2 and c3

SDIF Diffusion coefficients of potassium hydroxide and

potassium zincate and their derivatives with respect to

1-tin

_ _
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concentrations , a 2 and c3
SDIFP Second derivatives of the diffusion coefficients with

respect to concentrations, a2 and a3

SIGMA Effective conductivity of the solid matrix and its deri-

vatives with respect to volume fractions of zinc, zinc

oxide, and inert conducting materials.

Dimensional Parameter

A,B,D,G Coefficients of the linearized equations which were
X,and Y

defined by Newman

C(I ,J) Variables I (I’mi. to 6) at mesh point J of the present

iteration at the present time step. CI(I,J) refer

to those of the previous interation at the present time

step. Z(I,J) represent the variables at the previous

time step .

AMET Active surface area , a
11
, which is active for charge

transfer reaction (at the present time step)

AREA Effective solid—solut ion interface area , a, of the pre-

sent time step.

CAS Ratio of the concentration of zincate ion at the metal

surface to that in th. bulk of th. pore s .

CRATIO Ratio of zincate concentration to h roi~i~. concentra-

tion at the metal surface

CONVRN Fractional conversion of Zn into Z~~, i.e., moles of the

pr.cipitat.d ZnO divided by the oles of the initial Zn.

E~~L Zincate concentration of the bulk solution in the pores

L ~~~~~~~~ 
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minus the saturation concentration of zincate

EP Porosity of the electrode at the present time step . ZEP

(J) refers to that at the previous time step .

OVEP.P Overpotentials with respect to the Hg/EgO reference

electrode.

Q Volume fractions of ZnO at the present time step. ZQ(J)

are the volume fractions of ZnO at the previous time step .

QM Volume fractions of Zn at the present time step. ZQM(J)

are the volume fractions of Zn at the previous time step.

QMEON Volume fractions of Zn which- is nonactive due to pore
— plugging.

RB Product of the specific surface area, a, and the rate

constants for chemical reaction, k .  ZRS(J) are the

values of ak at the previous time step.

TRNCUR Transfer current density, j, at the present time step.

D—3 . Computer Program

Computer program used in this work is presented .
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I M PL IC I T  A!AI *$ (A— N . 3—Z)
D IMEPI SION A ( 6 . 6) . $ ( 6 . 6 I,~~( 6 , q 3) , o ( 6 , 13 ) ,G ( $) ,x ( 5 , ~~) , y ( 5,~~~~,1 Z16.93).TRNCuRt93I.~~~(?.3).ZEP(93).O(93).CX_______&_

~

P

~

*t93) !AO~.9 ’)  .~ 1Q~~~~sJ~ $j,_~~gJ93 .OM(931 .ZQM(9 3}
3~~tQuL. (93).CONVqN ( 3).oveqó(93i.cqAyIOc93 )
COMMON/WORKA/A,C.D .’~.X.YCOMNQN~~w OR*B/N,NJ

______ - COMMON~~W O R k C /A O .  T L . 4 U . Qe R X T ,~~P [.EP0J pCPP4UC5,~~PP4IJCM,EQyJ4S,
1 EOUMAX.E PL.IM .NOZN ,NM.J
C~MMON/WORKO/C
CCMMON/ WORKE/S GMO • %GS O • SGGO ,EML RN

OuMON~~~~~~RK F / N A~~ r________________________________________________
OMMOP4?WOR QM O,EP ,~4,V3L’JM~~ .EPGE CC. JP ~~~CCNMON,WORKN,TOT • I..C0M M~ $4~~WOR *~~/fFPC N~

9$ READ 101.NJ ___________________— REA O I  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~READ LO5.P4OZN.NACT..PI..~~.’43TOP
READ I O 7.NJ D 5L T .NJONN.M J D ’~*,!PLGMr4 .ESPt. 0

_ i  Ot_  FOflMAT~(JJ2J1~b~~ -pcsMAft6 l 1.R2.zI1)
LO S ~ QRM A Y ( 4 j 1 )
106 FORMAT(~~~~1~~~~14.’)

107 PORMAT(3I2 ,4X.ZPt O~~S) 
______________________________________t OC FOPM AT15X ,~~~~.F2dV5 • 2 i.~7W zo .51 -

!~~~~(NJ.E0.O1 STOP
Na6
R~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~RCA O~~,AL PHA .ALP 4C. a 4 4 .
READ 1O2.725.T1R.SZ.s3.So,ss2,$53.smo
REA D 1O2.VA .vB .VO.$GM3 .S3S3,S~GO .RMO.RXTRE AO _ 1O2 ,~~!O . A O . eP 1 . 3 ! . S3 r 1 t . O J S  

___________

READ 1oa , C ALML. C A L ~4R .p o rL R 4  • EPP4 UC 5,CPM J CN~~~pUMA ~~~F~ L L $ .~~~CTW
READ 1O2, T 2M.TR3M,flLA4M ,OL~~5~4,vELM ,vOLUuE.E~~~CWO

105 ~~O RM A T ( $O1 O .4 )
F I T O T CZTOT -
i~T C o ~2 F~Tp Ta—CRTpTI~~(LM*.EO.1 ) ~~ci.o.oEPGfCC~~EPG1 

__________ ______- -

TME TOEL/200.O
N JM L N J—1
NJM 2aNJ—2

___________________________________________________________Fi964$7~~O
Ra5 .3143
1a298.16
ENa~~.O -

MM 1
1R1 .TIR
TR2 T2R
TR3 1 .0— TRI — iRS

~~~~~~AS1 A VM~~~~~ 4/F
S5TAR~~( —2 .O*VOL1+$25V4+53*V5.$O*v Q3,5.Q,F
C S.TAqavS
QSTARa S52*yA+5s~~ey!~~Sspsv~~
~4JL/5~LDA7(p4J—1)T I N E O .O
CALL. tOU L (COe.COe.Co*.eJD~e.!Ceoe,

_______CALL . SCO~4OC COA 1~ OB~C~~4I)O,ç)ND~~ ~ç~sos~ - ____
00 11 J S$ ,N ,j ’ - ______________ 

___  —
OCJ )a Q t
£P (J)aCP I
QM(~~~)aQI4~~~~ ___________________________________________________

CAL L. ~O’JTL.T T~~b5.(~C5~~ p’JI4-3,EpCBp)
EOUL(J I a E0 U IAB
C (3 eJ ) C3A

______C(4 •J1—C0a __ ____________________ 
-- -I 1 CON T INUE

osMAz ao ’41 •O~svM/v$- - Ol*LG aOMZ —1p 1$VM ,(  V S-V P4)
I P( O MP LG.LC. O.0 )  O’~Pt~~e0.G 

_______

~~~~~~~~~~~~~~~~~~ J 
—_______

O~’NON I a~~~PLG.QNCOV
0MOv 0M t —3MN ~~NI

• ____CALL. SI GM A ( E D G R . E P I .3 4 0 . ) I . 5 1 0 0 u . R I G 0 $ , S I G M U
CAL L RKAY ( TOEL. .!PI.04,).(1T .AMO,A MCUS .AM CA,Rt .I.PS ! .PNCUP.RSCUR .

