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α parameter in velocity interpolation, equation (2–32)

α function of the forward and backward rate of a chemical reaction, equation (2–33)

δN Nernst diffusion layer thickness

δr reaction layer thickness

ζ dimensionless position, ζ = y
√

Ω/ν

ζ0 parameter in velocity interpolation, equation (2–32)

µ fluid viscosity, g/cms

µi mobility of species i, mol/cm2/s/J

ν kinematic viscosity, ν = µ/ρ, cm2/s

ξ dimensionless position

ρ fluid density, g/cm3
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θ angular direction in cylindrical coordinates for rotating disk

φ phase difference between the potential and current

Φ electrostatic potential, V

∇Φ gradient of electrostatic potential, negative electric field, V/cm

Ω rotation speed, s−1

ω angular frequency, ω = 2πf , s−1

General Notation

Im{X} imaginary part of X

Re{X} real part of X

X steady-state or time-averaged part of X(t)

Subscripts

IJ impinging jet

I pertaining to current

i pertaining to chemical species i

j imaginary

r real

r pertaining to radial component

θ pertaining to the angular component

i pertaining to potential

y pertaining to axial component
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Diffusion or convective diffusion can influence the impedance response of a system

associated with electrochemical reactions. Analysis for convective-diffusion impedance

on both a rotating disk and a submerged impinging jet electrode are presented for finite

Schmidt numbers. The convective-diffusion impedance simulations were performed in

MATLAB, and the impedance is calculated using the oscillating concentration of the

reacting species. The development of models for convective-diffusion impedance served

as a foundation for the study of systems in which homogeneous reactions influence the

impedance of electrochemical systems.

A mathematical model was developed for the impedance response associated with

coupled homogeneous chemical and heterogeneous electrochemical reactions. The model

included a homogeneous reaction in the electrolyte where species AB reacts reversibly to

form A- and B+, and B+ reacts electrochemically on a rotating disk electrode to produce

B. This model provides an extension to the literature by using a nonlinear expression for

the homogenous reaction and unique diffusion coefficients for each species. The resulting

convective-diffusion impedance had two asymmetric capacitive loops, one associated

with convective-diffusion impedance, the other with the homogeneous reaction. Even

though the assumption of a linear expression for the homogeneous reaction was relaxed, a

modified Gerischer impedance was found to provide a good fit to the simulated data. The

model was developed in FORTRAN, and a steady-state solution containing four variables
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was solved followed by a solution in the frequency-domain involving eight variables. The

oscillating concentration of B+ was used to obtain the impedance spectrum.

The development of a mathematical model for the impedance response of glucose

oxidase electrochemical biosensors represents an extension of the model developed for a

single homogenous reaction. In the biosensor, a process of enzymatic catalysis transforms

glucose into hydrogen peroxide, which can be detected electrochemically. This model

provides an extension to the relevant literature by considering four enzymatic reactions,

two of which are nonlinear expressions, concentrations of the enzyme in an oxidized and

reduced form, and the concentration of enzyme complexes formed as intermediates in the

enzymatic reaction. A FORTRAN code was used to solve the steady-state equations for

12 variables which were used subsequently to solve the 24 frequency-domain equations. As

before, the oscillating concentration of the electroactive species, hydrogen peroxide in this

case, was used to obtain the impedance results.
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CHAPTER 1
INTRODUCTION

Electrochemical impedance spectroscopy (EIS) plays an important role in electrochemistry

and electrochemical engineering. Interpretation of impedance spectroscopy measurements

requires a knowledge of reactions and transport properties and how these effect an

electrochemical interface. EIS is nondestructive and noninvasive to the samples being

tested. Since EIS is a transient technique, more details of an electrochemical system

can be extracted then using steady-state methods alone. The popularity of impedance

spectroscopy has grown in recent years. The number of journal articles referencing EIS

is increasing dramatically and is approximately an exponential growth, as presented in

Figure 1-1.

Impedance measurements are performed by inputting a small sinusoidal oscillating

perturbation of potential (or current) to an electrochemical system and capturing the

current (or potential) response. To obtain an impedance spectrum, the input oscillations

are done over a range of frequencies. For a simulation, a typical frequency range goes

from a dimensionless frequency of 10−5 to 105. For an experiment, a typical frequency

range could be from 1 mHz to 1 GHz. A rotating disk electrode (RDE) embedded in an

insulator is a common electrode to use when conducting EIS experiments. The developed

fluid flow patterns in a rotating disk electrode system are well known.

EIS simulations allow interpretation of steady-state and impedance data on a level

greater than can be achieved with experiments alone. It is not always practical to conduct

EIS experiments. Electrochemical systems can exhibit many behaviors that overlap in

EIS experimental results. Simulated EIS experiments allow these conflicting behaviors to

be split up and discover their individual influence on the overall impedance results. In a

rotating disk electrode, for example, the fluid flow is understood, see section 2.3.1, and the

kinetics of an electrochemical system can be studied sufficiently without complicating the

simulation with more dimensions. A one-dimensional model using Newman’s BAND
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Figure 1-1. Number of journal articles that reference electrochemical impedance
spectroscopy using Engineering Villager search engine. The keywords used
were (impedance or admittance) and (electrochemical), journal articles only.
Reprinted with permission from Orazem and Tribollet [3].

algorithm, discussed in length in Appendix A, is an ideal platform to study many

electrochemical systems.

In this dissertation, fundamental concepts and numerical methods for EIS are

described in Chapter 2. Background information of the convective-diffusion equation for

EIS along with information for systems with convection, diffusion, and a homogeneous

reaction effecting the system are also discussed. A velocity analysis for rotating disk

electrodes, including an interpolation formula to describe the fluid flow over a large range

is discussed. This chapter also contains history of the enzyme glucose oxidase and its use

in an electrochemical sensor to measure blood glucose levels for type 1 diabetics. The

current understanding of the kinetics in a glucose sensor are also discussed. Continuous

glucose monitors (CGMs) are embedded bio-sensors, with a layer of glucose oxidase

surrounding the electrode, that monitor blood glucose levels constantly. The use of EIS to

monitor the state of health of a CGM is discussed in Chapter 2.
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The results for the convective-diffusion equation for an electrochemical system with

a reacting species on a rotating disk electrode[4] and on a submerged impinging jet

electrode[5] have been published. Having a tabulated set of dimensionless impedance data

for the three-expansion terms dependent on the Schmidt number can be incredibly useful.

For example, the diffusion coefficient can be obtained after conducting an experiment and

fitting to a model for the convective-diffusion equation. The mathematical development

and simulation results for a finite Schmidt numbers for both the rotating disk electrode

and submerged impinging jet electrode are presented in Chapter 3. The expression for an

infinite Schmidt number, a simplifying assumption, and the error for assuming an infinite

Schmidt number for cases where a finite Schmidt number is necessary is also discussed.

The codes that were used to obtain the results in this chapter are listed in Appendices B

and C.

