
7F% 1O ALBERTA UNIV EDMONTON OEPT OF CHEMISTRY F/C, 7/4
SIMULATION OF EL)GE EFFECTS IN ELECTROANALYTICAL EXPERYMENTS Fly -- ETC(il
SW., 32 6 SPEISER, S PONS N000IV.R2-G-flI7

LO LL7,A Il RI t



(jI~~~/~~ RkPOH1 DOCUAkLdTATION PAGE t**Cltt

2115'M53 ,ion f Ldqee Elf-ctt to1. oe hee.one~C

Orrck;Ofra& MSytt 1 ch-AArte.Amo. IetIl Tedimicd e)itf1

Coat-0014 1110-14-12-l71

IWd)UCAJ. UPOP? Wn. J4

Lnelto.o dge Btfctoto 0iCo-I,...tyt,-4t Uli-t by. Department of Chemistry Task No, NR 359-718
Ogtho,,Aoal CojIt loAo. Part 111. Ap 1 t .o -4 - Uiniversity of' Alberta

tctc heerlment. .c,,ton- Alberta, Ctnada TbI 2W1
toole"t.. ....cte . -L.tte. -1 -1ne .- t

Office of Naval Research !uqeet Ia. 1984

Tomel by Chemeistry. Program - Cliewistry Code~j i 412

y~j~ NtS~ ttS~flUnclassyified

P-epaed for Publititon In

E~crotaActa Ibis documnt has been approved for public release and sale; Its itribtionm

tt .1eetya Albr.
Depar tment oa Ceitr
Edwto.AIhet ;..a

TAG 202

"PCslo I ,1 It1 -- 1, 10, O tfl1 ... . so. t-.... I.-,
MAYoOhiflty ChroO..earry ofo.fo theog~a Colte Stoto -timen

Auqas 1a.1imee2 h...o cc.n Ip..-d. ..f.,...s esn .rre-e.

and oale. it. dtsteabuoas I&. mso Dn 14

II



2

ABSTRACT

The theory of two-dimensional col"Iflation has been employed

to simulate a model describing chronoamperometric experiments

under conditions where edge diffusion has to be taken into

account. The influence of the dimensionless parameters, 0 ands,

the initial integration stepwidth, AT O. the number of

collocation pooints, N, and the kind of polynomial used to

approximate the real solution are investigated and discussed. An

additional transformation of the radial coordinate is

SIMULATION or EDGE ErEcTs IN CLECTROANAI.YTICAL FPERIMENTS introduced. The numerical values for a large number of

BY ORTHOGAL COLLOCATION. PART 3 . APPLICATION TO simulations with different sets of the above parameters are

CNRONOAMPEROMFTRIC EXPERIMENTS comparedf to reference values.

Bernd Speiser and Stanley Pons

Departent Of Chemistry

University of Alberta
Edmonton. Alberta, Canada
TW. 2G2

*Part 1: se ref. III
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INTRODUCTION certain points, the collocation points. This provides a method

to reduce the partial differential equations to a system of
In part I III of this series we derived the theory for the

coupled ordinary differential equations.

application of orthogonal collocation to the simulation of two- ot tht mertes III we used a product od two

dimensional models. These are discribed by partial differential Poynomials in and r respectively As approximation function to

equations with two independent space variables and the time the real solution of our two-dimensional model for edge

variable t. Let us consider a two-dimensional diffusion effects, We solved a system of I equations Of type (ll

situation to a flat, circular electrode, where diffusion not only describing an EC mechanism

perpendicular to the surface may occur. This additional

difusion is called edge diffusion. The concentration c of each
A a 5 t,n (2)

species is given by a partial differential equation of the form

k

! 2C 21C

at i 2 r ar Jr 2

under the boundary conditions valid for chrnoaeai:eromettic
where A is the distance perpendicular to the surface and r is the

esperiments.
radial distance from the centre of the electrode. The "kinetic

This second prt of our series dem~onstrates the application

term* f(c) is determined by chemical reactions of the given
of the derived theory to chronoamperometry. Sb esamine the

species.
influence of several parameters on the numerical solutions of the

Our goal is to calculate c as a function Of s and r at any

simulationsi the dimensionless parameters 0 and', the

time t under a set of initial and boundary conditions. The

initial conditions model the esperimental starting conditions, integration stepwidth W., the number of collocation points M.