I R M C A. R $ C A )
PRINT 106.NJ .L,LNX.MCYCLM .LREP ,LPUN.MM .Nec,NT.LCA ,Jp
•RJ~~~_1 06 .NOZPI.NACT,JRl.3,.sSTOo
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- PAGE iS B~~T 1*~L1T~ mefl~A3~ - - - 
____ -

~~~ Gory FL~51SkE~) TO~~C. _
~.-~

--

PRINT L O S .  NJ DCL t~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~PRINT 201 .~~ 1TOT• FL.CJ~~ .C33,TOEL.TL1M.AL PNA .ALPMC.GAM.ZETA.
1 roR .VM.VS . V4.vB ,vO .T42.TR3, 55,53,
2_ 5O.SS2,5S3,SS0.F!3.!’~ t .3M L ~Q I  .EP GI. A O.  - _______________

j RMO .RXT .CONOO .SGMO.S~,S).SG O.S1C 4!,DJS~~~tCT C~CML .4 CAL MP4.POTL IM.TR2 M,1R3M ,OLA4M.D LSSM.EPLIN.EPNUCS•EPNUCM.EOUMAX .
$ RN I .RS f . A M O , O M N O N R , OMPLG,V!L..M,VOLUM E.ROP4C.TOT
6 •PLCOUN.CONME M ,EML1M.EF’C’~~so i p 1øM~Y(f~To7 f~~~~ &1C

C 
-

C 

i C R  EP~trwr~ c r o  9
00 12 J at , NJ

READ 1 0 3 .C( 1 .J ) .C (2 .J ) .C ( 3 . J)  .C (4 . J) .C (S .J )

READ 103.C (6.J ).EP (J).OM(J).O (J) .RS ( J)
io~ ,O~ MTf(SOI6.u
12 CONTINUE

R EAD 1 03 , ( O M N C N (J ) , J 1, 4J ) 
_ _ _ _ _

REA D 1O3.(EOUL~~J ) . Ja1.NJ)
NCVCS I
READ 204 .TIM C .O!LT.TLIN.NT I
READ 1 03sSUN4 ...SU’LC

204 PQRMAT (3F10.3.13 )

!PC LREP .GE.2) GO TO 4
GO TO 6

Q COpIT1NU~~NTIaO
DEL T TD& -

NCYC I
114 4aC 0*

SUMS— COB
4 CONTINUE

00 7 JaI•NJ
fl’4MA~~ flMjJ ~+OLJ) *V . 1 IV~~
OMPLGaOM ( a )—!P(j) *VM / ( VS—V ’4)
IP(OMPL.G.LE.O.O) OM ~LGaO .OOMCOV*OJS* ( CMMAX_0k40L.G)
~t4NCN ( JI OpPL~~~Oj4e ~~ V

7 CONTINUE
6 CONTINUE - 

—

IP(TINE.GT .TMI ) GO TO 31
1~~(L~ 5— jL2L..21 .2521 CA INT*OPLOAT(LCB 3 $SU’44.OF L~~~A T (  1-t . ,CS)*COA 

-—

C$I NT OFLOAT RLCS ) *5U~~$+O LO AT (1—LCS)*C0B
00 T0 24

55 CBIfttAO ~ LOAr (LCe~~2)*SQM5±Dr~L~ kT 3—L~~R.) .eOR
CALL EO UI L( C O A. C S I NT .C AINT .EO U AB . CCB O P )

24 CONTINU E
C APPROXIMATE SOLUTION FOR TINC O.0

00 1 J 1.NJ
C(3,J ) CAINT
C (4 .J ).CS IN T

OM1~ .9Mj~ ) -QMP4OP4 (J)
CALL EOUIL(C (3.J).C(4.J).!3C5.EOUIAE.EOCSP)
CAL L SIGMAC EDGI .EP( J) .OMI .) (J )  .SG M.SGS.SIGMJ )
CALL RIC AY (TCEL.EP(J),OMI,O(J).ANJ.AMCUR.ANCA.RMJ.RS (J).P’4CIjR.
I R5 jJR,R5C~~,RSCA i

A M ET ( J) A MJ  -

CA S(J )aC(  3 .J )/ COA
IP(CAS ( J).LE.CALML) CAS (J)*CALML
t~(CAS (J) .GL.~ ALMW..~~.A~~(iJ!CALMK
(PJ EP (
CALL SC O N O ( C ( 3 . J )  ,C($.J) .CO’40J .CNO* .CNOS)
RPO L A M J $ F t O *F . (A L P H A 4 A L P I 4 C ) ,R ,’T*CAS(J ) *.Ga u
QAM3.~~~pfl1_ ~~~jj QJe1~~~~~~~ JI1 I .~~~ — I!DJ]e1 ..flI ~~~flNflJI ~DJ aa (I .so? nr ~
0 AM sOSOR T C 0 AM $ )
RkAP.RPOL *P1TOT~SIG’4J~ RAMS/( 1.O—EPJ )£XPP OEXP (AAM*FL)—D5*P( -~~A M*FL)

_ _ _ _ _ _ _ _PA. in T 0T— R $A ~~~ S(.1.. &~DE*Et .9’~f4 .~~ f ~LU LL!1P5-_—
Re (—PITOT—RKAP* (O !*D (RA4*PL ) —1.0) 1/EXPO
EX DFLOAT( J— 1 I /OFLOAT( NJ I) SFL
CCI .J).R AsOC*P (RAM.Ex )eR~~*~5xP(— RAM *EX ) +RK4P
C (A • JLa.. jAA~ 0FX0t RAM~~~zJ~~5 ~~.35t~ 5XP ( —RAMJ€z I ISA ~ 45~ ASsfX

1 —FIT OT* (X—(RA—RS)~~QAs 8 )~~S VVIJ /( j  .O—EPJ)

_ _ _ _ _  
C C 5 . J ) a — ( A S T A  •$$TAR )• C(t . J )  

-

_ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T ~U*LIfl 
PRA~TI~~ l~ -

i
_
~’1 CONTIM4JE

31 CCNTINUE
PRIN T  217 -

. ZIL PORMAT ( /2 OX, ’ OMNON !fj____________________________________________
PRINT 2O$.(OMNON(J3.JaL .NJ)
IP (L.eO.1) P R IN T  211
IP(L.EO.2 ) PRINT 212

211 FORMAT( / / I N  • ‘T M I S  IS ~~~ AN~~~OIC’)

11 PORMATI7?iI.e •‘igr~ ii P~~ R CATHO~~Ie’I
I F (L M *.EO . 1)  PRINT 2 L 3 . E~~GIP(LM X.E0.2) PR INT 2 *4 .E ~~GI

_ 213 FCR **T(//LN .$X. F~R ZINC !~~TRZz’.ZO X ,!flPGI s’,P5.j)
214 PORMAT (//LN •8*.’POR INERT NATRER’ ,2OX.’~~PG~ .‘.F5.aJPRINT 222,TIME
222 FOPMAT (~~/ ZO*. STIMEa’ .F1O.3~~/ )

P0fl41’ 2 0 5 ,C f l.J ) ,C ( p ,  J ) .C(3 .J ),C14.J) .CIS .J) .C(6 ,J )  -

206 P C RN AT (6020.$ )
5 CONTINUE

______PRINT 29 
_____________________ __________________________

I ‘CAS ’/ )
00 25 Js l.NJ
PRINT 2O5.EP (J).QM(J) .Q(J)-. R5 (J) ,4MCT(J)~~CAS (J)

ZR
* JCOUNT O

DELTI. A S IA *O!LT~ 2.O
OEL.CS1ARSOELT/;.0
IP( NM.IQ ,Q I DELaO .b
Z P(MM .IO .O)  OELTI O.0
00 3 Ja1,NJ
Z O (J ) R Q(J )

lEPT ~~~~~aD ( J)
Z O M (J ) s Q M (
ZRS(j b R$( a )
00 3 Ia l.N
irr ,J)a~~( L.J1

3 CONTINUe
$ JCOUNT*JCOUNT~~109 19 t ).Pl

DC 10 J I,NJ
10 C.I ( I .J)—C(I .J)

C
-Jag
00 13 I*l.N
00 13 ~ *l.N
MI .k)aQ.

13 ~U I.’~)— O.
15

DO I? IaL ,NG( l.I O.O
00 (~~ka1 •~~

•U, k) aO.O

17 Ic)~~.Qq~~
IP( J .CQ.NJ) GO TO 50
IP (J.NC.1 )  GO tO 40

C ________________________________

t PROGRA M ,‘OR .1.1
C

1(2,11.1.0
5(5,5) . 2 .0
5(6.6). 1.0
CAP •0 .S$(C(3 .J )+Ct3.J~~1) )
CUP •O.$CCC(4.J) ,C(4. i , l ) )
CURPRO.S* CCI 1. t.C( I, P4 11 )

i l-i
CAPP . (C (3 .J ,1 )— C( 3 .J ) ) f l l

CUPP .LC(4,J41 )— C(4 , J ) )# I 4L 
CALL. SCOND (CAP .C~~~~CONO,Ct)t~~A~~~CF4DSF~~~~~~ 

—

ZFCTIME.G T.TMI I GO TO 32
10p.0.5*(eP(J)’EP(J,l))
O t.COP4OCIOP**(t .O $V3T)
•( Fi .•1~ 1.6.5
D C I . )  ) .O .S
5(1 .2)a—O1 #H

_._D~~~,2) !O 1Qj .._ .. — _ .  -- .
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1(3,31.1.0 
-. - -

5(4 ,  4) a 1.0

$(3)SCA tN T
_ _ _ _ _ _ _ _

G(4)a

~

U INT

32 CONT INUE

CALL SA CT IV(C AF ,C B P .A C TA . ACT $ ,YA .Y 5 .Y A A ,Y AS .YBA . Ye $)

_ _ _ _ _ _ _CALL SWATR(TIR •T2R .CO4.C4F .CBP.P*.Pe ,PA4~ PAe .PB*,PS5)_ _ _ _ _ _ _ _— QP .(O(J ) IO(J +* ) )/2,() - - — 
_ _ _ _ _ _ _ _

OI~~ja(ON( J)+0M1J.L ))/2.OOMNO NP I O M N O N ( J ) + O~~~
N’

~~ NC J $ 1 )  1/2.0

OMF OMF 1—0 MNONP
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _a~~~TEP(J1~ EPf3,i Ti

CALL EOU (L (CAF.CBF.!)CSs~~~UIAS.EOCBP)
CALL RkAY (0CLT.CpP.O~4P.O’.4MP,A MCUP ,AMCA .RMF.RSP.RMCUR.

* RSCUR,RNCA.RSCA) ____________________________________________
i,ELTA —DEL *RSF • - 

______________________________________________

DEL iSCDEL*RSP*!OCBP

0L.CONO*EPPS*( I .O+TO T)
02. VA SPA/CAP -

UJaT~ *ø~ /C5FOAA. CONO*+VAA4PAA -

05*a CONDA,YBA,PBA
0*1w CONOS+YAB ,PA$
UUSU CON08$VS$,P~~5DES (1.o.TOT so1. PHt~~c.oZ *CApP.o3 s CapP),!pP
0*. O1*(CON0A.eHIPP+O2.()A ~ — 1 .0/CAP )*CAPP+03*OBA*CSPF)
O~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~It~ 1). 0.5—0~~i5~ LT I / H
0(1.1). 0.5+OESOELTI/H -
0(1.2). 01/H
5(1 ,2).—O( 1.2)
5TY~~~T~~O1*O2/H,Q.5a( ~~S~~ LTA+OA )
O ( .3)sOL*02/I44 O.S*(O !*OEL TA+O * )
5( •41.—01503/N ,(OU+O!*OEL13)/2.O
DC .4)._O L$C 3/ H + ( O~~~+O SOEL T e ) / 2 , O

Gi 7~~~E~~~L W~~~P~~~Ei~~ELTA*CAP+~~A*CAF+p5*C5P+Q ESOELTUSCIF
S(3.3) —3 .O -

0(3 .3)a 4.0 
_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

5(4,4)5—3.0
0(4 ,4).4 .0
~ 

(4..4L5 1- ~34 CONTINUE
CALL SANO (J)
GO TO 15

C
C
C PROGRA M POP J.GT .I AND J .L.T.NJ

CAP •O.S*(C (3.J)+C(3.J+I))
CUP aO.S*(CC’.J).C (4,J,I))
CURP .O .5*(C (1.J),C (1.J+1))
eIiopc.(eI I ~~IeI I..~~It .11  1114
C*PP (C(3 .J 4 L)— C(3 .J ) )/ ’ I
CUPP • ( C(4 . J .L )— C(4 .J ) ) l4
Pt4IP~.(C(2,J 4 1 )— C C2. J )  I/H
£AL~~~SCON 0 ( C A P 5 C~~N0~~~~~ 9A .Cnt~~5I
IF(TIME.GT .TMI) GO TO 42
E P P.O .S 0 (E P (J )+EP(J4 1 ))

Ol.CONO*EPP*S( I .0•T3T )
R ( 1 .t 1 5 0 4
DC 1. 1)a0.5
5(1 .Z) —O1/N
0(1 .2)501 /H
513.31 SI ..0____________________________________________________
SC4 .4) 1.0
G(3) CA INT
6(4 )aCB IN T

_ _ _ _ _ _ _ _ _  LA

42 CONTINUE
CALL. $*CT IV(CA F,ClP.ACy* .ACTq ,yA.y s ,YAA .y * 1.Y$A.v Se)
CALL $WATR(TtR. TZ R.CO4.CAP.C$S ,P*.PS,PAA ,PAS.P$A .PUS)
0NPIa(0M( J)~~0M(J +I) )/2 ..0 -
OMNOP S(OMNON( J )+04’-40p4( .a• fl
OMP OMPI—QMN0N’ .

OP.(O(J)s0(Jel 11/2.0

146

I. - - - . ~~~~•
- •~~~ .- --- ----- ~~~~~ ~~~~~~~~~~~~~~~~~~~~ - -~~ -~~~~~ _ _ _ _ _ _ _  -



__  ------~~~~~~~~~~—-~~ - -  - - --~~~~~~-- - - ~~~ - ~~~~-~~~~~ - - - - ~~~~~ - -  - - - -~~~~ - ~~~~-~~~~~
-—-  

--~~~~

- 

..

TRI$ PAGE IS UALIT
con ~~~~Is~~~ i’o

CALL EOuIL (CAP .CSF.E~3C~3.~~OUI A4.COCRP)CALL RI(AY ( OCLT.EPF.t14F.QP,AMP .AMCUP.AMCA .PMF.R$F,PMCUR .
I RSCUR .PMCA ,RSCA )
DEt.TA a—OEL$M SF - ___________________ ___________________

QILTS. OEL SRSFSCOCS°
0I.CONO PEPP**(I.0,TOT )
o 2 .YA*PA/CAF
OAA CONOA .YAA+ P AA
ORASCONDA ,YeA,PSA
0*5. CQNOI ,YA8 +PAB

_____05I.CONOS+Y56+P _ .. . — - _________  -
015 (1.0.T0T)SOI* (PH f~~F.~~2SCAPP,O3*1~Só~~)/EPP
0*. OlS (CON0ASPHIP0+O ~~*(~~AA — L .0/CAP )1C4PF403505**C$PP )0e. O1*(C0NDa*PH !PF+-~2S34S*CAPF+03S(0l6—l .0/C3P)*CUPF )
5(1 - I IaO~~~ —~~~$~~SLY f1H
0(I.1)aO.S4CE*OELTI/’$
0(1.2). 01/H
S(1.2)5 0(1.2) ________________________________________

- 
SC .3).—O1*02/$4.0.S*COE*t)ELTA+OAF
DC •3)wO**O2/14+ O.5A(O~~*~~~LTA +~ A )S( •4) .—O1SC3/P4,(O~~.O!*O!LTB)/2.Q

_____ - ,4) 01*03/’4,(O9,~ E*O!Lfl3 /2.0 __________

6-C I I .Th~~.O1L.T I SCURSF.O !4~)ELT A óCAP.O A.CAP.Q2*CaP.Cf$OCt~~5*CSF
CUM P a(C (1.J.l)—C(1,J—1 ))/~~.0#H -
P HI P • ( C(2 .J • t )—C (2 .J — 1 ),*.OIH

C*.__•(C (3.J*1 )—C 3.J—l1Lt2.0/
c~ø .(C~~i .J,tI—e 4 . j— (1 T 7 T~~ b#

V 6.. P a ( C( S . J + I) C( S .J 1 I,Z.Ofll
ZVELP .(ZC$.J+I )—Z S.J—L))/2.09H

______PHILPS(C(6, 4.1 )—C ..4.J 1 • ) /2.Oi’H

ZÜJRP.(Z(1,J .l)—Z11.J—L /2.0fl4
ZPH IP.(Z(2.J+I )—Z (2.J—l /5.0/N
ZCAP a(Z (3 .J+t )—Z (3.J—I /2,0/N
zçe~ a J Zj 4~~1I j j~jj4 .J ~~l £L.04’N
CUR P~~~(C(L ,J+L)+CC1.J—I —Z ,0*C(Z,J))/WF PI
CAPP .(C(3.J•I)C (3.J—1 —Z ,QSC (3 ,J))/I4/I4
CBPP a(C (4.J,I)+C(a.J—t —2 .OSC (4,s)1/N.’M

______ZCURP !s.( Z C 1.. .~tfltZ ~~~~~~~~~~~~~ S2U .~.LU/J~~’ —
ZC*PP • (Z (3 . J • 1 I • Z (3 . J - t )— a . O s z (3 . . U I #w /w
ZCBPP a(Z (4.J+I)+Z (4.J—t)—2.0*ZC4.J))/H/N
£PPCSCEP( J +$)—1P( 4—11)/2 .011
Z~ PP .( £P (J+ I )—Z E P (J —1 ) ) / 2 . O / H

CAC Tu~~T f ~ J~
C$CSC(4.J)
ZAC Z(3.J)

VELCaC( 5. 43

ZVEL.aZCS ,JI
O C a O ( J )  -

OMNONCaO~4~~QN( J)
IPC —IP( 41
ZE PC.Z E P(J )

ONCSOMC1—OMNONC 
________________________________

C QU fl~( cAC~ t~C ! E0~Jr~~~T0c!P i
CALL. £QULL. ( ZAC,ZIC.i!OCS. ZEOUAI . Z!O CSP)
CALL RKAY (DELT.EPC.04C.OC.ANC.AUCUR.A$CA.RMC,RSC.RMCUR.R$CUR .