The convective-diffusion equation is further complicated by considering a homogeneous,

or chemical, reaction. Unlike when no homogeneous reaction is present, the steady-state

simulation is required to obtain the impedance, so the solution becomes purely numerical.

Considering the influence of a homogenous reaction on the impedance results also

creates the necessity to add a velocity expansion to the system. This expansion and

the interpolation between the expansion for close to the electrode are presented in more

detail in section 2.3.1. The presentation of the mathematical models and results for a

system effected by a faradaic and homogeneous reactions on a rotating disk electrode

are presented in Chapter 4. The FORTRAN codes used to obtain the steady-state and

oscillating solutions to the convective-diffusion equation with homogenous reactions as well

as the MATLAB code to analyze the results are presented in Appendix D.

A mathematical model was developed for the impedance response of a glucose oxidase

enzyme-based electrochemical biosensor. The model accounts for a glucose limiting

membrane (GLM), which controls the amount of glucose participating in the enzymatic

reaction. The glucose oxidase was assumed to be immobilized within a thin film adjacent
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to the electrode. In the glucose oxidase layer, a process of enzymatic catalysis transforms

the glucose into peroxide, which can be detected electrochemically. The background

material and literature review related to the glucose biosensor is presented in section 2.3.3.

The mathematical workup and results for the impedance response of a CGM are presented

in Chapter 5. FORTRAN codes used to solve the steady and oscillating equations for the

biosensor along with the MATLAB code used to plot the results are located in E.

A further parameter analysis for the impedance response of a CGM is needed to fully

understand the influence of parameters on the CGM. A detailed workup of this suggested

future work is presented in Chapter 7. Experiments were conducted to try to validate the

coupling of faradaic and charging currents on EIS. The background to understand this

phenomenon as well as simulations conducted by Wu et al. [2] and the preliminary results

are presented in Chapter 7.
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CHAPTER 2
BACKGROUND

Electrochemical Impedance Spectroscopy (EIS) is a popular technique to characterize

electrode processes. A predominate feature of EIS is that it is non-invasive and therefor

does not destroy the system. Electrochemical impedance spectroscopy simulations and

models help develop a greater understanding of electrochemical systems.

2.1 Electrochemical Impedance Spectroscopy

Impedance measurements are conducted in the time domain and are performed by

applying a small amplitude sinusoidal perturbation of potential to an electrochemical

system and measuring the output response of current. A polarization curve is the

steady-state current response as a function of potential for an electrochemical system.

A point on a polarization curve is chosen to examine more and obtain EIS results. A

sinusoidal perturbation about that point is imputed, for a range of frequencies, and the

output is measured in order to obtain the EIS results, shown in Figure 2-1.

The input signal is represented by

V (t) = V + |△V |cos(ωt) (2–1)

and the output as

I(t) = I + |△I|cos(ωt+ φ) (2–2)

The steady-state terms are V and I and the magnitude of the oscillating part of the signal

is repressed by |△V | and |△I|. The independent variable ω is the angular frequency,

ω = 2πf , and is commonly chosen as points per decade in impedance measurements. The

phase lag between input and output is represented by φ and t is time. The calculation of

the transfer function at a given frequency ω is presented schematically in Figure 2-2. An

alternative way to write equations (2–1) and (2–2) is

V (t) = V +Re{Ṽ exp(jωt)} (2–3)
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Potential

Current

V(t)

I(t)

Figure 2-1. Sinusoidal perturbation of an electrochemical system at steady state, where
V (ω) and I(ω) represent the potential and current, made up of a steady-state
and oscillating part, at the frequency ω with a phase difference of φ [1].

Output

Input

ΔI

ΔV

T
Δt

Time

Figure 2-2. Schematic representation of the calculation of the transfer function for a
sinusoidal input at frequency ω. The time lag between the two signals is △t
and the period of the signals is T . [3]
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and

I(t) = I +Re{Ĩexp(jωt)} (2–4)

where Ṽ and Ĩ are complex quantities that are functions of frequency but independent of

time. The complex value is represented as j, which equals
√
−1; j is used instead of i to

avoid confusion with current density.

In EIS the oscillating magnitude is sufficiently small so the response is linear and

will have the same form of the input and occur at the same frequency. There is a phase

lag between the input and output, which is represented by φ. The phase lag in units of

radians can be obtained as

φ(ω) = 2π
△t

T
(2–5)

If △t = 0 or if △t = T the phase angle is equal to zero. As shown in Figure 2-2, the

output lags the input, and the phase angle has a positive value. The output response is

a complex quantity, with real and imaginary components, that is a function of frequency.

Impedance is therefore a complex value defined as the ratio of potential and current, see

equation (2–6).

Z(ω) =
Ṽ (ω)

Ĩ(ω)
= Zr + jZj (2–6)

where Ṽ (ω) and Ĩ(ω) come from equations (2–3) and (2–4) and are represented as

Ṽ (ω) = |△V |exp(jφV) (2–7)

and

Ĩ(ω) = |△I|exp(jφI) (2–8)

where the phase difference between the potential and current is φ = φV − φI. In equation

(2–6), Zr and Zj are the real and imaginary parts of the impedance, respectively.
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Re

C

Rt

Figure 2-3. Schematic representation of circuit elements used to model EIS results.

2.1.1 Modeling Electrochemical Impedance Spectroscopy

If there is no phase difference between potential and current, then the impedance is a

real number as a resistance.

Zres(ω) = R (2–9)

If the phase difference lags by 90◦ then the impedance is completely imaginary, and a

capacitance.

Zcap(ω) =
1

jωC
(2–10)

A 90◦ lag can also represent an inductor.

Zind(ω) = jωL (2–11)

From this, impedance can be modeled using circuit elements. A common circuit for

impedance is shown in Figure 2-3. The first resistor, Re, is the ohmic resistance, and

represents the resistance in the electrolyte. The parallel combination of a resistor and

a capacitor is called a Voigt element, or RC element. The resistor in the RC element

represents the charge-transfer-resistance, Rt and the capacitor represents a surface

capacitance, commonly a double-layer-capacitance, C. Following the approach of using

circuit elements, equations (2–9) - (2–11) can be used to represent or model impedance.
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Figure 2-4. Bode representation of impedance data shown in Figure 2-6: a) magnitude and
b) phase angle.