and the type of polynomial we are using to approssmte the real
i.e. in general only the starting compound is present in a

solution. Also, we investigate the effect of chOOSing a
homogeneous solution. The boundary c)nditlons specify the different dimensionless coordinate system.

particulars of the experiment performed, e.. chronoamperometry,
cyclc rltamety o anthe elctranaytiul ethcd.The calculations herein have been performted using only the

con-cntration of the substrate A at the coflocation Points,
Orthogonal collocation 12.31 Approximates the real solution bi.*cau the current through the electrode may be calculated fro

Of Partial differential equations, e.g. (1), by orthogonal the concentration profiles of A only. The concentration profiles

polynomials, such that the differential equation is fulfilled at

e ,. .~~
. t
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.

t

< %06



of species 8 and C, however, may be calculated from the formulae r. Also, we have to divide the r-Spaes into an inner and an
in part 1 I1 outer seqment. sielated by two different functions. "e denote

We compare our numerical simulations to the results derived the new distance coordinate perpendicular to the electrode as X,
by an exact solution of a related problem by Oldham 141. These and refer to the normalized inner radial segment as t While using
numbers compare very well with solutions calculated by Aoki and R' for the outer coordinates. The dimensionless simulation time

Osteryounq ISI and Wakihana et al. 161, all using different is T'.
approaches to compute values for the current at a finite disc After substituting the transformation equations given in

electrode under chronoamperometric conditions with consideration part I III we arrive at normalized differential equations which
of edge effects. All these approaches, however, are restricted contain two dimensionless parameters. S and 's

to a very simple mechanism, the reversible electron transfer.

The method of orthogonal collocation, however, is - once derived ( r 0

2  

141

or a specific type of model, e.g. a two-dimensional model - very

easily used to simulate all possible kinds of electrode r 0

2  

(5)

mechanism. We only have to change the kinetic terms fc) in our (M-r 0 )
2

partial differential equations (1). tquations describing other Here r
0  is the radius of the electrode disc, imbedded in an

species than A, 8 or C sre very similar in fore to those already insulator. The quantity L is a distance in X direction from the
derived IlI. This will be shown in part 3 of this series 171 for electrode at which no diffusion occurs during the simulated
the boundary conditions of cyclic voltammetry. Also, changes in experiment, while M is an analogous distance in r-direction.

mechanisms require only minor changes of the computer code used huS, L and N define a region in real space which is simulated in
to calculate nuaerical data. Thus, orthlonal collocation proves the calculations. The reel points corresponding to our N

to be a flesible method to generate simulated values for collocation points are distributed within this space. We
electrochemical esperiments modelled by two-dimensionai diffusion consider tw limiting cases for L. An analogous discussion may

equations. be applied to H.

ThE DINE1Sr OLeSS PARANMTFRS a AND 0. First. L may be very large. Then the points corresponding

to the collocation points in real space, i.e. those points at
T perform the method of orthogonal collocation we have to which the concentration of the species involved is calculated,

normalize our Problem into a space 10,11 in bth directions x and are spread over a large distance. The diffusion layer in which

ib
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the concentration of a speies is dvpleted or u,,cesed. howver. 0 (7)

i very narrow in the bgiLnh, Of thme simulation. It incclases

wiuh ti/
2
. Thus, at short times. correspondinj to small vilues Figures ld-c show Calculated values for the current obtained

including edge effects divided by the ideal Luttrell current.of the dimensionless simulation time 7', the diffusion ay haveI