~~~CA.t~~*C& 
-

DILTA.-OCL.RSC
DtL.TS aOtL. *RSC *CO Ce~ -

CMOSC$TA R—OSTA R
APS *STA •B STA R  _____________________
CALL SDIP (cAC ; C8C ’ 5 1 T I P ~~~~T~~E~~ZV54. OIPU0 ) —

C A lL .  S O 1 F ( Z A C . Z S C . Z ~~t F A . Z I ) I M 5 , 7 O t P A A . Z O I ’ A B . Z O E P eA .Z D t P S 5 )
-
~~~~ CALL 331ffP (CAC .CSC.OIFAAA.OIFARA .DIPA SB.OIFBAA.OIPBAB,OIPBSI)

_ EPT.EPC*e1O.R_________________________________________________

— Uflf’~1PC1 * fOR1R2.T2R.CAC/COA
TR3s*. 0—TO I —T02

_____O1.DIFA *EPT *C 4P

~~

________________________________________________
02á 5PT*CA P*CA P• 03. !PT*CA PSCBP
04 (t.O,TQR)*EPT*0I’A*CAP,IPC
O~~a C —TR ~ i S2 3 /~~ .0/F/!.C—C4C.sSTAR/R~PC —

- 
- - go_i_ C ~Sa-t AC *0 S’TA~ f l - C  ~ .tb 4~R o~U*P I7~~~07!Pc

ZOI ZOIFA*ZEPT*ZCAP3
ZC3.LEP?*ZCAP$ ZCAP 

____ _____ _______• — _. —
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- -

~~~ Q~~~I~rrY ~%LCT1CA~ I*

____ • -
_- - — -

50$a( 702+S2) /~~~.0l$~~~Z!RC. Z 4C  *BSTAR/Z!PC

ZOO. (SS2 ZACSOSTAR )*C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— Q7.VEL.C$CAP/EPC~ T0O*OL4(T~~’ 1 .0 )SEPPC*O4+CURP•Oo_T~~6

I ,TOR PO2SOIPA SOIFAA .TORSQJ*OIFA*’)CPAB
Q !PSOELTI$07/!PC 

___________QCAP*—V1C.C/EPC .0i*)IPAS (CAP*~)IFA A4C *01~~~~
~~~~~~~~~~~~~~~~~~~~~ iW ~ 4* ( i 1 .C~ øCsp4T4 [VEL T~U~~Tib STAR/C MO /1
I .OZ*O!PAAA,03 501P S$A+~33TA~~*CUPP~~!PC

DC.. DEL.T$*Q7/EPC’DI FA$ *( O1 .!PPC*04 )
_J~+Q**O IPASA.O3.0IFASi -

Q~~~Ya( S$a~~CACS0ST AR ) /CNO’!PC
ZOVEYSI SS3~~ZI~C S0STA0 ) ,CMD’lEPC
4(3.1 ).(G5+4JV1Y*4P5 ’~1°) /4.0/H

D~~~GC’~WiEW1~~~TPA*t1 .).?C~~
) *E~~~C/EPC

4(3,3)5 _G .SSOIPA.EPT,N,M4OS/4.0/~~,0,5/0 T QC*.~
4 O

D(3.3) Q.S.OIPA$EPT,M/*.0B/4.0’W ..0.5/O ELT QCA/4.0

____
S(3.3).DIPA*EP T

~~~

/H
*(3.4)a OCS/4 .0
0(3.4) .—QC$/4. 0
4(3.5) .  _ 0VEY/4.0/$1CAP/!~~C/4.0
0(3 .5)  • QVEY/A,!/H+CAP/EPC/4 .0 Z Q Z *Z OIFA A+Z 03

1 ZO Z PAS)*ZOIPA ,ZEPPC*Z34 _z CuiRP*ZO$ ZQV E Y* ( Z V E L A * ~~~’JR~~
2 _OIP*CURP_OCA *CAC CP*C3 C~~~~~~~~~

’!P
~~

RI. DIFe*EPT*CSPP
R2SEPT*CSP*CBP 

—

o 3 EPT*CA P*CSP
R*.( L.0~~T0R 1 SEPT~ 0 IF~~*CPD /!PC
pg1II1(_~R3/p+O.5*S3/t.C~~C*3ST 4R 3/CRC
MO~~t~~S~~~~~ C~~~STAR 3* 1 V~ L�~~~~ SCU R~ T7 cuo/ ~~C
R 7SVEI..C*CUP/E P C .T~ R*R 1,( TiQ~~1.O)*EPPC*R* CURP*R5406

I +TQR*R3*OIPB*OIPUA+TOR*02 *0IFS*OI~~~
S

R IPSOELTI*R7/EPC __________

MCASO TA*R77E~C~~~ 
5A51 FEPPC~~I4 I

I .R2*OIFUAS ,03*OEP$AA
RcSP VELC/EPC +!~~T*O! P$S C OIPBA*CAP,DIPUB*CBP )
RCB __________

l+M t~b 1p~9 ~.orF~ Aa4 ~ s1~~~~~~OI~IP/ERC
SRI. ZDIF$*ZEPT*ZCUP°
Za2.Z!PT* ZCSP*ZCBP
2R3.ZCP is ZCAP* ZCBP __________________________________________________

j~~~~n~~o•ro P ) *ZEP ?~~ TF ZC3~ ,zt ~ c
ZRSa(—TR3/P453/2. O/f ’ .. ZSC*SSTARI/Z EPC
Z R6S(SS3 ZSC*OSTA R *( ZVELP.APS*ZCUR~~

) /CMD/ZEPC

RV . ç9C*0STAR )~~C~40~ E~ C
ZRV • ~~~ ~~~~~~~~~~~~~~~~~~~ 

—

A (4 ,  l)~~~~~(R S OV EY*A ~~~~~~~~~
I ) / 4 . O

~~~~
0(4.1 ).+(~~5,RVEY*APS RIP)/4.O/H
A (4.3)S RCA/4.O
pi~~~~1_i~RCA1 4.3A ( $ . 4 ) . O.5*O 1PB5E~~

T
~~~~

/
~~ 

.q9/4.O~~H-.R C B/4 .O .0.5/DEL I
Ø (4 ,4 )~~~ 0.5.0 IFSSE RT/H/M —RS/4.0/H RCS/4.0 +0 .5/CELT
S( 4 . 4) . O I F B S CP T / H / H
RS MC5P+Tl .g.T1iP1*E~~~*O I~~~*~~~PCFEPC
A (4.5) ~ RV EY/4.O/l+CiP’EPC” .O
D($.S)~ ~~~~y/1 ,O/$4+CRP ~ E C /4.0

— G(4). ZB C/OELT +Q.S* (_Z CAP* Z VEL/Z~ PC+ZR1 +1 ZR2*ZDIF$5+

I R3*ZO I PBA ) *Z 0I FB+ ? !~~~C SZO4_ZCURP*ZRS ZRVEY*CZVELP4 5d IIR
~~~~

2 -RI P.CURP~~RCA*CAC RCB*C6C4CSR*’~ 
ILC/E~ C)

44 CONTINUE
CURS •0.S*(CC1.J)+C(t.J 1))
DM15_ID .5tLCi2 1I~~~L2.J~~ 

I I

CAB .O .S*1CC3.J)*C (3.J4))
C.. .0.5*(C(4.J),CC4.J 1))
yELl .0.$*(C(S.JI*C(*,4 1))

• 
-___ PHI 1B.O.S*(CI6 .J )~~~C t O . Jt U

CU*P.. (C(1,J) C (1.J L ) )/H
.HI1PS (C (6.J) CC6.J ) ))/14
QMSI.(OM(J ),OM(J .* 1)/2.G
AIV4QMSRLQMNONLLL*QMI4ON L.L~U )i2~ 0 _

~~~~~~~
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~~IS PA~~ IS B~~~ QUALITY
• ~ ‘ 

- J~~~ 0O?Y ~I IS1f~~ .TO 1~ U ~~~~~ — 
-

OMS.OMII-OMNON$

f P B . (E P(J ) + ( P (J—t  I
CALL E0UIL (CA$,Cee.13C5.!.O’JIAB.CQCB0)-
CAL L RkAY (OELT,EP5,OMd.~~3.4Ne,AMCUP.AMCA.RNS.RSa .AMDZ.RS0I.
1 RMCA .RSCA)

AMCS. *MCA *EOC$ P
. _... ..RIICS%~~~MCAIEOCIO

R$C$’—R$CA*EUCSP
DILIAS-01L*R$B
DELIS OEL *R$B*E0C $~
IP(TIMC.GT.TMI ) GO TO 33
AEPN OI*P( *L.PNA$(PHII’3—DHIP)SF/0lT)

• CEPN.OEXP(-AL PNC*(PMCI$-PHIA)*F/R/T)
F~~~ .ADPt4~~~F9Pt
IXPD.( AL5HA*A1PN+AL~ HC$CEPN) *P/P/T
64.PI0s (CAS/COA)** .A44( C1B.’CO 3)**ZE1A
*(*.  * )s—1 .0/N