The impedance for Figure 2-3 can be represented in equation form by

Z(ω) = Re +
Rt

1 + jωCRt

(2–12)

The real part of the impedance for Figure 2-3 can be represented by

Zr(ω) = Re +
Rt

1 + ω2C2R2
t

(2–13)

and the imaginary impedance by

Zj(ω) =
−jωCR2

t

1 + ω2C2R2
t

(2–14)

2.1.2 Representation of Electrochemical Impedance Spectroscopy

Impedance is a complex value and frequently shown in a complex plane, called a

Nyquist plot. The data is presented as a locus of points, where each point represents a

different frequency measurement. The Nyquist plot hides the frequency dependence, hence

it is advantageous to label some points with their corresponding frequency. Figure 2-6

shows a typical Nyquist plot, with the imaginary part of the impedance on the y axis and

the real part of the impedance on the x axis. In order to show impedance is a function
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Figure 2-5. Representation of impedance data as a function of frequency for: a) real part
of impedance b) imaginary part of impedance.
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Figure 2-6. Nyquist plot of impedance data corresponding to a RC circuit and CPE circuit
of Rt = 100Ωcm2, Re = 10Ωcm2 and Co = 20µF/cm2
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with respect to frequency a Bode plot is used. A Bode plot shows magnitude, equation

(2–15), and phase angle, equation (2–16), as a function of frequency, shown in Figure 2-4.

|Z| =
√
Z2

r + Z2
j (2–15)

φ = tanh−1

(
Zj

Zr

)
(2–16)

Another common way to display impedance data is the real impedance and imaginary

impedance as a function of frequency, shown in Figure 2-5. The real impedance and

imaginary impedance, calculated from equations (2–13) and (2–14), are presented in a log

scale as a function of frequency, shown in Figures 2-5A and 2-5B, respectively.

2.1.3 Characteristic Frequency in Electrochemical Impedance Spectroscopy

The characteristic frequency of an impedance spectrum is the maximum of the

absolute value of the imaginary part of the impedance. Much can be learned about a

system from its characteristic frequency. For example, for the data presented in Figures

2-4-2-6 has a characteristic frequency equal to

fRC = 1/(2πRtC) (2–17)

For a rotating disk electrode, a reacting electrochemical system influenced by convection,

the dimensionless characteristic frequency is equal to 2.5. The dimensionless frequency for

this system, affected by convection and diffusion, is

K =
ωδ2i
Di

(2–18)

where δi is the characteristic length for mass transfer and Di is the diffusion coefficient

of species i. The characteristic frequency can help an experimentalist estimate the

capacitance of a system or measure the diffusion coefficient of a species.

2.2 Numerical Simulations for Electrochemical Impedance Spectroscopy

It is not always practical to conduct EIS experiments. Electrochemical systems

can exhibit many behaviors that overlap in EIS experimental results. Simulated EIS

30



experiments allow these conflicting behaviors to be split up and discover their individual

influence on the overall impedance results. One-dimensional models are of particular

practically for electrochemical systems. In a rotating disk electrode, for example, the

fluid flow is understood, see section 2.3.1, and the kinetics of an electrochemical system

can be studied sufficiently without complicating the simulation with more dimensions. A

one-dimensional model using Newman’s BAND algorithm, discussed in length in Appendix

A, is an ideal platform to study electrochemical systems.

2.2.1 Finite-Difference Methods

Differential equations describing the behavior in an electrochemical system can be

solved using finite-difference methods. A differential equation can be discretized using a

finite-difference method. For example a first derivative can be written as

dc

dy
=

c(x+ h)− c(x− h)

2h
+O(h2) (2–19)

and a second derivative can be written as

d2c

dy2
=

c(x+ h)− 2c(x) + c(x− h)

h2
+O(h2) (2–20)

where the accuracy of the discretization is the order of the mesh squared.

2.2.2 Convergence Methods

Finite-difference methods in conjunction with Newman’s BAND method are used in

Chapters 4 and 5. A technique to help the convergence of the code was first developed by

Orazem [6]. The technique is referred to as ”BIGs”. After the differential equation has

been discretized, the biggest term in the equation is multiplied by EBIG=1 × 10−10 and

is compared to G(I). If the absolute value of G(I) is less then the absolute value of the

biggest term multiplied by EBIG, then G(I) is set to zero. The non-linear code converges

easier with the implementation of BIGs.
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2.3 Impedance Models for Rotating Disk Electrode

Due to the popularity of the rotating disk electrode, the impedance response for

electrochemical systems with a rotating disk electrode has been examined by many in the

electrochemical community [7, 8, 9, 10, 11, 12, 13, 14, 15].

Homsy and Newman [16] investigated an asympototic solution for the Warburg

Impedance.

2.3.1 Fluid flow for a Rotating Disk

The steady flow created by an infinite disk rotating at a constant angular velocity in a

fluid with constant physical properties was first studied by von Kármán. [17] The solution

was sought by using a separation of variables using a dimensionless distance

ζ = y
√
Ω/ν (2–21)

and dimensionless radial velocity

vr = rΩF (ζ) (2–22)

dimensionless angular velocity

vθ = rΩG(ζ) (2–23)

and dimensionless axial velocity

vy =
√
νΩH(ζ) (2–24)

where ν is the kinematic viscosity in cm2/s. Ω is the rotation speed in rad/s. y represents

the axial distance from the electrode. For the system illustrated here a value of ν=0.01

cm2/s and Ω=209.4 rad/s which corresponds to 2000 RPM were used.

The Navier-Stokes equations can be solved numerically when equations (2–22), (2–23),

and (2–24) are inserted. As shown by Cochran [18], the variables F, G and H can be

written as two sets of series expansions, one close to the electrode (ζ ← 0), and one where

ζ →∞. For small values of ζ, or close to the electrode, the expansions are

F = aζ − 1

2
ζ2 − 1

3
bζ3 + ... (2–25)
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G = 1 + bζ +
1

3
ζ3 + ... (2–26)

and

H = −aζ2 + 1

3
ζ3 +

b

6
ζ4 + ... (2–27)

where a=0.5102326189 and b=-0.6159220144. A graph of F, G and H close to the

electrode versus dimensionless distance is shown in Figure 2-7A.
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Figure 2-7. Velocity expansion for fluid flow of a rotating disk electrode for a) small values
of ζ and b) large values of ζ

Far from the electrode, when ζ is large, the expansion equations become

F = Aexp(−αζ)− A2 +B2

α2
exp(−2αζ) + A(A2 +B2)

4α4
exp(−3αζ) + ... (2–28)

G = Bexp(−αζ)− A(A2 +B2)

12α4
exp(−3αζ) + ... (2–29)

H = −α +
2A

α
exp(−αζ)− A2 +B2

2α3
exp(−2αζ)− A(A2 +B2)

6α5
exp(−3αζ) + ... (2–30)

where α = 0.88447441, A = 0.93486353, and B = 1.2021175. The expansion for when ζ is

large for each species are plotted versus dimensionless position in 2-7B.