Coasparing simulations using Legendre pOlynomials of degree N - 6
reached only few or none of the points at which the concentration

in both dimensions but different values for s - S* with theis c.. dated. Consequently. the numerical values calculated may

not represent a good approximation to the real solution of our reference curve given by Oldh 141. we see that the above
model and yield erroneous L62oltsi. analysis is correct. for 0 - I good agreement over a wide range

On the other hand. if L is very large, we are looking atf the dimensionless simulation tim is found 12 10-2 < T<

very narrow layer of solution in real space. Even after a short 1.1 * l0-
1
i. To give a specific example ff - I n l0

- 
tm

2
/s, r

0

time the diffusion layer may have reached all of our points and - 0.1 cal. this range corresponds to real times t between 2#10
1

the boundary condition that no diffusion occurs at X - I and 1.1s10
2 

s according to the transformation equation relating t

(corresponding to a - L) is no longer true. We are using the and T' I11. At short times the error is considerable and it can

matheeatical tormlulatin of this boundary condition Ic! (x-I) -be seen that the solution needs a number of integration Steps to

11 in ou. calculations and thus the numerical values may deviate become stable. At ionger times the collocation simulation result

from the real solution after this is happening. increases faster than Oldham-s curve. This simulation needed G0

We expect that the approximation solution given by s cp-time to calculate the entire Curve (10-4 4 T, 4.8.1021,

orthogonal collocation is valid only in a certain time range and more accurate simulations for shorter times may be obtained

that this range depends on the values of I and 0- chosen, using larger values for 0. For example, with 6 - 10 in a range

For all calculations referred to in'this paper we used the -tween T - 2 . 10
-
1 and 1.2 . 10-2 good agreement with Oldham's

condition - $-. We vimulate a square space adacent to the curve is found, while 0 - 100 gives a reasonable approsimation

insulator, because for 2 . 10
- 4  

T- c 1.1 a 10-3. In the latter cases significant

deviation from Oldham's curve is seen at a time when our

- -- -0) numerical values increase. This occurs at the same time *s the

4' L
2  

calculated concentration at one Of the outmost collocation point

or in the X-directior becomes smaller than about 0.91, thus

contirming our conclusions drawn above. With increasing S.

t *
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however. the oscillating deviations at the be-linninl necur in a tw) effects: first, the overall solution becomes more accurate

narrower time frame. again in accordance with our analysis. but we also have more simulation pointtnesr the boundaries

the sam behavior may he seen if we use polynomials with a fusing Leqendre polynomials, the collocation points are more

larger number of collocation points (N - 1, 12.151 i qures 2- densly spaced near X - 0 and X - I than around t - 0.5). Thus,

4). Now the Ocritical concentration* at the outmost collncation for short times, we have more points to represent the steep

points moves nearer to unity. being about 0.946 for N - 9. The concentratir, pvofile exhibited shortly after applying the

time ?* at which the deviations occur. however, is almost the potential pulse and we expect the range within which the

ame as for IS 6. This leads to the empirical conclusion, that oscillating deviations from the reference solution occur to he

the upper time limit of the simulations is only determined more narrow. With increasing N. the overall solutions should

by B. An analogous approch has been used by Whiting and Carr reach a common limiting value which should be a good

121. They defined the maximum simulation time which is approximation to the real solution.

accessible with a certain $ as ' 4 0.1S/O • In our case we Comparing the results given in Figure 5 we see that this is

have the condition true. By increasing the number of collocation points from N - 6

to N . 1 the range in which no useful results are to he obtained

T"mas sg./0 ia) because oscillations occur decreases by a factor of about 10,

giving very good approximations from 2 ' 10
-
3 _ 3 , 10

" 2

to be within the usable time range. dimensionless time units. the upper limit of the useful range is

not affected, as Figures 1-4 show.