________ ________________________________________________

*T2~ 2). AMISG4 *CX~O#2.0
S( 2.2)s *NS *64 *CXPO/2.0
A(*.*).—AMI*Ge •EXPO#2.0
5(2 • LI .AMB~ GIj~~~POIT ~~5

S(*).AM$*G4 *(EXR— *P0*PPCI 1841XP0*PNIS )
S0 T0 43

35 CONTINUE
ION*PRMS *RC$O/RMO
NCHCUR RMO I
•OHC*.RMC A
ROHCS RNCS
?.I~~~ A~~~~~~~~~~~~~~AI MI I ~ 4$.~~AI MI

IP(CSB.L.1.CALML ) CS3 .CALNL
A$AK .I .O_ $Z.CURP~~ /EN,P/CA5/Q*4e
s *.i .0—S3SCUNP$/!N/F/C5G/ROHB
A$*KM~~~ */5p4,~FjCpk5 LQ~~R
SSIkM2.S3,CN ,F/CSe,q3H5
ASAK MI 44$AKMZSCURPP
5$S$IM*.BSUIINZ*CURPB
I F( & 4 A K .L E . C A LML ) A~~%i(.ClL 4L
IP(SSSI(.L!.CAL ML ) 33~ iCaCAL4L
IFC A $AK .6-C .CAL MH ) A SAI~~ CAL4H
IP(SSBK.GE.CAL MM) US9K CAL’4H
C AS 1 4 ) —  AS Ak
CRAT I O C J ) .ASA I /5$SIC
CRAT IO (1).CRATIO (2)
CAAV tASA i~~.C~~5jCA~~~)/2 ..0
CSA VS(BS8k*CBB+CSB)/2.O - -

CALL. SA CTZV ( CA A V , C BAV .ACTA .A CT B ,YA .Y $.YAA .YAB.VS A .VBS )
TRZ.T2R*CAS/COA
733~~1. 0—Tto—T !!2
22ET4 1 .8*1 t,O +TR2)*YA
ZZETS—14.0—Z.0*TR3 )*V~IP(JP.E0.2) GO TO 4$

IF(JP.E0.II GO 10 45
ZZETA.0
7*15.0
ONI LNUE

ZITAASGAM —ALPN**ZZCTA
ZITRA .ZI TA—ALP ’lA *ZZ!TS

1TAC*GAN t*LP!4C*ZZ!T4
• 1t.C.uTr.ALP 4C5zz !re

CA*Mt.A SAK**(Z!TAA -L .0)
CSAM1 .SSS*e*( Z!TBA-l .0)

CONA* .ASAK*CAAMI
CONBA.eSBk*CSAMI

________CONA CUASAk *CA C4* _________________________________________________

~~N5CaU$k*CRCMI
1~~~ONA .DE*P(ALR,4A*F* (PHI I P — M  IS )/R/T)

*PONCROIXP (—ALPNCSP* C SIII LB PHZSI/R /T )
XPO.CONAA*CONSASIX A .  3MAC.COM$C*1*ROPIC

-
OHNI.( CBS/COB )**( ZETA—I .0)

C VISCZNM1 S CAB /COA
cON ONN1 sCSS/COS . 

—
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U PA~~ IS B~~T QUALITY PUCTL(~~Il1
~~~~~~~~~~~~ TO WO _.

~~~~~~~
-

PPCXPA.AMB*PI0*CZN* C)HM * 
- - ____ ___________________

PRE XPe.AMB*FIO*CO$SCZNM1
PR~ XPO.*MSSPIO*CZN*C~~*I
P*NCOaPREXPO*CAAMI *C3A MISE* POMA
P~ 1T0iPQExPO*CACMt ~C3C~~i ö C ~~Q~~5PM I PRCXPOS( ALPH**C~ MA4*CO I4t3As~~xp~~pa~I +ALP I4 CSC ONA C *C ONeC *!X~~O 1 C) *F / R , T
SAN I .1 PANOO*ZE TA A— S CA T Q*Z E ! 4 C  )*PSPK
.CTI.(PANOO*ZITBA CATO*ZET’3 C ISASA K
6I1.PREXPO*EXP0*A MCUQ/AM P ,i4N1sASAKM2 * (~~t .0+CURP B*OMD I )
I 4BCT1*BSBKM2S (—1 .O$CUR P I*ROHCUR )
G*2.PREX” q.ExPQ.AMCA/ AMP +~~JX~ 8*EXPO*(~~M 0*
I +BAP411A14kM1 * (1 .‘C R~~8)~.4~Yt *638kM a *4CA
G13.PREXJ’O *EXP0*A MC3,AMPI .)

~~E*P**E*PO* ZETA
SANI *ASAICMI*RMCa +ICTL*’3SB’V41*( I .0/CSB+ROHCB )

______
A (2,I).—L .O/H+GI1dM5(2 .1 )i~ A ( 2~flA(2 .2 ) .S PH I / 2. 0
S(2.2) BPHZ/2.O
A( 3)a—GA2/2.O

• *~~I372.p -
A (2.4)s—G53/2.O -

______
S(2.4).—G

~~

3/ 2.0

S(2 . 6) a—SP NI /2  .0
GC 2)~~~R EXPO*EXPO-S°HI4PWI1S4UPi4Z*DHI5—GtI *CURPS—6A2 $C4S—G03$CBP

43 CONTINUE ____________________________________________

TIàPSS* (CST A ~~~681i~~)TZST l*E OUt AS
TR2.T2R *CAB/COA
103*1 .0—iRa—Tot
zcU~ø8iTrU-.J —z1 1. 3 — 1 ) 3 /I l
CALL SEG MA (EPGI .1P3 .QMS,Qe.SGZN.SGZNO.SIGMI )
LP (TINE.GT .TMI) GO T3 4 7

_____A (S.I)’ — ( A $ T A .~~STAR ) /Il
BCS.1) — A ( S , t .) -
A ($.5).—1 .0/H
S(S.S I.I . O#H

O (5J~~L2
A ( 6~~IT.—O.s
5(6.1). —0.5
A(6 .6)a — ( 1 . O — E P B ) *S I G M I /H
S(6.6). —4(6,6)

GO TO 49
47 CONTINUE

-- - -~ A(S ,I). — (*51* +U$TAR)/H 4 T2*P SOI/H
- - - -

~~ S(5.1)a A (S.II
A (5,3).—O.SSTI—O .SSTZSO SCA
5(5.31. 4(5.3)
A (5,4).0.5*tI*~ 0c$R—0 .S*T2*RSCB
5~(5.4). 41 1~4)A (5,S).—L .0/H
5(S,S)a1 .0/H
G(5).T2—1 * B+T1*51~~~°*C —T 2* ( R5CA*~~~S+R3Ce*C$S)—TZ* RsOf *CUPPe
*11.13 — . ECZH~~ C bEL.TI I A $T(T 0—EPII )fH+510M I .~ i4I is~_ib!rfr7~~BC6. I )a—0 .S+SGZN* ( —0! LTI)*~~HE1PeS( I .0—IRS )/M— SIGNLSOH I IPS*O!LTI/PI
A (6.3).0 .$*SGZNO*(—D~ L TA )* P,sX 105*11.0—IRS )—O .S*SIGMISPHI IPUSOELTA
5(6.3). A (6.3)
*($ 4 1*0Th * SGZNO * (~~~~C7PTW~~4TT~B*Ti • 0-EPS 0. 5ES1~ ’4T* PM I i-p8laECTS
•(6.4). *16.4) -

A C 6.O).—SICMI*C 1 .0—E~S)/H5 ( 6 . 6 ) —  S I G N E a( I . O — !~~q)/*4e(.,T PTTOT+ pHLIpi*(5cjj M6T .pELTL,,~cupa5 +SGZNQS ( 01L T41*CA 3
I ,$GZNO SC—DCLTB)*C8S)* (I.3-EPS)—SIGMISRHIIPS.(QIL.TI.CURP B.OCLTA*
* CA S+OELTB*CSS )

49 CCNT IPSJE 
_________________________________________________

4 07 0 15

. . !~ QGRAM P00 JSNJ
EW CD?1T IMUE

5( 1 .11. 1 .0
6(1). P170? •

CUR. aO .5S(C(t~~P)*C (l~~J— *))_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _PHIS s0 .5* C(2. 4) .C( a.4—L
CAB •0.S*(C (3.J)•C (3.J—I))CS. . •0.5S(C (4.J),C (4.J—I))

— 
- 

i~ o
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- 
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PHI*3a0.5* (CC6.J)4C (6.j—L)I 
-

CURPS(C( 1.3)—CC 1.4—1)1/H
______ 

PWt1P5. (Ct6 ,J)—C(6,J—j 1)/H
Oes(0(J )+Q ( J 111/2.0
EPBa(EP(J),E0(J—I ))/Z.0
0MS1 (OM( J) ,QM( J — 1 ) ) / 2 . 0

_ .. O’*IONB ( QMNON ( J1,0MN0-NLJ~~~1 13 /2.0  — -
QMS.QMBI—QZANOMI
CALL. E0U1L(CAe.Cee.E~)C5.!0*JCAB.E OCPP)
CALL RkAY (0ELT,CPS,Q-46.~~i,4MthAMCUR.AMCA.RM5.RSS.RM01IqSD1.

A RMCALR~~CAJ.
*MCB.—AMCA*EOCBP
RMCB.—R MCA*EQCUP
RSCB.—R SCASEOCSP
DELTAS—OEL aRSB -- - ____________________________________________
OELTPSOEL *QSS*E0CSP
IF(?IME...T .T41 ) OC TI 30
ASS 054(RIAI,2ft*a(DMTIL..SwLOj $PIRIT I I

CEPN.0EXP( ALP$C* (PMtt5 PMCS)*P~ R/T )
(XR.AEPN—CIPN
EXPU ( ALPHA*AEPN,ALPHC*C!PW I *P/R/T
C4.P~IQS (CA5/COA ) **G&4E.L~~35~~CQS)**2ETA
A (2 .  1 3 5—1.014
5(2,1). 1.0/N
A (2.2). *145*64 *EXPO/2.0
l(~~.2I. Al45~~G4_~ E.X~ D/2.3 -
4C2.6)s—AMe*G4 *1*00/2.0
S(2.6).—AMe*G 4 *EX~O/Z.0
6(2 ).4M8*G4 *1 £xR—3x00*OM I IS4EXPO*PMI5)
G0J0. 60 .. ______________________________________________

36 CONTINUE
ROHS.RMS*RCHO/ RMO
ROHCUR.~ M0 ~
ROHCB5 R MCU
IF(CAS.LE.CA L. ML) CASSCAL ML
IF(CBB.LE.CAL ML ) C~ 8’CALM L

________AS*kal .0_S2eCUQO E /C~~~~~ l4P._________________________________
SS6K.1 .0—53*CuOPe/EN/F,C3a,ROMB
IP(*SA k .LI.CALML ) 4SA ’ (~~CAL ’4L
fP( SSB*( .1..E.CALML ) 3S~~1Cs CAL~4L
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
! P (A SA k .GZ.CALMII ) ASAk.CAL%$H
C AS C 3) * AS AK
CPA T1O( 4) *4 SAK#’6S81(
ASAK MZ.S2,EN/F/CAB /q~&3
8S5kM 2 53 /EN/F/C8e/RO*l5
A SA K MI  .ASAKMZSCUPPB
SSUKMLRSSBKMZ*CURPO
~AL~LKLA S&StCA5tC.*”~~~~~ -~~CSAV* (BSBKScU+CeS)/2.O
CALL 5*CTIV (CAAV .C34V. *CTA.ACTS,YA .Ya.YAA ,YAB.YSA.Yel)
752.120*CAS/C04
703.i.O—TtR—TR Z______________________________________________
ZZCTA .1 .5*11.0+7 02 )*YA
ZZETUa—(4.O—2.0*T03)*YS
IP(JP.EO.2) GO TO 53