To solve the mass charge conservation equations, a velocity profile is required to

describe the fluid flow in the whole domain. A weighting function, shown in equation 2–32,

and an interpolation function, equation 2–31, are used to accomplish this, first developed
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Figure 2-8. Velocity expansions and interpolation velocity for a rotating disk electrode for
small values of ζ and large values of ζ for a) the r–direction, b) the
θ–direction, and c) the y–direction

by Wu [1]. This interpolation function is similar to the Fermi-Dirac function applied in

quantum mechanics for describing the distribution of fermions.

vi = (1− f)vi,ζ→0 + fvi,ζ→∞ (2–31)

where i, can be r, y, or θ to represent the direction of the velocity flow and

f =
1

1 + e−α(ζ−ζ0)
(2–32)
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In the present calculation, we used α = 20 and ζ0 = 1.25 as the interpolation

constants. The axial components of the dimensionless velocity as a function of dimensionless

distance from the electrode surface are shown in figure 2-8C. The radial and angular

dimensionless velocities are shown in figures 2-8B and 2-8A.The velocity expression

applying the interpolation function satisfies the velocities for small and large values of ζ

and shows a transition in the medium distance from the disk surface. The interpolation

function needs to be as accurate as possible near the electrode and this creates a

non–smooth transition from the near expansion to the far expansion. This non–smooth

transition is not significant because the impedance depends only on the results very close

to the electrode. Therefore, the use of the velocity profile in equation 2–32 on a RDE is

justified.

2.3.2 Convective Diffusion Impedance Models

A one-dimensional numerical model for the impedance of a rotating disk with a finite

Schmidt number was presented by Tribollet and Newman [4]. They used a two term

expansion in the axial direction to describe the motion in the system.

2.3.3 Impedance Models with Homogeneous Reactions

The impedance response at an electrode surface may be influenced by homogeneous

reactions in the electrolyte. In 1951, Gerischer [19] published the first formal treatment of

steady-state and AC chemical-electrochemical reactions at an inert electrode in an aqueous

electrolyte solution. He considered a homogeneous reaction in the electrolyte influenced

only by two species and derived equations for the steady-state concentrations and the AC

impedance response. Gerischer’s treatment of homogeneous reactions set a standard for

mathematical models and analytic solutions to problems with an electrochemical reaction

influenced by a chemical reaction. Lasia [20], in his book, steps through the mathematical

development of the Gerischer impedance. In 1957, Koutecky and Levich [21, 22, 23]

developed a mathematical approach of kinetic and catalytic electrochemical processes on a

rotating disk electrode. They found a homogeneous reaction length, what they called the
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thickness of the kinetic layer, could be represented by

δr =

√
D

α
(2–33)

where α is a function of the forward and backward rates of the homogeneous reaction,

and D is the diffusion coefficient. Smith [24, 25] used AC Polarography to study different

homogeneous reaction mechanisms, including first-order preceding, following, and catalytic

chemical reactions coupled with electrochemical reactions. Unlike Gerischer or Smith,

Jurczakowski and Polczynski [26] developed an AC model with coupled homogenous

and heterogeneous reactions accounting for cases where diffusion coefficients are not

considered to be equal. The above Electrochemical-Chemical theories assume simplified

homogeneous reactions, with a maximum of two species considered. Timmer et al. [27]

claimed that explicit solutions could only be obtained for systems controlled by charge

transfer, diffusion, and chemical reactions, if one was neglected or the chemical reactions

were simplified.

Since Gerischer first developed the mathematical treatment of chemical-electrochemical

reactions, many scientists have contributed to this field. Tribollet and Newman[28]

calculated the distribution of concentration of each species in a concentrated solution

with homogeneous and heterogeneous reactions. The velocity Tribollet and Newman

used was a mass-averaged velocity. They compared the difference between the impedance

derived from the infinite dilution theory and the impedance from the concentrated

solution theory. Hauser and Newman [29, 30] discussed the influence of homogenous

consumption of cuprous ion on the impedance response associated with dissolution of a

copper rotating disk electrode. They considered a simplified homogeneous reaction where

only two species are considered, one of which is the electroactive species. Bossche et al.

[31] investigated the steady-state solution for an electrochemical system controlled by

diffusion, migration and convection and homogeneous reactions. The convection term

uses a three term expansion for close to the electrode surface calculated analytically by
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von Kármán [17]. Deslouis et al. [32] used a submerged impinging jet cell to measure

interfacial pH during the reduction of dissolved oxygen. Remita et al. [33] have shown

that, for a deaerated aqueous electrolyte containing dissolved carbon dioxide, hydrogen

evolution is enhanced by the homogeneous dissociation of CO2. Vazquez-Arenas and

Pritzker[34, 35] studied the deposition of cobalt ions on a cobalt rotating disk. They used

a model that included convection and diffusion and statistically fit it to experimental EIS

data. Chapman and Antaño[36] studied the effect of an irreversible homogeneous reaction

on finite-layer diffusion impedance and showed a mass–transfer–boundary layer adjacent to

the electrode contributing to the measured AC impedance. Tran et al. [37] demonstrated

that homogeneous dissociation of acetic acid enhances cathodic reduction of hydronium

ions.

A Gerischer type impedance has been used to fit many electrode processes, including

solid oxide fuel cell systems [38, 39, 40], oxide electrode systems [41], mixed conducting

solid electrolyte systems [42], systems with boundary conditions on a disordered boundary

[43] and electrocatalytic systems influenced by the hydrogen evolution reaction [44].

Coupled electrochemical and enzymatic homogeneous reactions are also involved in sensors

used to monitor glucose concentrations for management of diabetes [45, 46, 47].

2.4 Impedance Models for Continuous Glucose Monitors

Müller [48] discovered the enzyme notatin from Aspergillus niger and Penicillium

glaucum in 1928 and named it glucose oxidase. The name notatin stuck and can still be

referenced in medical journals [49, 50] but recent publications all refer to the enzyme as

glucose oxidase. He showed that glucose was oxidized by glucose oxidase and created a

product of gluconic acid. Franke and Lorenz [51] found that hydrogen peroxide was also

a product of the oxidation of glucose by glucose oxidase as well as suggested that the

enzyme glucose oxidase contained a flavoprotein. The glucose oxidase enzyme catalyzes

the oxidation of D-glucose to D-glucono-δ-lactone which changes by a non-enzymatic

reaction to gluconic acid with the presence of water [52]. In the 1960’s a big scientific push
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was made to understand the kinetics of glucose oxidase. Nakamura and Ogura [53] looked

at the action of glucose oxidase, namely that the product D-glucono-δ-lactone can act as

an inhibitor. Glucose was found to react much faster then other sugars in the presence of

glucose oxidase [54]. Nakamura and Ogura and Bright and Gibson [55, 56] believed part of

the oxidation of glucose by gluconic acid was partially reversible. An overview of Glucose

Oxidase and the use of glucose oxidase in food science related areas was published by

Banker [57].

The mechanism used in this dissertation was

G + GOx
kf1−−−→
←−−
kb1

GOx2−GA
kf2−−−→ GA+GOx2 (2–34)

GOx2 + O2

kf3−−−→
←−−
kb3

GOx− H2O2

kf4−−−→ GOx + H2O2 (2–35)

where G represents glucose, GOx is the oxidized form of glucose oxidase, GOx2-GA is

the first enzyme complex that is created by glucose and GOx, GOx2 is the reduced form

of glucose oxidase, GA is gluconic acid, O2 is oxygen, GOx-H2O2 is the second enzyme

complex formed, and H2O2 is hydrogen peroxide. Enzymatic reactions, from reactant to

product, is commonly thought of as an irreversible process. By explicitly considering the

enzyme complex we can say that the reaction from reactant to product is irreversible but

with a reversible first step.