THE NtIBEN OF COLLCATION POlIS N Also, the results differ only little (- 0.4% when increasihg

In the preceding paragraph me have then that the number of N from 12 to 15) with increasing N. 7his shows the consistency

collocation points N has a marked influence on the simulated of the calculations. Te 'limiting" values reached are very

numerical values. Thus, us compare curves obtained with close to Oldham's solution 141.

different numbers N but using the sam other parameters in Figure Increasing the number of collocation points gives more and

S. more accurate results as is to be expected. However. the cpu

As N increases, the net of collocation points becomes more time used to perform the simulations in a given ranye also

narrow, forcing the approximation function to fulfill the increases considorably. While integrating a system Oi

differential equation at more and more points exactly. This has 2 •6 f 6 72 ordinary differential equations in the case of N

/
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6 we have to deal with 162. 268 and 450 such equations it we use about 10-200. With large initial integration stdpwidths there Is

9. 12 or IS interior collocation points, respectively. The not enough accuracy at the beginning of the simulation, thus

average cpu tiAe needed to calculate one concentration profile causing DHPCGL to cut down &T-0 to smaller values. The actual

increases by & factor of 10 when " is increased from 6 to IS. choice of AT-.. however, seem not to be critical.

THE INTEGRATION STEPWIDTI COMPLETE SIMULATIONS USING LEGENDRE POLYNOMIALS

The neat parameter we want to discuss is the initial After discussing ths. of the parameters used in simulations

integration stepwidth. AT' ,. This is an input parameter for the of chrooinamperometric eyperiwsnts with consideration of edge

subroutine performing the integrations of our system of ordinary effects, we may now choose sets of parameters to obtain an

differential equations. The value choosen is used by the approximate solution of the differential equations over a large

subroutine to calculate the first concentration profiles range of the dimensionless simulation time. The number of

at 5TI
O
. The subroutine DHPCGL (in the SSP library package) used interior collocation points will be 15. We will piece together

by "m then -decide*- if sufficient accuracy is available with the curve fron s'iuttons calculated with different A's, choosing

this value. If not, the stepwidth is divided by 2 and the the appropriate initial integration stepwidth. The trial

calculation is repeated. Other integration subroutines, e.g. functions will be Lagendre polynomials.

STIFF3 111, also have the option to increase the initial The result is given in Figure 6. where the calculated

stepwidth if the error is below a specific marg n. current divided by the *ndeal' Cottrell current is plotted

To evaluate the Influence of Av. on the accuracy and against V (in logarithmic scale). Four different values

performance of the edge effect calculations we run simulations for 8(1000. 100. 10. 1) have been used and the entire curve

with N - 6 and 9 Using iT O values rangiag from 10-
7 

to 10-
5

. compares very well w th Oldham's results 141. The total cpu-tme

Results for 0 - 01 - I are given In Tables I and 2. He see needed to calculate our curve was about 1140 a on an Amdahl

immediately that the actual value of AV'. has only a very mall 470/VG computer. We cover, however, more than 4 orders of

effect on the numerical simulation results. Deviations are magnitude of the dimensionless simulation time. Using the SmM

0.00007 in the worst case, this corresponds to 0.0ot. However, constants for D and r
0 

as above, we simulated the response of an

for A sell A.o (10-5 dimensionless time units?, the cpu-time electrode vith edge effects from 4 s uP to 10 *. At the lower

needed to simulate the model up to a certain time increases limit iT' - 2.5sl0
-6

1 the current with edge effects deviates only

considerably. The savings using 0T-
o 

values 10
-

3 are only by about 0.05% from the Cottrell current, while at the upper

'

.