____________ _________________________________________________

ZZ!Tea—(4.C—2 .0*TR3)
IFCJ P.(O.1) GO TO 55

p ZZETA O
ZZETS . O

55 CONTINUE
ZEtA *56-AM —ALPNA*jEE7A

________ZfT

~~

AaZ1TA—AL0 MA*ZZE1 $________________________________________

ZITACaGAM .ALPNC*ZZCI 4
ZETSC~Z ETA ,ALPHCSZZ!T’3• CAAM* ASA*** (Z ETAA—I .0)

A C M I . A S *K . S (Z E T A C — 1 .
CSCMISSSS’c*eCZ!TUC—I .0)
CON*$ .ASA*SCA*MI

_______CONS*a5$Sk.CIA41.._________________________________________
CON *C ASAuI SCAC M 1
CONPC.S$e’CSCSCM I
1XP0NA.DEXP (ALPHA .P.(~~#I 15—0UE~ 3/OFT)

*

~

ONC .DE*PI—AL.DwCSP*CPME19—PM1S)/0/tP

~lI$ PAZ IS R~ T QUALITY ~~ CTI~A~~I

1 
• ~~~~~

- 7 151

-~~ - - _ ~~~~~~~~~~ - -  ~~~~~~ - - --_— - - - --. -~~~~~
-—_ - -—-- -- - -



-

- EXPOSCONA**CONPA*1*P A—CiM~~ VCó -—
CZNMt.~ CAB ,COA)**(GA9—1. 0)
COHMI. C50/CO6)*S ( Z ! ? A— 1 . 0 1
C2N.CZNNleCAR/ COA~~~_ _ _-

_____

CON.COHMI*CBd/ C0S ——

PRIXO* .A MS*Fj O*CZN*CIH41
PR CXPS.AMB4 F IO SC ON *CZ4 t4 1
001 xPo. A*~B* Ft 3*CZN*C~ ’l ____________________________________________

PANOOSPRE X PC*CAA M 1 *C 3~~~~ t * !XRONA
PCATD.PREXPO*CACM I
SRgq f ‘PREAPOSC AL PI4A SCO NAA *C3P4RA* EX PONA

- _ _ J  ,ALRwC*C0NAC SC0NBC*!*~~O’4C ) *F/Q,T ________________________
BANI . (P* NQDSZETAA— °CAT QSZ !TA C I*eS8K

_ _ —

ICT I .(PA N3OaZV-Y$A—~C4TOsj~ T~ C).*SaKI1*PQEXP0*EXPO*AMCUR/A41 ,~ A NISAS AkM 2* (—1 .0,CURPe*RN0I)
I •SCTI*SSBKM2* —1 .~~ +C*J~~~~~~*~~OHCUR ) _____________________________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
I .BAN1*A$A kM1S( 1.0/C*3+ CA)+~3CTt *O S~~~M IsRCHCA
653.PRCXPO*IXPO*4 MCSFA ’45.RREx 0A*~ X P0S Z3T4/C05

1 +SANI*ASAK MI *OMC S_+eCTt*~~sagcM1a( 1.O/CBO+RONC5)A(2.1).—I.0/H.GI17N
5(2.13.—AC 2,13
A(2.2)SSPP$1/2.O
B(2.2).~~PMh/ 2.
AT~T3)a-~~~~72.
•(2,3) s— G AZ /2 . O  -
A(2.4)-.—Ga3/2.o
5(2 .4) ‘—683/2. 0 _________________________________________________

S(2.6).—8PHh/2.0

60 - r~~
00

~~
00—50

~ 
SOME I B4SPH LSRHES—GI 1 *~~(jR °B— GA2.CAB .6-83*C99

j iR5e *( C STAR—OSTAR )
tZ.T1*EOUCAB
tRZ.TZR*CAU/C0 A
703.1 .0—T02—TR 1 

___________________________________________

ZCUPPS.(Z( 17~
)
~~ (T~

]
~TT) ‘II

CAL L SI G M A (E P G 1 .E P ~~.Q M5.OB. SG Z N.3 GZ N 0.SIG M I )
*P(T IMC.GT .TMI) GO TO 53• 5(3.3J 1.Q

p
G (3).CAINT
G(4).CU tNT

- - —  
4(5.1). — (ASIA +BSTAP)/H
5(5.1)5 —4 (5.1)
5(5.53.1.0/H
4(5.51.—I .0/H— G(S).72 -
A (6.I) —0.5
S(6.1). —0.5
A (6.6). — (1 .O—!PS)*SIG~~I/Il510.63’ 4 ( 0 . 6 3  - -

6(61* —PITOT
GO TO 52

53 CONTI NUE ______

A(5.1). — (~~SrA .~W1Y~~ T1P4 . T2*RSO17H
5(5.1 la—A(5.11
4(5,3) .—0, 5571 —0. 5*12*QSCA

!~~~,iT~~~~~if~
’.EoCuo—3.5*T2 .RsCB

5(5.4). A (5,4)
4(5,53.—i .0/N
5(5.5) .I.~)/H _____

G(5) .T 2—T1
A (6 , t )a_0.S_SGZN*( OELT I)*3WI IPB* (1.O IPS )/H+S IGMI* N IIPB*0ELT I /*1
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_____
A (6 3).0.5SSGZ~~9*( O!LTA )*OMI 1pp .(1,0—CP5 )—o.5SSIG~4I.pHIIPes0EI~?4

A(6,4).0.SSSGZN0S C~~O!LTU)S s eItPSS ( I.0—EPS )—0.$SSEGME*PHtt Pl50ELtS
5(6.4) . A(6,4)

“ S(6,6). 5 1 6 N 1* ( 1. O.’a3 ) /1 4
6(6). —P ITOT ,PMI1PI.(SGZ’4S( 0ELt I~~*CU’ 5 •SGZ 40* (—OIL tA )SCAS

I ,SGZWO*(~~O1LTS)*C~~U ) S C t . O !P%).SIGMI5PMI1P5*(O!LT!5C U0PB4OILTA*
1
~~LL~ S0~tFT C(3 .3 T~~T4 • . ap , i  r r 4 T b T r D 1 PCSThIV~A75Tl’~N 1
CALL 3~~ P(~~(3.J ).ZC4.J).Z~~IPA ,ZDIPS.ZD F*A .Z0IFAt*.ZOtPBA .ZOIFS5)
CALL E0UtI.(C (3.J).C(*.J).E~ CS .E0UEA$.1OCBP)
O~~~.OM C 4) —QMNON( 3)

• 
_

.1 - 
:•~~.

- 
~~ 

‘
~~~ 

- . 
- 

t~~
t’ 

~~~~~~~~~132

- - • ~~ —~~ • • • .

— p - - - - - -  ~- - —-- ----- - _--- - --—--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - - - -_- - -- - - - -------- - - - —~~~~~ -- — -- - _--•--_--,•-,---•--- -- 

~~CALh. RKAY (QELT.1P13) .QM Q (J) ,AM jAM CJP,AMCA.RM ,osrJ).RMCU O;RsctJp -

1 .RMCA.RSC A ) -

OELTAS—QEL* RS ( J )
_____DEL IBSOEL SR SC 3) *EOC~~~CAP.(3 sCf3~~~~~~~~~*c13.J—fl.cc 3.J—2))/2. 0/IlC50 (3.0*C (4.J)—4.O*C (*.J—1) ,CCs.a—23)/2.0/s

ZCAP.(3,0*Z(3,J)— 4,O*Z (~~,J—1),z(3,J ~ 2p)/2.Ø/W

EPTSEP(J )s*TO R
ZEPTSZEP ( 41*5100
O 4 (  1.O+T0RJ* EPT*OCFA* C40
R 4.T1~~o 4 TOR fi ~~~~ó P3Iti~~IP(NBC.eQ.0) GO TO 82
C3NJ C( 3,NJ)

______
C4NJ .C ( 4 ,NJ) 

______________________________________________

IP(L.E0.1) VEL.NEMIVELP9
IFCL.EQ.2)  VELMIM —VSLM
V !LD IFs VELMCN—C (5 • 3
VELZEF VELMEM—Z(5.4)
T~~~~2biYR2M~~’TR~2
TRN3O.703M—703
IP( NSC.E0.I) GO TO 85

— 
- IP(NBC.EO.2) TR’lZD.O.G

1FCNBC.G1.3) TRN3O.O .O
IF(NSC .IO.4) TRNZO.O.0

— —~~0 .TO 5~~ea CONTINUE -

C3NJ a O .0
C4NJe0.O -
VFI~~~TPg0.Q
V &Z I F.O . O
TRN2 O.O .O
TRN3O.0.0

8~ 
COPIT INUL ._ - —•---— -_________________________________________
Y C 3 , 1) a  04*OELT I/2.O/M
A (3. 1 ).—0 4*OEL II*4.O~ 2.0/’4
I(3.1) 04*OELTI*3.0/2.O/H

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ?P

e(3.S) —C3NJ
Y ( 3.3)z  EP(J )*EPT *OIP4/2.0/H
A(3,3) —EP( J)*EP *01P4*4.O/2.O/PI
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 +10(4) * EPT*CAOSOL FAS O !FAA +O4*OEL IA
G(33*Z.O*VCLUMESZ (3,J)/OELT+2.O*TRN2O*FTTCT/Z.O/F+2.0*OLAAM*C03.
1 —ZOIFA*ZEP (J)*ZERT*ZCAP —( OLAAM +V ELZ IF )*Z (3.J)
~~ Ô~ P(J1*EPISC4PS0TSA5.LQL~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .O & k ( T h S L ? T *
3 CUR P+OELT**C (3.J3,OELT8*C (4.J)) —C3NJ*C (5.J)
V (4.1) R4SO!t.T1/2.OFM
A (4.1).—4. OSR4*DELT 1/2.0/H

—1t4.L1a 3.0*R4*OELTL/2.0/H_______________________________________

1(4. 3 3.10(4 )*EPT*CSPSO C F3*OIFUA+R4*OELTA
• 

S( 4.5) . —C 4 KJ
• Y ( 4 . 4 ) .  EP(J)*EPT*O t~~5/2.O/MA(4 .4)  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5(4,4)— CP(J)s!PT*0 I~~~*3.U/2.o/He2.0*vOLUME/DELT+DLSeM ,VELD1F
I .EP(J )*EPTSC3~~*0EP3.0LFB8 •R4SOEL TB
G (4 ) 2 .O*V OL UM 1 SZ ( 4 .J )~~~OELT ,2.O*OLBSM* C O8—Z E P (J )*Z !PT*Z D IFS*ZCBP

____ I_ —(0LBS MSV ELZ 1F . _ )* Z ( 4 . J )  4-E!(J )*EOTS~~~P*DIP 101 ~~~Q,j) +
2 O1~~SS*C(*.J)) •~~ 4.(0ELT r.CUqP,DELTA.~ t3,.i,.OEL TS*C(4.J))

- 3 —C*NJSC (5.J) +2.OSTR’430*PITOT/P
32 CONI ENUE

_CALL.3AP40L.JJ. ..___________________________________________________
IP (TIME .GT.TMi ) 6-0 TO 475
00 476 J—2.NJM I

416 T RNCURIJ ) . IC ( I .J ,* )—C ( 1 .J —I ) )/ (AO .2 ,0s H )
T R NC U R( t J a (— C ( l , 3 ) + 4 . O * C ( t . 2 )— 3 ..*)s C( ) ,1) )/ (AQ$2 .Q* 14 )
TRNCUN(N3).(C(t .NJM2 ) —4.OSC( 1 ,NJM1),3.O.C(t.NJ ))/(A0*2,0*H)
TP(JCOUNT.GT.20) GO TO 59
00 *79 I.*.N
~O. *75 ~~~~~~~~~~~I P C 0 A 0 $( C ( I , J I ) . L t . 1 . 0 O — I o )  GO TO *19
IP( D* US ( C ( 1 ,4 )— C 1( E .J ) ) . G 1.t . 0 0 —5 S OA O S ( C( I . J ) ) )  GO 7 0 $