With the revolution of coating electrodes with enzymes [46, 58, 59] it became

possible to coat an electrode with glucose oxidase and then measure the product of H2O2

electrochemically and thus measure blood glucose levels. To further the understanding of

an enzyme coated electrode the kinetics of immobilized glucose oxidase [60] and diffusion

coefficients in hydrogels for oxygen, hydrogen peroxide and glucose [61] were studied

by van Stroe-Biezen et al. . Temperature dependence of diffusion coefficients of oxygen
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in water were studied by Han and Bartels [62]. Some studies look at a direct electrical

connection to the glucose oxidase enzyme [47, 63].

Since 1974, the artificial pancreas has been acknowledged by the greater scientific

community to be a possible way to manage type 1 diabetes [64]. In 2013 and 2008,

case studies showed that a subcutaneous continuous glucose monitor sensors could be

implanted for 14 days[65] and 28 days[66] in patients with type 1 diabetes. However,

commercially available subcutaneous continuous glucose monitors are generally changed

every seven days to avoid unreliable results. Some reasons for failure are sensor analysis

failure [67], cell based metabolic barriers like macrophages [68],and red blood cell clots or

”metabolic sinks” [69, 70].

The potential of impedance spectroscopy to monitor the state of health of subcutaneous

continuous glucose monitor sensors has not been fully explored and now it is suggested

that this is a plausible way to see if the CGM is still working. The status of implanted

biological sensors has been studied using EIS [71, 72, 73].
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CHAPTER 3
INFLUENCE OF FINITE SCHMIDT NUMBER ON THE IMPEDANCE OF DISK

ELECTRODES

The rotating disk and submerged impinging jet electrodes are commonly used in

electrochemical experiments. In electrochemical systems where there is no convective flow,

temperature and concentration gradients can create a natural convection, which is hard to

characterize. Characterizing the fluid flow in an electrochemical system has advantages,

such as theory and mathematical models are easier to work with and simulations of the

system are much easier then with natural convection. Simulations of a rotating disk and a

submerged impinging jet use a convective-diffusion impedance dependent on the Schmidt

number, Sc = ν/Di. When the Schmidt number is considered infinite the problem can

be solved analytically. This chapter explores cases when the Schmidt number is equal to

infinity as well as a finite value for both systems.

3.1 Electrochemical Mathematical Equations

The flux density of each species in an infinitely dilute electrochemical system is given

by

Ni = −ziuiFci∇Φ−Di∇ci + civ (3–1)

and has units of mol/(cm2s)[74]. The first term in equation (3–1) represents migration of

the species i, which can occur if an electric field is present and if the species is charged.

The second term represents the diffusion of the species. It accounts for deviations from

the average velocity if diffusion is due to a concentration gradient, ∇ci and Di is the

diffusion coefficient of species i. The last term, convection, is due to the bulk velocity,

v. In equation (3–1), F is Faraday’s constant with a value of 96,487 C/equiv, Φ is the

electrostatic potential where the gradient is the negative electric field, and zi represents

the number of proton charges carried by an ion. The mobility of the species, ui, is related

to the diffusion coefficient using the Nernst-Einstein equation

Di = RTui (3–2)
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Figure 3-1. Rotating disk electrode flow pattern showing a three-dimensional flow
trajectory leading to a net flow towards the disk and in the radial direction [3].

where R is the universal gas constant equal to 8.3143 J/mol K and T is temperature in

Kelvin. Substitution of the mobility into equation (3–1) gives

Ni = Di

(
−zi

F

RT
ci∇Φ−∇ci

)
+ civ (3–3)

A material balance is needed to obtain the mass flux at the interface

∂ci
∂t

= −∇ ·Ni +Ri (3–4)

where Ri is the homogeneous reaction. Each species in the system will have their own

form of equation (3–4).

3.2 Rotating Disk Electrode

A schematic of the flow in a rotating disk electrode system is shown in Figure 3-1.

The fluid is spiraled toward the electrode and a net velocity occurs perpendicular to the

electrode and in the radial direction.
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3.2.1 Fluid Velocity Profile for Rotating Disk Electrode

Following section (2.3.1) the fluid flow for a rotating disk electrode can be described

by a velocity expansion in the axial direction, see equation (2–27). Without a homogeneous

reaction occurring in an RDE system there is no need for a velocity expansion that goes

further then that described by equation (2–27). This means the velocity profile for the

system is described by the combination of equation (2–24), the axial velocity and equation

(2–27), the series expansion for the axial direction for small values of ζ, to obtain

vy =
√
νΩ(−aζ2 + 1

3
ζ3 +

b

6
ζ4 + ...) (3–5)

3.2.2 Mathematical Development for Rotating Disk Electrode

Electrochemical impedance spectroscopy involves the perturbation of an electrochemical

system with a small sinusoidal signal and then recording the output. All oscillating

quantities, such as concentration and potential, can be written in the form

X = X̄ +Re
{
X̃exp (jωt)

}
(3–6)

where the over-bar represents the steady-state value, j is the imaginary number, ω is the

angular frequency and the tilde represents a complex oscillating component.

The governing equation for mass transfer of a rotating disk in the absence of

homogeneous reaction becomes

∂ci
∂t

= ∇ ·Ni (3–7)

The divergence operator of Ni in cylindrical form is

∇ ·Ni =
1

r

∂(rNr,i)

∂r
+

1

r

∂(Nθ,i)

∂θ
+

∂(Ny,i)

∂y
(3–8)

where r is the radial component, θ is the angular component, and y is the axial component.

42



When applying equation (3–8) to (3–7) and assuming antisymmetric flow the

governing equation becomes

∂ci
∂t

=
1

r

∂(rNr,i)

∂r
+

∂(Ny,i)

∂y
(3–9)

Flux in the y direction, excluding migration, is

Ny,i = −Di
∂ci
∂y

+ civy (3–10)

and flux in the r direction, excluding migration, is

Nr,i = civr (3–11)

When substituting the flux expressions, equations (3–11)and (3–10), for the r and y

directions respectively, into (3–9) the governing equation is now

∂ci
∂t

= −1

r

∂

∂r
(rcivr)−

∂

∂y
(−Di

∂ci
∂y

+ civy) (3–12)

After calculating the derivatives in (3–12) and inserting the first term of the velocity

expansion for vy

vy = −ay
Ω3/2

ν1/2
(3–13)

and vr

vr = ray
Ω3/2

ν1/2
(3–14)

where a = 0.5102326189, Ω is the rotation speed and ν is the kinematic viscosity, the

governing equation becomes

∂ci
∂t

=
−ci
r

2raΩ3/2

ν1/2
y + ci

2aΩ3/2

ν1/2
y − vy

∂ci
∂y

+Di
∂2ci
∂y2

(3–15)

The first two terms in (3–15) cancel and the final governing equation for convective

diffusion becomes

∂ci
∂t

= −vy
∂ci
∂y

+Di
∂2ci
∂y2

(3–16)
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If the expansions used more then the first term they would also cause cancelation and the

final governing equation for convective diffusion remains the same.