14

limit (T f 3,0
- 2 ) 

the current in real experiments may be polynomials in all previous calculations in this paper, but tried

affected by convection, thus giving rise to another kind of non- also several other polynomials for th. adial discretization

ideal behavior. Therefore, we can cover the entire accessible function (e.g. 6 - 0. € - 2 and A - 1, c - 0.5 which yielded good

time range in which edge effects contribute to the experimental results for problems with spherical symmetry).

current with this simulation. The calculations showed that in all these cases the

simulation results gave poorer agreement with Oldhams
OTHIER POLYNO IALS

solution. We conclude therefore that the use of Jacobi type

Orthogonal collocation may be performed using a variety of functions other than Legendre polynomials cannot be recommended

trial functions as long as we have a set of complete and linearly in our case, due to the form of the boundary value problem.

independent functions 181. A certain class of sets fulfilling

these conditions are the Jacobi polynomials p,4,") (x) given by ADDITIONAL TRANSFORMATIO orE RADIAL VARIABLE R

II| After having simulated the concentration profile in our

model we wisbl to calculate the current through the electrode as a

Pf' -) -1
1
i
5

) "0 . 1 (9) function of time. In order to compare this current to the
1-0

*ideal" Cottrell current we derived the espresmio (Il) Ill.

with the orthogonality condition

it 12  
47 IN (5- (f ) dR ill)

In) - 0 0. 1..., -I t Cottrell

where we have to integrate the product of I and the flus to the

The two terms s
t 
and (-s0 are *eight'lactors" which determine electrode surface over the entire radium of the circular

the behavior of the function at the boundaries. For c 0 0 the electrode.

function goes to zero at x - 0. for i * 0 zero is reached for x This integratior may he performed by a quadrature formula

1. In our case the radial functions have nonzero values at boti' Nr.

boundaries. Also, the s-functions in our outer space have a y(r) wtir)dr - t Q Ye (12)

finite value at s - 0 Ithe insulator).

Thus, WO would expect the best set of trial functions to he where the 01 depend on the trial function used Ill.

Legendre polynomials. ph
0

"
0

IMx) with S - * 0. We used Legendre The form of the integral in equation 11) would suggest a

' 4

I
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trial function with 6 - 0 and I I We have seen in the last The rusult tor species A is

paragraph. however, that the only suitable trial tunctions tot a
2  

2
Our problem are tegendre polynomials with 6 c - 0. Thus, it is AT ._2 X 

2  
2 -a - A11)

desirable to bring 111) into a form with 6 c c 0 by a variable

transformation, and the boundary condition changes to

This may be done by the substitution

111(ci __(171ti

m2 7O'/R.

Then

it we substitute these equations for equations (261 and (0)

dO d (141 in pdrt I III and repeat the derivation of the discretized

formulae (98) and (1041 in part I [it we find a new, very similar
and system of ordinary differential equations.

In fact, we only have to change the definition of the matris
OR2 Ldk

2  (IS) elements tl1k to

4L
The integral in equation (I) reduces to e ek 2.C3,K #4 48D1k(

3S j dX . and substitute V/2 for lin the definitions of the vector

elements G,, the matrix elements il. k and the discretised
thus having a form Consistent with 6 - c * 0. expression (983.

We have to apply transformations (133-(353 to the We calculated numerical values tot this system. The results
differential equation describing the innnr part of our model (se are given and compared to the nontrhsformed system in Figures I-

equation (261, part 1 of this series ill) and to the boundary 9 for N - 6. 9. 12. Values for N - lS are compared in Table 3.

condition at R - I (R' - 0), where we piece together the inner while rigure 10 qivea a curve pieced together using 4
and outer function (equation 1SO in part I 3133. calculations pertormed with N , 15 and different 0 values. The

S -



numerical values are consistent with changes 4 0.2% with N shown that even with only 6 interior collocation points, i.e. a

increasing by 3 in a region, where the oscillatory behavior at grid of 2 - 6 6 - 72 collocation poatf in the entire

the beginning has stopped. Comparing to the nontransformed simulation space, reliable numerical values my be obtained.

system and to Oldham's reference values, we find that the new With increasing number of collocation points the simulations are

equations give better values for a given number of collocation consistent and give even better approximations. However, longer

points. Por N - 15 deviation from the reference values is in the cpu-times and costs to perform the calculations are necessary.

range of 0.161 lable 3). We again like to point out that changes to different mechanisms

Figure 10 also shows how well our numerical values compare requires only the exchange or addition of a few statements in the

to Oldham-s model over more than 4 orders of magnitude in V". computer code, Thus, orthogonal collocation my be recommended

hile the nontransforeed equations gave rise to a curve which vas as a fast and powerful method to simulate edge effects at

lover than Oldham's at shorter times and higher at longer tines electrodes.