479 CONTINUE
60 10 39 _ _ _ _ _ _  ________________________

411 CONTINUE
00 1* J.~~,NJ
CALL 10ufL. (C(3,J ) ,CC4 ,J ) .~~QC$ ,~~Qi.j L (J ),€O ~ 5P)

2 I .  CONT IPW1__________________________________________________
00 12 J.l.NJ
0~~I.OM ( J )—OMNOP4 (J )
CALL fO V IL (C I3 . J ) .C .C4 .J ) .C Ct~.!OiJZAe ,EOCOP)

• -
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CALL PKAY (DE1.T,EP (JI,OMM .O(J) .AM.AMCUR.AMCA ,RM .RS(J).RMCUR.OScUP.
I RUCA.RSCA)
A MET (J)*AM -

12 CONTINUE - -- -—
OOEL L A S T A*OEL TF Z .0
ODEL CSTA R $OILT/Z .0
00 70 JzZ.NJN$
CURO CC (1 41 ) C ( t . J I P) / ~~e0/H
zC(IA~

_i(Z (1 .J~TT~~
( t . J — 1  3 )

CALL E O U Z L ( Z ( 3 . J 3 ,Z ( 4 . J ) . Z ~ OC8.Z E0UAB .ZEQCS°)
0141 J ).Z QM(J )_ OOELI S(C IJ RP,ZC Uq P )

______ 
O(J).ZQ(J),00!L*(RS( J)*!OUL( J)+ZQS (jt*ZEOUAB)
Ep(J)zzEp (J3 .ooELta(CU ~ P4iCuq~~V—aOeL* (RS(J3*E0UL (J)+ZRS (J)szEoU Ae )

70 CONTINUE
CLPF (—C ( I ,3),4,Q*C(1 .21—3.05CC 1.233/2 .0/Il

I • p— 3 Q .S~j .~~ ii )~~~~ .9~~I4
ALL e O U E L ( Z ( 3 , I ) , Z ( 4 . 1 , . Z !Q C B , ZEQUA8.ZEOc5~~)

014( 1 ).ZOM( L3— O D EL I* (C UR ~~+ZCUP~~ )
0(11.20(1 )+OOELS(RS(  I )*~~~-JL( I ).ZQS( 1)*ZEOUAB )

______EP( I )sZ E P ( 1  ) ,00ELI*(_Cy!f ZCURF)~~~0OEL*(RS(J )*EOUL(1 )+ZRSII )*ZEOUABJ...
C UR BS (C( 1 . NJ M Z ) — 4 . 0* C ( 1.N i’4 1 ) +3 . 0* C( 1 . N J )  1/2.0/Il 

— -

ZCURS (Z( I . P . 3M 2 ) - 4 . U* Z (  1.NJM I 3+ 3.0*2( 1 .N.J 1)/2.0/H
CALL !OUCL (Z (3,NJ).Z(4..NJ).Z!CCS.ZEOUAB.ZEOCSP)

______
OM ( N J) ZOM ( ~~~~~~~~~~~~ ~ CU~~~~~çU~ B)
Q(NJ~ azo (NJ).Q0ELa(~~s (NJ)*~ ouL(NJ)4Zqs(NJ)aZEaUAB )
EP(NJ ) ZEP(NJ )POOELI*(CUQB+ZCURS) OOEL*(RS (NJ)*EOUL(NJ)4ZRS1HJ)*
I ZEOUAS )
00 73 .J.1 .NJ - -
10(014(3 ).LC.O.OT OMTI)*0.0
IP(O (J).LE.O.O ) 0(33.0.0
EP( J ) 1  .0—0141 4 )—O ( 43—1061

73 CONTINUL
!e(~iPcG.to.o) GO T~ Th -

t P ( JPt .G.EO.1) GO TO ~3MEPSO
00 92 JaI.NJ __________________________________________
iF(Oi~J 3.61 .ESPC61142RI14EP+ 1
1F( MEP.EO.1) NJM !N ZJ

92 CONTINUE
N JM A X ~~NJM t!4+ME0 i
~ø (MEP.LE.NJOMN)60 T~ 96

— IP(MEP .GE.NJO MX) GO TO 96
CALL SWELL (NJMIN .NJMAX )
GO 10 96

‘ tOWT I NUE
MIPsO
00 94 Ja1.NJ
t~LEI!LL) .LE.EPLGMN) 

1410.1410+1
94 CTONTINUE

IF( MI~~.EO.O ) GO 10 96
IP(MEP.GE .NJOELT) GO TO 96
00 95 .J 1.NJ - -
*o(EP~~~~.GT.EPLG MN ) GD TO 55
EP( 4 ).EPLGMN
0(3)~~1 .0—ON (.J)—EP( J)—EPGI

—
~~~~ ~~~~~~• 00 97 JS1.NJ

QMMAXSON( J ),O( J )*V M/V S  — -
OMPLG OMI 3 ) —E P (J  I eVIl / C V S — V 4 )
IFC OMPLG.LE.I).0) 0140 *0.0
OMCCV .OJSS( QMMAX—O’~°LG )

______
OMNON ( 3 ).ONPLG+OMCOV -OMM .OM (J )—OMN ON (J) 

-

CALL EOU1L (C (3 .J).C( S.J).!IC5,EOUL. (J).EQC~ P)
CALL OKAY (DELT.EP (J).0M4.0(JI.*M.AMCUR.*MCA .RM.RS(J) .RMCUR .RSCUR .

I RMCA.RSCAJ
*141? ( 3  )iAM

97 CONTINUC
00 eel JsZ,NJMI
AR!A (J ) .A O* ( ( I .0— E D (J ) )/ (* . O~ f P t))* *(2 .0 /3 .O)
T RNCUR(J ) . (CC1,J ,1) ’C( l .J I ) ) / (A REA CJ ) 52 .O S H I  — —

451 CONTINUE
AQ EA ( * ) . AO* ( ( 1 .0 E0 ( t ) )/ ( 1 . O !PI) )**(2.O/3.O)
AREA ( NJ ) a A O S ( ( I ..t 0 10(MJ )) ./ * . 0—OPI I)S51* .O/3 .O)  _________

T ICUO ( 1) ‘ ( — C C I  .3) s~~.-3sC( • )—~~~O~~~fl 1T)/(A1lEATtT41T5 W)
tRNCUO(NJI.tC (1.NJ~~2) .4 .0* C(1 .NJMl )+3 .0SC( 1 .NJ ) )/ (AREA (NJ )* 2 .0* P ’ )
IP( ICOUNT.L? .15) GO TO 54
*aIt !C6.202 ) • •_ .•  • —

~~~~~ ii’C~~~~~~ -
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202 ‘ORsAT (,/, 20*.’ 020 NOT CONV !RG!.,/,)GO TO S9
SC DO 5$ 1.1.14

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r, iS-~. )~ G~~ 1~~ ~~~• CNECK.1 .00—5
£P(D*SSCC (I.J).CI(I J)I TCH . •OASS (C (I,J))) GO TO S

SI CONTINUE 
____________- _____

59 CCN1 (puj~ _____00 75 4 1.NJ
CALL S A C T I V( C (3 . J ) .C (4 J ) AC TA ACCAL L. SACTEV (CQ

~~~~o~~,4c7Ao A cy~ Q y~~~ RTNF~~~e ?1F72 o~~~~OVfqP(j ).CC 6. 1)—C C 2 ,3)_RTN
~
*OLOG (ACTAO ~ 4C~~~*.4,4CT*/ACTøOs*e )

1$ CONT1p~j~
______CALL SACTEV(C(3,NJl .C~~~,,iJ ) • ACTA L . ACTUL.vA.y a .YAA YAO YBA 8CA1 L SCCNO( co4-,

OHMMEM.pZ TOT’CON’IEM
VOLTM*O~.~,,14114...q TNP*3L~ G C AC T4OS4CTBL**4/ACTAL ,A~~.BO.*OHMCT.OIasM EM ,0 1TOT*’LCQUN/~~~NOO
00 74 Ja*.NJ74 CCNvPN (J)5a(J)/(vS* (~~~(J, /v  + QCJ)/v$)3

~~~~ e~~~i. • ~~~~~~~~ ~~~~~~~~~24*
—

oa 57 Jal .144
PRINT 2O$ ,C(I•J )