In order to obtain impedance the oscillating concentrations of the reacting species in

an electrochemical system is needed. When applying equation (3–6) to (3–16) we get an

equation with separable steady-state and oscillating variables

jωc̃ie
jωt + vy

dc̄i
dy

+ vy
dc̃i
dy

ejωt −Di
d2c̄i
dt
−Di

d2c̃i
dt

ejωt = 0 (3–17)

The equation for the steady-state variables is

vy
dc̄i
dy
−Di

d2c̄i
dt

= 0 (3–18)

and the equation for the oscillating variables is

jωc̃ie
jωt + vy

dc̃i
dy

ejωt −Di
d2c̃i
dt

ejωt = 0 (3–19)

The exponential term ejωt in (3–19) can be canceled, thus eliminating the explicit

dependence on time.

jωc̃i + vy
dc̃i
dy
−Di

d2c̃i
dt

= 0 (3–20)

The convective-diffusion equation is made dimensionless by a dimensionless position

ξ = y/δi (3–21)

where δi is defined as

δi =
(3Di

α

)1/3
=
(3
a

)1/3 1

Sc
1/3
i

√
ν

Ω
(3–22)

a dimensionless concentration θi = c̃i/c̃i(0), and a dimensionless frequency given by

Ki =
ω

Ω

(
9ν

a2Di

)1/3

=
ω

Ω

(
9

a2

)1/3

Sc1/3 (3–23)

After substitution, the dimensionless convective-diffusion equation is

d2θi
dξ2

+ 3ξ2
dθi
dξ
− jKiθi = 0 (3–24)
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Under the assumption that the axial velocity is given by the three-term expression valid

close to the electrode surface, equation (3–5), and is made dimensionless by equation

(3–21), equation (3–24) may be expressed as

d2θi
dξ2

+

(
3ξ2 −

(
3

a4

)1/3
ξ3

Sc
1/3
i

− b

6

(
3

a

)5/3
ξ4

Sc
2/3
i

)
dθi
dξ
− jKiθi = 0 (3–25)

From equation (3–25), three coupled equations for a finite Schmidt number can be

obtained using

θi(ξ, Sci, K) = θi,0(ξ,K) +
θi,1(ξ,K)

Sc
1/3
i

+
θi,2(ξ,K)

Sc
2/3
i

+ ... (3–26)

The first is equation, not dependent of the Schmidt number, is

d2θi,0
dξ2

+ 3ξ2
dθi,0
dξ
− jKiθi,0 = 0 (3–27)

The other two equations, dependent on Sc−1/3 and Sc−2/3 are

d2θi,1
dξ2

+ 3ξ2
dθi,1
dξ
− jKiθi,1 =

(
3

a4

)1/3

ξ3
dθi,0
dξ

(3–28)

and

d2θi,2
dξ2

+ 3ξ2
dθi,2
dξ
− jKiθi,2 =

b

6

(
3

a

)5/3

ξ4
dθi,0
dξ

+

(
3

a4

)1/3

ξ3
dθi,1
dξ

(3–29)

where terms order Sc−1 and greater are neglected. The boundary conditions are

θi,0 → 0; θi,1 → 0; θi,2 → 0 as ξ →∞ (3–30)

and

θi,0 = 1; θi,1 = 0; θi,2 = 0 as ξ = 0 (3–31)

The value of θ1,0(0) was chosen arbitrarily because the governing equations for the

impedance response are linear, even when the steady-state problem is non-linear.

As the Schmidt number approaches infinite, equation (3–27) describes the system. For

finite Schmidt numbers, solutions of equations (3–27)-(3–29) are needed to obtain accurate

values for diffusion impedance.
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The diffusion impedance for a rotating disk electrode, for a finite Schmidt number, is

given by

− 1

θ′i(0)
=

1

θ′i,0(0) + θ′i,1(0)Sci
−1/3 + θ′i,2(0)Sci

−2/3
(3–32)

which can be expressed as

− 1

θ′i(0)
= − 1

θ′i,0(0)
+

θ′i,1(0)

(θ′i,0(0))
2

1

Sc
1/3
i

− 1

θ′i,0(0)

[(
θ′i,1(0)

θ′i,0(0)

)2

−
θ′i,2(0)

θ′i,0(0)

]
1

Sc
2/3
i

(3–33)

such that

Z(0) = −
1

θ′i,0(0)
(3–34)

Z(1) =
θ′i,1(0)

(θ′i,0(0))
2

(3–35)

and

Z(2) = −
1

θ′i,0(0)

[(
θ′i,1(0)

θ′i,0(0)

)2

−
θ′i,2(0)

θ′i,0(0)

]
(3–36)

The convective-diffusion impedance is obtained directly as a function of the Schmidt

number from

− 1

θ′i(0)
= Z(0) +

Z(1)

Sc
1/3
i

+
Z(2)

Sc
2/3
i

(3–37)

3.2.3 Numerical Methods for Rotating Disk Electrode

MatLab is a powerful simulation environment chosen to solve the complex, non-linear

coupled differential equations of an electrochemical system. The algorithm BAND

developed by Newman[74] in 1968 in Fortran, was converted into a MatLab code and

is called in the programs developed to solve electrochemical differential equations. BAND

is described in detail in Appendix A. The MatLab codes written to solve equation (3–25)

are shown in Appendix B.

3.2.4 Convective-Diffusion Impedance for a Rotating Disk Electrode

The dimensionless oscillating concentration, θi = c̃i/c̃i(0), is a complex quantity and

results for θi,0, θi,1 and θi,2 are presented in Figure 3-2. These results presented in Figure

3-2A were obtained from solving for equation (3–27). The results presented in Figure
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Figure 3-2. Oscillating dimensionless concentrations for a rotating disk electrode over a
range of frequencies for both the real and imaginary components for a) θi,0, b)
θi,1, and c) θi,2. The values of K, arrow indicating increasing values of K,
ranged from 10−2 to 102 with 10 points per decade.

3-2B came from solving equation (3–28), however, these results depend on the solution

of equation (3–27). The results presented in Figure 3-2C came from solving equation

(3–29) and is dependent on the solutions for both equation (3–27) and (3–28). It is clear

from decreasing magnitude of the oscillating concentration values in Figure 3-2A to 3-2C

that the first term is the most important for determining the impedance and importance

decreases with dependence on the Schmidt number.
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The contribution to the impedance for each term is presented in Figure 3-3. These

plots were created from equations (3–34) to (3–36). The Nyquist plot of all three Zi values

shows clearly that Z0 resembles the hyperbolic tangent model used to describe diffusion

through a film (no convective term). The characteristic frequency for Z1 is about half that

of Z0 and the characteristic frequency for Z2 is even smaller. This can be seen better when

looking at the imaginary impedance as a function of frequency, presented in Figure 3-3C.