(Figure 6). we see that our transformed system gives values which

are slightly lower than the reference over the entire range.

This example clearly shovs that the choice of trial

functions and transformations has an influence on the exact

numerical solutions calculated. Good approximations, however,

may be available with the *standard' method also (i.e. vithout

consideration of the type of functions used). A more detailed

investigation on the effect of using different sets of trial

functions is currently under way.

CONCLUSIONS

Our two-dimensional diffusion model using orthogonal

collocation has proved to provide good approximations for the

current expected at a flat, circular electrode imbedded into an

insulator over several orders of magnitude for the dimensionless

time variable T*. The discussion of parameters in this paper

I.I

(I
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REFERE£NCES T.ble 1. Numerical values for simulation of a chronoamperometric

experiment with edge etiects: current with edge

1. part li b. Speiser and S. Pons, Can. J. Cem. in press.
etfects divided by Cottrell current %&mulation

2. L.P. Whiting and p.W. Carr. J. Electroanal. Chem. al, I
par.aeers: N - 6. 0' * 1, polynoaials in

( 1977).
both dimunsions. 51'

O 
as indicat,Q

3. J. Villadsen and M.L. Michelson, Solution of Differential

Equation Models by Polynomial Approximation, Prentice Hall, TI/aT'O  10
-
2 10-3 10-5

Englewood Cliffs, 1978. 0.01 1.13249* 1.13256 1.13256

4. K.B. Oldham, J. Electroanal. Chem. 122, 1 (1981). 0.02 1.238831 1.23804 1.2)H06

S. K. Aoki and J. Onteryoung, J. Electroanal. Chem. 122. 19 0.03 1.29017* 1.29816* 1 1.29817

11981). 0.04 1.34786
e  

1.14717' 1.34787 --

6. M. Kakihana. H. lkeuchi. G.P. Sato and K. Tokuda, J. 0.05 1.39292* 1.39292 1.39292 --

Electroanal. Chem. 108, 381 (1980). 0.06 1.43443' 1.43444 1.43444 --

7. H. Speiser and S. Pons. Can. J. (emn.. submitted. 0.07 1.47305 1.47303' 1.47305 --

G. S.A. Pinlayson in f. Bellman (Ed.) eMathematics in Science 0.08 1.50926 1.50926 1.50926

and Engineering-, Vol. 87, Academic Press, New York and 0.09 1.54348 1.54350 1.5434-

London, 1972. p. 34 0.1 1.57606 1.57607 1.57607 --

Values calculated by interpolation.

I,(
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Table 2. Numerical values for simulation of a chronoamperoemtric Table 3. Numertcal values for simulatin of a chronoamperometric

experimlent with edge effects: current with "ge e-Pera.1nt with ..lqe effects: current with edge effects

effects divided by Cottrell current; simulation devidc by Cnttrell current: transformed simulation model vs

parameters, N - 9, 0 - 0' -1. Leqendre polynomials in nontranqformed system. * 1s, a . s- 10, Laqendre

both dimensions, AT'
0 

as ndicated. polynomials in both dimensions.

T-/AT'o 10
- 2  

10-
3  

10-
4  

10-
5  

T. Oidhan'5_ssoluttion 141 tran-form-d mod.t nontransformed .le1

1.10
- 4  

1.017S 1.0206 1.01%20.01 1.17081. 1.17080 1.17082 1.17082

0.02 1.24847' 1.248480 1.24848 -- 2 1.0249 1.0221 1.0210

0.03 1.30911 1.30911' 1.30911 -- 1.030 1.0291 1.0278

4 1.0151 1.0118 l.0324
0.04 1.36075 1.36075' 1.36076 --

0.05 1.40674 1.40672 1.40673 -- 1.039.