~~C(2.J),C(3,J) C (C JI C (1 .OV!RP~~j)57 CONTINUE

~~~OC~~~O0N AT C eOt6~ Y1 -POINT 207207 000MAT(,1H .E*, ’P OSt ly .  .10* ,’ ~M. el1x, ’CHARG .. .11*, ‘TON CUR ’,
— _ _ _ _ _ _  

_ _ _

00 75 J*I .N j
— PRINT
209 000MAT TDIT .-)P .$0I3,4)75 CONTINUE

SUM I.O.O

SUM3.Q.0
51.1144.0.0

—

00 58 451.NJ
SUM
SUMZSSUM2,oM(J )

—

SUMS SSU*I5 ,C(*,J)
SURISSUMS4CCNVRN ( 4)
OPNJ *OPLOAT (NJ I5W I ~5uMI /001445U142a5U142 /DFNJ

_5UN3 ~ SUM3 FDFNJ
SUR4SSUN4/OPHJ
SUNS*SUNS/DPNJ
SUM6*SUM6/OONJ

— P t.2JojDvEaQc~~ I~~9v5~~~~~ 4J~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -
206 P001447(1.

1 O l*sl •2 X • es?OT• .oL6. p ,3* ‘C l O Y ’ OPRINT $? ØS UMZ .S UM2. SJ M3 5U 44 S U S  $13140...eY
~~ _J O R MA T(/ .

1
IF(T I M!. GT . TLX M,  GO 73 43

______
(FlOAaS CC2.NJ)).G

~~

,,

~~

1

~~

114) Gil TO 990
- 

- 
—

00 62 J *.NJ61 IP(C(2.J).GT.O.O1 MPOt~~ieøy~~1IPINPOT.GE .NJ M Z ) GO 10 33— _IP(NP3T .LE.* ) 6o. T0 33- -

POINT 62, 11462 000IIAT(,/ lO* S 0$CILL4TION AT— IP(N5TOP.EO.OJ~~~~~~~~~~~~~~_3~~~~~GO 10 998 
___________________________63 CONTIPlu E

• EP (TIM !.GT. TLIM ,T3T,P), 63 10 954— 
- - - - DEL1ayDi~ - - - -

-
~~ ~~~~~~~

- - •~~ 

* 
1 ~ J ~a~~s .

-
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NTN 1.NT—l . 
- - -

I0(NTI.LT.NTM1 P DELT .TOELF2.0*.(NT—NTI)
I0(NT1.E0 .NTMI ) DELYSTOEL —T IME
NTL.NTL*3. ....________________________________________________
!F(tI’4E.GT. (TL1M-TDELII GO TO 999
TIME.TIME+OELT
GO TO 2

_.999 .. CONTINUE __________________________________

IP(NCYCLM.EC.O) GO TO 910
00 129 Js l .NJ
C(I.J).0.0
~ 1~~~J3 .SUM&..________________________________________________
C(4.J ).SUMS

129 CONTINUE
PIT 07.0 • 0 _______________________________________________________

IP(TIMe.GT.(T~~~M .TST~S)) GO TO 918TIME TI ME+OELT
GO TO 2

IFCNCYC .GI.NCYCLM) ~~~~~~ 940

IPCt .EO.3 ) LwI
TJ M~ .0.0
NTI.O
DB.t .T01LF2.0*s(NT—NT I) -

IF (NCYCLM .E0.0) GO TO 990
_______ NCYC.P4CYC t - - -- ___________________________________________

F(L.EQ.1) PLTOT .C ITOT
P(L.EO .2 3 F!TOT.—CITOT
0(L.EO.1 ) PRINT 132.TfME

_______ • IIMR
• *31 000M AT ( //1N .20X, ’lII IS IS FOP CATHODIC STAR TING TIME.’ .010.51/)

132 000MAY C// ItI  •20X ,’THES IS OCR ANODIC STARTING TIME.’ .010.5//)
IP(L.EO .2) GO TO 6

_ . ._ _ GO T Oe  - - _________________________________

990 CONT INUE 
- 

-

IP(LP’JN.EQ.O) GO TO ;se
00 99 J.I,NJ .L0UP4

WR11E(7.)03) C(6.J)...P (J)eO$IJI .0iJ1.RS (J)
99 CONTINUE

wPITE( 7,103 )(OMNON (J 1.3.1 .JJ .LPUN )
_______WR ITE(7. *03) ( EOUL ( J ) • J. I. NJ~j_PUN)_______________________________

WRI T E(7 .204 1 T! NE,oe Ly ;T LIM.NTI 
-________________________________

WRIT E(7 .103)  SUM4.SUMS
998 STOP

—c END

C
C

_______SUSPOUTINE UANO (J1 
_________________________________________

IMPLICiT PEAL*8(A ~~4 3—ZT
DIMENSION *16.6) .S(6 . 6) .CC 6 .93) . D(6 . I3 ) . G(6) .X (6 .6 ) . Y(6 . 6) ,
1 E(6.7.93 )

CQ~~~ONIwO~~~.*!A, 5.0.6. x • VCOMM 0N/wO~~K 0/C
COM NON1wORK8/P-4 • NJ

*01 PORM*T(l5Il0~ ETERMa 0 4) J..I4)
- • 1 0( J—2 1 1.6.8

1 N51 .1(51 - - —
00 2 1*1,14
0(1.2* 14+1 ) G( I )

— pO ..2 Laj .N
• L+N

2 D(I,LON) . XCI. L )
CALL M*TINV(N.2*N*1.0!T!0M)
IF(DETERM)4 .3 .4  

___________________________________

3 WR ITE (6 .101)  J
4 00 5 K 1.N

E( K.P401 .1 )s O( K.2*$St )
0 0 5 l,.a*~~N 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I~K.C. fl1.b(K.L)
LPN.L+N

S X C K .L )a—O ( K .L P N)
RETURN

6 00 7 1 1.N
-00 7 K’ 1.14

•~_OO .7~ 1.1,14 __
~~~~~~_ ~~~~~~~~

_ _ •_

- ~~ - , -
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4 —~

7 0( I .K ) . 0J I . K 1 +A C I.L )* * ( L . K)
• 10(4—NJ ) 11.9.9
9 00 10 1 1.N

____
DO 10 L.1.N________________________________________________6(T)i6CTT~~TI.LJ.~~L , 1(P I ,J—2 )
00 10 Ms I.I (

10 A ( I,L ) .A (  1 .L)+Y (t .14b.E(M.L .J 2)
Ii DO 12 I’1.N - ____ ___________

0C1.NP1)s—G(11
DO 12 ..S1.N
D(I.Pel 1a0 1 1.1401 )+A( I.1. )*E(L.NPI.J lI

1.L)*!(L.I(.J—1)
CM...). MA TINV(M.14P1 .OET!R14)
10 (0111014) 14,13,14

13 V Q I T E (6 . I O I)  4 ________________________________________________
~4 D 0  15 M.L .N0*

00 lS KaI.N
15 ECK.M.J )s —0 ( KeN )

10(4—NJ ) 20.16.16

1? C(K.J)sE(K.NP1 .J)
DO IS JJ ’2.NJ

. 14~r4J_JJ.j 
—- 

-

00 1-8 Ksl .N
C(K.M)*E(K.NPI,M) —

00 18 L 1.N
Is CCK.M).C(I( ,M)+E(K,L .~4 )* C(L,M.l )

~~~~~00 19 k.1.N
19 C(K.1).C(K.I)+*(K.L)*C (L.3)
20 RETURN

gNO

SUeROUt1~ E sA TIp 1v(N,s .o 15g~4)
• I ,3pcrcrT—a~~cLrgm-s.t3-z1

DIMENSION A (6 .6 ) . 9(6 .6 ) . CC6 . 9 3)  . D(6 . 13) .G(6) .X (6 .6) . V(6 .6) . 1 0 16)
COMMON/W ORKA/A .B. 0.6-. X . V
CQMMOH/WORKO/C

— oETERM.1.~00 1 1.1.14
I 10(13.0
_~~~~~U krI.N

00 6 1.1.14
10( 10( 1) )  2.2.6

* DOS .Ia* .N _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

IPl lbfJl) 3.375
3 IP(OAI S (SCL.J I )— S 14A X )  3.5.4
4 IMAX.OA I$(5(1,J1)

10014a

S CONTINUE
- 6 CONTINUE• IPI RMAX ) 7,1.5

7 OETERM O.0
RETURN

.~~S__..I OLJC~~.)’t —

15(JC OL— IOOw ) 9.12.9
9 00 10 3.1.14

SAV!s R ( IROW. J )
8J1RQ,,,JLIILJC.OL.JI

10 SIJCO L .4 )eS*V E
DO 11 K s * . M
SAVE 5O( 1PO~~.K)

- ________ _ _ _ _ _

It 0(JC OL.K).SAVE
12 F~~I.O/S(JCOL.JCOL .)— 00 13 J.$.N

-I-! ~~~~~~~~~~~~~~~~~~~~~~~~~~~~00 14 K.I.M
14 0 (J C OL . K) . O (J Cf l L .I1) *~DC IS I’1.N

- - .............1P (1—JCOL.) I5.15.15 _________ _ _ _ _ _. .  ____ ______—-

IS P.S(I.JCOL )
I0C0*SS(FI .L(.1 .0O~~25I 0.0.0

- - - 00 16 JU$~~N
..L&....StI.J ) I(LsJ) P*5 C JC3LsJJ~~. -,

~~
-
~
-- —

~~II 16 )~~T QJULITX F~~~~LS2A~~
** -~~~.

— 157 ~~ W~~~~-~~~~~~’’ .~~~~ ; i  ~~~~~~~~~
- - _

~~
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00 11 Ka1 .M
17 011.*).0II.K) P*O(JCOL ,K)
Is CONTINUE ‘

______RETURN.
(NO
SUSROUT IN! SCONOCX4,*~~,C40.CNDA.CN0A)
1M LICIT RE*L*8 (A—M ,O—~~)eOMMO14LW0S1ULf.!f ~CN0
CNOA*Q.O
IP(X5.GE.0.009) GO TO 3
IF(X8.GE.0.0037) GO TO S

_______1P(Xe.GE.0.OO15 GQ_i

~~

i
51 195. 3362
CIC—0.03655+51 *(X8—1 .513*10.0**(—4))
CNOS B1 /CNO
r-~ T~ ~~___

1 51*134.0975
CNO*0.300+ 81*(X5 O .JOIS)
CN08*8 1/CNO

______GC

~

TO

~

4 -.__ - _____________________

2 51.3.*4159* (*8—O .00845)/0.OIOS/Z.0
CNO O.6572*OCOS(5 1)
CNOS.31.295*3.14159*OS (M(31 I/CPu)

3 CNO*0.61—57.805*(X5 O.009)
CNOI.—5T.8O5/CN0

C CONTINUE
CNO.CNQ*FFF~~~nRETURN
1140
$USROUTINE E0UIL(CA.CS .E08.10*l.EOP )
I MO LCIT_ EM.tSiL - ’4 .fl-71
COMMON/WO O ICH/TOT.L
IP(CB.GE.0.QO9) GO TO 2
IF(CS.GE.0 .002) GO T O t  - -
E08s0.0 

-

EaAB.CA —EQ5
100.0.0

* 
- I ~ O5 —2 .0**0.0*S(—4)+0.0975*C5+1 .25*CB*CS

L?(EQ8.LT.0.O) EOaao.0
EGA I.CA—EO5

a E05’L.0*l 0.0**(—4 ),0.330*C8+5 .0*C5*C3
EO*SsCA—108

~~~~~~~~~~~
OP.0.03±J 0.0*CS
ON ? INiiE

£F(L.1O.I.*ND.E0Ae .LT.0.0) 1040*0.0
IF(L. (0.2.ANO.!QAS.GT.0.O ) 10A8a0.0
RETURN
1140

C
SUSROUT INE SACTIV (*A.*8.ACT-4. ACTS.YA.Y8.YAA.YAB.YSA.Yee)

______
IMPLICIT QEA L*S(A ~~

$t Q J )
COM NON/WOOIIFFNACT 

— .  ______________—

SA*I.IS$O
SETI2.—0.0 1425

W$A .21 1 .54
W 5.56.tO

______ W MW’18. 0*6  _________________
- VOLW~~t$.0? 

- ____——

Sl0EN.46.70
S2OEN .— 625.SO

_______AtDEM.12a.475 -

AzoEN*—4o1~~~rOENTY.l.0,SIDEPI.*I1120114**3**2+AIOEN**4+A20!N*XA*S2

*M0L*.(XA/CO1(W/~~MW )*IO03.0 ____ _____ _____

IP (NACT .Nf.0) GO TO 1
*07*74.13. 0*XMOLA)**~).SO

_______SOTTSSXMOLR 4*3.50
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~4~~~~!Y 7i~ MCCZF1 *T

CO1P5,.ALØI4*S0T?B/(I ,O.$iTT~A ).2.0*0ETt3**f’0LB
$~~~M .lQ .O*S(—5)IF (SOTTA.LE.SOLMI 6’) 10 2—- GA.s .o*11T12/3.o — 3 ,0 .ALP4 /$0? t A/C1~~0+B *SS0T ?AI **2

• Y40.1.05GA**MOL A
GO TO 3

. 2 YA0a1.0 - • - • • .  - —. -
- 

-
~ 

• :-I4~~~ 
‘

~

$11 MZ 15 q

I — - - :-~~--  - -
~
-
~~~~ 

—- -__ - - -  
- - - - -.- - - - ---

___  - —--~~~~~~
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~~~~~

-•-

~~~~~~~~~~

•—-

~~~

--

~

--- - -

~~~~

-- -- -

~~~~~~~~~~

-•- -

~~

--- 

~~~

—-

~~~

-

~~ 

- - - —

~~~~~~~~~~~~

-_ - _ - -  -•- - ---- ---- - - - —  --—-------

~~~~~ IP ($OTTS.LE .SOLM ) GO TV) A
- G5*2.0*S!T1 3 — *LPN/2.0/$QTT’3,CI.0,SQTI5)..2

780. * .0+G8*XMOLS
_ _ _ _00 10 $ ___ -- - 

-

4 780.1.0 
-____ — —

GO TO 51 CONTINUE
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

CO(FA.—2.0sALPH*S0TOT/(t.0 -l~~A.SOTOT )+S.0*SETI2**MOLA/3.01 •2.0.(8E112.2.0.5!T13). *M QLe/3.0
COEFS.—AL~~~~S0TOT/(I .0+5O TOT) ,2.0*SETI3*XMOLSI +(e!7I2.2.0S81T13)*X’4OLA
04 5.O*51T12/3.O — 3.0*ALDI4/SOTOTF( I.0+BA*SQTQT)**2

_ _ _ _ _GS*2.0*e!T13 *LPM/2.OLS YP T~~~~.O+S0!PTJ **2______________
7*0.1 .0+GA *X(4OLA
750.1 .0 +684*14015

5 CONTINUE
* G*MA.DE~~PkCO!0A -