The real impedance as a function of frequency as well as the Nyquist plot both show the

magnitude of the dimensionless diffusion impedance is much larger for Z0 then for Z1 or

Z2.

A comparison of the impedance response obtained under the assumption of an infinite

Schmidt number and a finite Schmidt number (Sc=1000 and Sc=100) is presented in

Figure 3-4. The solutions generated were in agreement with Orazem and Tribollet[5].

The low frequency values show the greatest difference, see Figure 3-4A, between the

assumption of using an infinite Schmidt number. The differences in low frequency values

are also shown in Figrues 3-4B and 3-4C. The error at low frequency of the dimensionless

diffusion impedance for a rotating disk electrode with different Schmidt numbers is shown

in Table 3-1. The percent error was calculated using

% error =

∣∣∣∣− 1

θ′i,r(0)

(
ω → 0

)
− Z(0),r(ω → 0)

∣∣∣∣/(− 1

θ′i,r(0)

(
ω → 0

))
(3–38)

where Z(0),r is the real component of equation (3–34). If the infinite Schmidt number

analysis is used to calculate the convective-diffusion impedance and the Schmidt number

in the system is on the order of 100, the low frequency part of the impedance will be

inaccurate up to 6.62 %. With a Schmidt number of 1000 the error is still as great as 3.03

%. The dimensionless convective-diffusion impedance analytical expression (for an infinite

Schmidt number) should not be used for small values of the Schmidt number especially

when mass transfer plays a large role in the electrochemical system.
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Figure 3-3. Contributions to the impedance from series expansion for finite Schmidt
number, Z(0), Z(1), and Z(2) shown in a) Nyquist form, b) real part of the
dimensionless diffusion impedance as a function of frequency, and c) imaginary
part of the dimensionless diffusion impedance as a function of frequency.
calculated from equations (3–34)-(3–36).
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Figure 3-4. Dimensionless diffusion impedance obtained for a rotating disk under
assumption of infinite Schmidt number and for a finite Schmidt number equal
to 100 and 1000 shown in A) Nyquist form, B) real part of the dimensionless
diffusion impedance as a function of frequency, and C) imaginary part of the
dimensionless diffusion impedance as a function of frequency.

Table 3-1. Error at low frequency in convective diffusion impedance for a rotating disk
electrode when compared to using infinite Schmidt number analysis

Sc % Error
10000 1.40
1000 3.03
100 6.62
50 8.39
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Figure 3-5. Submerged impinging jet flow diagram a) schematic illustration and b)
identification of flow regimes [3].

3.3 Submerged Impinging Jet Electrode

The submerged impinging jet electrode, Figure 3-5, though less popular then the

rotating disk electrode, is also very attractive to characterize electrochemical systems.

With a stagnation region, shown in Figure 3-5B, the convective diffusion of fluid towards

the electrode is uniform, similar to the rotating disk electrode. For an electrode that is

entirely in the stagnation region, the mass-transfer rate is uniform. In contrast to the

rotating disk, the electrode is stationary and is therefore suitable for in situ observation[3].

3.3.1 Velocity Expansion for a Submerged Impinging Jet

The fluid flow within the stagnation region of the electrode in an impinging jet cell

is well-defined [75, 76, 77, 78, 79, 80]. The stagnation region is defined to be the region

surrounding the stagnation point in which the axial velocity, given by

vy = −
√
aIJνϕ(η) (3–39)

is independent of the radial velocity

vr =
aIJ
2
r
ϕ(η)

dη
(3–40)
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where aIJ is a hydrodynamic constant that is dependent on geometry and fluid velocity,

y and r are the axial and radial directions, ν is the kinematic viscosity and ϕ is a stream

function given in terms of a dimensionless axial position

η = y

√
aIJ
ν

(3–41)

as [75]

ϕ(η) = 1.352η2 − 1

3
η3 + 7.2888× 10−3η6 + ... (3–42)

The stagnation region extends to a radial distance that is approximately the size of the

impinging jet nozzle[76].

3.3.2 Mathematical Development for Impinging Jet Electrode

Under the assumption that the electrode is uniformly accessible, the equation

governing mass transfer in the frequency domain is given by

d2θi
dξ2

+

(
3ξ2 −

(
3

1.3524

)1/3
ξ3

Sc
1/3
i

)
dθi
dξ
− jKiθi = 0 (3–43)

where

Ki =
ω

aIJ

(
9

1.3522

)1/3

Sc
1/3
i (3–44)

The axial direction is made dimensionless using equation (3–21). The dimensionless

distance for the impinging jet is set by

δi =

(
3

1.352

)1/3√
ν

aIJ
Sc

1/3
i (3–45)

and the oscillating concentration is made dimensionless in the same way as in the rotating

disk electrode case previously described, θi = c̃i/c̃i(0). As done for the rotating disk

electrode, the impinging jet convective-diffusion equation can be expressed as a series

expansion, see equation (3–26), where a solution to each oscillating concentration can be

found from

d2θi,0
dξ2

+ 3ξ2
dθi,0
dξ
− jKiθi,0 = 0 (3–46)
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d2θi,1
dξ2

+ 3ξ2
dθi,1
dξ
− jKiθi,1 =

(
3

1.3524

)1/3

ξ3
dθi,0
dξ

(3–47)

and

d2θi,2
dξ2

+ 3ξ2
dθi,2
dξ
− jKiθi,2 =

(
3

1.3524

)1/3

ξ3
dθi,1
dξ

(3–48)

The individual contributions to impedance separated by influence of Schmidt number are

Z(0) = −
1

θ′i,0(0)
(3–49)

Z(1) =
θ′i,1(0)

(θ′i,0(0))
2

(3–50)

and

Z(2) = −
1

θ′i,0(0)

[(
θ′i,1(0)

θ′i,0(0)

)2

−
θ′i,2(0)

θ′i,0(0)

]
(3–51)

The convective-diffusion impedance is obtained directly as a function of the Schmidt

number from

− 1

θ′i(0)
= Z(0) +

Z(1)

Sc
1/3
i

+
Z(2)

Sc
2/3
i

(3–52)

3.3.3 Numerical Methods for Impinging Jet Electrode

Similarity to the rotating disk electrode, MatLab was the chosen simulation

environment to solve the complex, non-linear coupled differential equations for an

impinging jet electrode. The Matlab-converted-BAND algorithm is called in the programs

developed to solve electrochemical differential equations. BAND is described in detail in

Appendix A. The MatLab codes written to solve equation (3–43) are shown in Appendix

C.