0.06 1.44862' 1.44864 1.44864 -- 6 1.0431 1.0416 1.0405

0.07 1.48748 1.48748' 1.4874 -- 7 1.0460 0441

0.06 1.52387 1.52387 1. 2387 -- 8 !.0 00 1,040' !.0471

0.09 1.55626B 1.55826 1.55826 -- 9 1.0-,1 1.051 1.0504

0.1 1.19100 1.59100" 1.59100 -- 1.10- 1.060 1.0544 1.0514

2 1.0792 1.0776 1.0770

Values calculated by Interpolation. 3 1.0970 1.0954 1.0953

I
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KIGuKE CAPToNS Figure 1. The ordinate scale is expanded compared to

Figure I- Simulations ot chronoampeowctric the other figures.

hFigure 5. Simulations ol chronoamperoMetric experisents
incligincluding 

edge effects With Orthogonal collocation;
simulation parameters: number oi collocation points

simulation parametersi f-f I * 6. f'-- 1-9, I-
in each dimension N .6. initial integration ---I- N * 12, l-......) K * l51 initial integration
stepwidth t"

0  1 .10-4, LUgendre polynomials in both

dimensions, - g 00. -o, 10. q iostnpsidth d i
o 

- 1.10
- 4 

Lpaendre polynomials in both

- Ii I vtd nsions, dimensionless pavaueters s -
u a 

- 1

S.... ) values calculated according to Oldham 141.141. The arrows indicate TV, whon the concentrat ion
Figure 6. Simulations to cover the entire accessible range oftat one of the outmost collocation points reaches

0.98. lot an esample with D * l0
. 5  

2 and r0 " 0.1 t5.

pieced together from 4 calculations with N - 15 and
Figure 2. Simulations of Chronoamperometric expe iments different S compared to Oldham-m solution (see*i

including edge effects with orthogonal collocation;
pin ~fts calculated wi'th /S * 5' -1000 (mmml. S " * P

simulation parameters: number of collocation Points pA
ftool -0lO1 l. 6 - 5' - 1 14*).

in each dimension N - 9. other parameters as in

Figure 1. The ArrO indicates V, when the Figure 7. Comparison of simulations using the model system

given in part I of this series Ill and the formulaeconcentrafuon at one of the outmost collocation

points reaches 0.996. derived from the transformation IJ.ti N *

6. ' -. o-. 10; j I before transformation, --
Figure 3. Simulations of chronoamperometric expriments 6. r t s to- 0; fnbe Otasor o -

including edge effects with orthojonal colloca ion;a

Figure . Comparison of simulations uSing the model systemsimulation paraeters number oraolmets a in given in part I of this mties IlI and the formulaen each diensin N - 12, other parameters as indeidfrmterasoain 
1;N

Figure 1. 9,derive( rom the transformation ll l i N 4

Figure 4. Simulations of vfronoamperometric experiments 9, t r a ns0 r-m- before transformation. (-l

including edge effects with orthogonal collocation;

simulation paramketers; number of collocation points

in each dimension N 15. other parameters as in

7-
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Figure 9. Comparison of simulations using the model sy.tem 0

given in part 1 of this series Ill and the formulae X

derived from the transformation (13); N M)

12. S =*- s 10;(-) before transformation. I. -)

after transformation. (....) Odham-s curve.

Figure 1o. Simulations to cover the entire time ranqe 2.10-6 < 0

T- C 4.10-2. pieced together from 4 calculations with
CO

N - 1 and different 0. using the transformed system

of equations, compared to Oldham's solution fe*I;..

points calculated with 0 V 5' I000 (mIIII)o

0 11' -100 (o0). a V S - 10 (000)

and S * 5' =1 (Aba).
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