~~~M~~iOE Te0EP~ACTA .XMO*..* *6-A MA
ACTS.xMOLG *GAMB

_ _ _ _ _ _ _
YA.Y A0/COP4WFV OLW _____________- ______________________________ _ _ _ _ _ _  -

CONWTO.COP4W *WMW *C0 P414*VOLW
758.6-0*2000 .0/CONW IR —Y Ss (St  OEN—WMB •A2DEN *2 .04*8 )/WMWFCON W
Y A A.0. 0

V *8.0 • 0
YSA .0.O
RETURN
END

C.
C

SUSROUTINE SWA1Q(TI ,T2 .CO .*A . *8.7*. Y5.YAA ,YAS,YSA .Yeø)
IM PL ICIT PEAL.S3 (A— H ,O—Z)R1F.dTh rr3~29e. l6~~5O457.0
TRZ.T2*X*/C0

• T03—*.0—TI—1R2
74.1 .5*0*70* 1— I .0— T02)  _______________________________________
~~~~~~~~~~~~~~~~~~~~~~~~~~ *

ye.pTFs(4.o—2.0*7R3)
YSA Z.OSQ TO*T2/C0/Y3

— VAS . 0 .O

RETURN

1)0
C
C
C

SI*ROUTIP-IE S O I M(CA . C9 , Y A . V 8 , Y*A .Y*8 .Y5* .V!e )
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~X*.CA* 1000 .0
*S.Ce**000.0 -

YA ~ Q.6S6*tO.0*S(—5)
W MICOH.56.10

- WMH2O .1 8.016
V1SC.0.S89812+0.073531 4*3+0.0 1660I*K5**2

— IFI *~~,LE~~~3.366) V i s  • 70+0•09O$SA9**e~Q.,Qj ~~~~~~~~~~~~~IFrk E7GT.T .333) VTSC. .* A~~~3 1Thfl ~~2ixW-~ O.* 1
DENS .) .0156 +0.03576**5
IP( X6.LE.S.0) ‘)ENSa0.1~17I,0.0395 **5

_ _ _ _ _ _ _ _
Cw. I DENS—Cl *WM~~~Op4 I /WMM5~3 _____________________________________
CT—C M . 2.0*CS - --____________________________________

Y~~~7.35B*l u.0*s(—5)sESs. L6*CTFCW/V* SC
YAA .0.0
7*5 .O.O

0.0
Y05.0.0
RETURN —
(10

C -
-_
C 

SUSROUTIP4E $D1 PP (**.*9,Y44A ,*7*A5 ,YAe5.YSAA ,Y5A5.YSI~$3 ...
IMPLiCIT RE*Ls 3(A—N.3-j)
7.4*4 .0.0
7*45.0.0

- ~
• - 

- 
~~~~~~~~~~~~~~~~~ o

L .
~~~~~~~~~~

-— 
- - - -• •. - • - 

- -



.~~ 
..

- * 

.

- 

—

75*4*0.0 - 4
- 78*8.0.0
7588 .0.0

- RETURN — ____________ ______________——

END
C
C 

s1..gcu~~f!IeIMPLICIT REA L *4 (A— H . )— Z )
COMMONF WORKE/SGMO • 56-SO. SGG3 ,!MLIM
COMMON/WORKH/TOT..L
TT TOT -
*77141 a T I — 1  • 0EMTN 1.0 .0
ESYN1 .0.0

IP(EM.GT.EMLIM) EMTM I*EM**TTM L

I0(ES.GT.0 .0) EST MI* !S**TT41
IP( EG.GT.0.0) EGTM Ia!G**TTM*
516.SGMO*EM TMI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
SGDN .SGMO* T *7*1 MTM  I

SGOS.SGSO*TT*E 5*7141
RETURN

C
SUSPOUT IP4! RiCAY(0ELT.l ~ 1)L .EPZN.EPZNO.A M.AMDC UO .A N0CA,RM.RS,

1 RMOCUR,OSOCUR ,RMOCA .~~~SOCA )

TM LICI t  REA L* S(4—s4 ,~~— Z )  ______

C0MMON/WOI~IC C/A0 • TTh!.R’40,Rj0 • 04*7 • ~~~i~~E~~~T UC~ 7~~P~NUCM • E 013148.
1 EOUMAX .EPLI M.P4OZN.MM .J

CONNON/WO RKP4/TOT .L
0.~~

_ 0/~1 ~O
5.2. 0/3.0
EPG.EPG 1
R5Q .RMO

______~~)1TA L!RY~L.
*701.404(1 1.U—EPSOL)/(1.)—!Pt))**P
IP(EOZN.LE.EPL!M) ERZ~4~~!PLIM1F( EOZNO.LE .EPLIM) EPZf1O.EPLI 14
P*M MP iN
EPS’EPZNO
10(1.10.1) £PS.EPZNO+!PG
IF(L.EQ.2) £PM.EPZN+EP6-

EPSO.EOS**S

EON S .EP NP + IPSO
EPNFRN EPNP/EPMS
c0Kcpp4..0c~~,cD M~
NEPN.0
NEPS.0

• 
IO (L.EO.2) 6-0 TO 4 -—
I0( EPSFRN.G!.EPMJCS ) 30 TO 7
!P (EOUIAO .LE.t.0D—L0) !0UIAI)a1.00—10

IOCEOU IAB.GE.!OUMAX) lout AS EOUMAX
_______ **N fPS

4 CONT INUE
IPCHOZN .E0.0) GO TO 6

£ P( 10140NP4,Gf E!.!4VC’$) ‘Q  T~ 7
/10 JM&K

IPC!OUFRN .LE . 2 .00—10) !O’JPRN.I .00—10
EPMFRN.~~~NUCM*EOUF~~N**NE3’4

_ _ _ _ _GO TO.? —6 CONTIMUT
10(4—I) 21. 11 .12

11 EPMMTX.1.~~~E?SO
________ *7*1 EPMPR’I *PMMTX

- 
- 12 1F(EDMP RN.GE.EPNUCW) GO TV) 7

£OUPRN.1.0—DA8S(EOUIAS) /!0IJMA*

- IP(EOUFPN.L!. .. 1 .0O- t3) OUPLl?4~~I...JQ~U,9
EPMPRN.LPNUCM $EOU P4N*S.IEPM
CONTINUE
AM AT OTS(PMPRN

________A $aATOT*E

~

SSPQPL
RM~ RM O* ( A T O1’ AW)7k.oG[A TOT/AM ) -
RS1.RiO* ( ATOT—A S)/Dt .OG(AT IT/A3)
OS— I .0/ C l  .0/AS/RZTA L+l .O/R31 I

_0T.DELT _~~~~~ —

is ~~ quii.~n p~~ f~’

_ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _  - -- — &_•~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---- - --- --
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*

IF(MM.l..E.1 ) 0*7.0.0
45160.9.15/2.0/96487.0
01*.. 14.51 *0 7/2.0

_ _ _ _ _ _OlL.Tt”4STAR*0T/2,0
DEL TA$—O !L*OS
0000.—2.0 /3.O/( 1.0—I’!)
ATOTI.ATOT*0000*DELT I
ATOTA .ATOT.PORO*OELT4 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~A MOCUR. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~AMOCAS( 0000,S*!PSFRN/!PS I *AM*OELTA
ASZ .(PORO,e.EPMFRN ,!~~~) **S*O!LTI45A4.J PORQ—5 .EP~~ORN /!~~~~ *A5*QE~JA _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

RMC i . Qi (A TOT~~A M ) t .O/~~TOr/OL’~ GUY~ iiA M)
RMCZ.1.O,.4’u,OLOG ( A1’)T/A~u)—l.O/ (A TOT—Au)
R’4OCUR.RMCI SATOT I +PMCZ*4MOCUR

- RMOC* .RMCI*ATOTA ,RMC2*414’ )CA -

A S C O .1 . 0 / (A T O T — A S )— 1  .O/4TOT/OLO Gl~~Yd?7A~~)ASCU I.0/(ATOT—A5 )—I .0/AS /OLOG(ATOT/AS )
QSCL A$C0*( I .0— PS/AS/ ~ *T4L)

.~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ S.ATOTmXTA L,As/As
$6C~~~~~R~~C1*A T~~T L  •~S~~ *ASI

OSOCA aRSC L *ATOTA + RSCZ*438
RETURN - -

SUSRO JT ! ~~~~~~~~~~~~~~~~~~~~~~~~IMPL ICIT REAL*5 (A— N,O—Z)
DIMENSION C(6.93).IM( )3).Q(93).EP(93)
CONMON/WOQIC 5/N.NJ
C~ MMC~li~ORKD/C~~COMNOF-1/WORKG/OM.0 .EP.H.VOLtJME .106-ICC. JPLG

* 
CO$MON/ WCRKMIT QT.L
NJM I.NJ—1
SUMOM.O .0
SUMOS.0 • 0

_ _ _ _ _ _
DO I J*P4J MN,NJ M1 

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

$UM OM.SuuoM.0.5.HiT~~tT1,oM IJ+fn
SUMOS.SUMO$+0.5*M* (0( 4 1+ 0 ( 3 + 1)1
CONTINUE
NJSWL.NJMN+ UMOS/HF1(NJMN) +0.50

— 
• 4~~~ MOW /D~ ’C0 [fl NJSWL—NJMNJ -QM ( N J MN J

N J SWM * NJ SWL  *

I0(OM(P43SWL).GT.0.0) 30 TO 2
NJSWM.2.O*SUM0M ,N,~yp~IMN) •NJMPI +0.502 CONTINUE - ___________________________________________

00 3 J*NJ 4N.NJ$WI ,
O (J).O (NJMN ) -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J—NJ MN)/DO LOAT (NJ SWM—NJMN)
IP(OM (J).LE.0.G) QM(J).0.0
00 TO S

4 CONtINUE _________________ - -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

O M J o M(t4~~~ ). QMiNJSMI. )—QN(NJM1iFT *~~P —NJMN) /DFLO*T (NJSWI.
I —NJMN)• S CONTINUE
1P(J.LT .NJI o~ 10 6
1,14)_I .d J ) 0 J1- 1~~9ICC

- 
- 

C(3 .J ) .C( 3.NJ )

C(4.J ).C(4.NJ)
* 

C(1.J)SC (1.PsJ ) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C(5.J)sC (S.NJ)

CALL SCON D (C (3.J).C( 4.3 ).CONDNJ .COPIOA.CCNOS)
C(2 .J ) .C ( 2 .P dJ ) — C ( 1 .J )* D P LOA T( J—NJ ) *H/CONONJ/EP(f l .*(1.O.T0T)
C(6.J)—C (6.NJ)

6 C0N’TIP~U~3 CONTINUE
VCLUM!.VOtUME—M OPLOATINJ$&-NJ)
NJ*NJSW(.

1140

*13 PAZ IS ~~ T ~IMIIITX F CT1~C~~~
. — ~~~ r mzsii ~~ ~U 

*

16].

- • ~~~~~ — - -_ _ _ _ _ _ _ _ _
L. .~~~~~~~~~~ —-_--- .-~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