3.3.4 Convective-Diffusion Impedance for a Submerged Impinging Jet Elec-
trode

As for the rotating disk electrode, the dimensionless oscillating concentration for the

impinging jet electrode, θi = c̃i/c̃i(0), is a complex quantity and results for θi,0, θi,1 and

θi,2 (from equations (3–46)-(3–48))are presented in Figure 3-6. The results presented

in Figure 3-6A were obtained from solving for equation (3–46). The results presented
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Figure 3-6. Oscillating dimensionless concentrations for a submerged impinging jet
electrode over a range of frequencies for both the real and imaginary
components for a) θi,0, b) θi,1, and c) θi,2. The values of K, arrow indicating
increasing values of K, ranged from 10−2 to 102 with 10 points per decade.

in Figure 3-6B came from solving equation (3–47), however, these results depend on the

solution of equation (3–46). The results presented in Figure 3-6C came from solving

equation (3–48) and are dependent on the solutions for both equation (3–46) and (3–47).

The oscillating concentration presented in Figure 3-6A is the same as for the rotating disk

electrode, Figure 3-2A. The second and third oscillating concentration plots, Figures 3-6B

and 3-6C, however, show an even smaller magnitude then the second and third oscillating
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Table 3-2. Error at low frequency in convective diffusion impedance for a submerged
impinging jet electrode when compared to using infinite Schmidt number
analysis

Sc % Error
10000 0.38
1000 0.83
100 1.82
50 2.31

concentrations for the rotating disk electrode. This implies that the second and third

terms in the velocity expansion will have less impact on the impedance results.

The contribution to the impedance for each term is presented in Figure 3-7. These

plots were created from equations (3–49) to (3–51). The Nyquist plot of all three Zi values

shows clearly that Z0 resembles, but is not identical to, the hyperbolic tangent model used

to describe diffusion through a film (no convective term). The characteristic frequency for

Z1 is about half that of Z0 and the characteristic frequency for Z2 is even smaller. This

can be seen better when looking at the imaginary impedance as a function of frequency,

presented in Figure 3-7C. The real impedance as a function of frequency as well as the

Nyquist plot both show the magnitude of the dimensionless diffusion impedance is much

larger for Z0 then for Z1 or Z2. The impedances that depend on the Schmidt number, Z1

or Z2, are even smaller then for the rotating disk electrode system.

A comparison of the impedance response obtained under the assumption of an

infinite Schmidt number and a finite Schmidt number (Sc=1000 and Sc=100) is presented

in Figure 3-8. The low frequency values show the greatest difference, see Figure 3-8A,

between the assumption of using an infinite Schmidt number. The differences in low

frequency values are also shown in Figrues 3-8B and 3-8C. The differences in low

frequency are less then when using a rotating disk electrode. The error at low frequency of

the dimensionless diffusion impedance for a rotating disk electrode with different Schmidt

numbers is shown in Table 3-2. The percent error was calculated using equation (3–38).
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Figure 3-7. Contributions to the impedance from series expansion for finite Schmidt
number, Z(0), Z(1), and Z(2) shown in a) Nyquist form, b) real part of the
dimensionless diffusion impedance as a function of frequency, and c) imaginary
part of the dimensionless diffusion impedance as a function of frequency.
calculated from equations (3–49)-(3–51).
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If the infinite Schmidt number analysis is used to calculate the convective-diffusion

impedance and the Schmidt number in the system is on the order of 100, the low

frequency part of the impedance will be inaccurate up to 1.82 %. With a Schmidt

number of 1000 the error is 0.83 %. The dimensionless convective-diffusion impedance

analytical expression (for an infinite Schmidt number) is will likely be within 2 % of the

exact answer.
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Figure 3-8. Dimensionless diffusion impedance obtained for an impinging jet electrode
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number equal to 100 and 1000 shown in A) Nyquist form, B) real part of the
dimensionless diffusion impedance as a function of frequency, and C)
imaginary part of the dimensionless diffusion impedance as a function of
frequency.
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CHAPTER 4
CONVECTIVE-DIFFUSION IMPEDANCE WITH HOMOGENEOUS CHEMICAL

REACTIONS

A mathematical model was developed for the impedance response associated with the

coupled homogeneous chemical and heterogeneous electrochemical reactions. The model

includes a homogeneous reaction in the electrolyte where species AB reacts reversibly to

form A− and B+ and B+ reacts electrochemically on a rotating disk electrode to produce

B. The resulting convective diffusion impedance has two asymmetric capacitive loops, one

associated with convective diffusion impedance the other with the homogeneous reaction.

For an infinitely fast homogeneous reaction, the system is shown to behave as though AB

is the electroactive species. A modified Gerischer impedance was found to provide a good

fit to the simulated data.

4.1 Mathematical Development for Convective Diffusion and Homogeneous
Reaction

A mathematical model is presented below for the impedance response associated with

the coupling of homogeneous and heterogeneous electrochemical reactions.

4.1.1 Governing Equations

The flux density of species i in a dilute electrolyte and in absence of migration is

expressed as

Ni = −Di∇ci + civ (4–1)

For an axisymmetric rotating-disk electrode, the convective diffusion equation with

homogeneous reaction is expressed in cylindrical coordinates as

∂ci
∂t

+ vy
∂ci
∂y

= Di
∂2ci
∂y2

+Ri (4–2)

where Ri is the rate of production of species i by homogeneous reactions.

4.1.2 Homogeneous Reaction

A diagram of an electrochemical reaction coupled with a chemical reaction is shown in

Figure 4-1. where the reactions may be expressed as

59



E
le

c
t
ro

d
e

B
+
 + A

-

AB

Homogeneous 

Chemical Reaction

Mass Transport

B
+
 + e

-
B

Heterogeneous 

Electrochemical 

Reaction

Mass Transport

Figure 4-1. A diagram of an electrochemical reaction coupled by the influence of a
homogeneous chemical reaction.

AB
kf−−→
←−
kb

A− + B+ (4–3)

One of the ionic species involved in the homogeneous reaction, B+, was assumed to

be electroactive and was consumed at the electrode. The electrochemical reaction was

expressed as

B+ + e− → B (4–4)

The corresponding current, which is dependent on concentration and potential, was

expressed as

iB+ = −KB+cB+(0) exp (−bB+V ) (4–5)

As the electroactive species is consumed, a concentration gradient of B+ must exist near

the electrode surface.

Far from the electrode surface, the species AB, A−, and B+ are equilibrated, thus

Keq =
kf
kb

=
cA−(∞)cB+(∞)

cAB(∞)
(4–6)

The reaction term was expressed as

RA− = RB+ = −RAB = kfcAB(y)− kbcA−(y)cB+(y) (4–7)
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Combination of equations (4–6) and (4–7) yields

RA− = RB+ = −RAB = kb(KeqcAB(y)− cA−(y)cB+(y)) (4–8)

where reaction (4–3) is not assumed to be equilibrated in a region near the electrode

surface. In equation (4–8), kb is the variable that can be independently explored, whereas,

Keq is constrained by assumed values of bulk concentrations. The form of equation (4–8)

makes the steady-state problem non-linear.

4.1.3 Velocity Expression

The velocity profile used in equation (4–2) is created from equation (2–24). It

includes the interpolation function, equation (2–31), with weighting parameter f, equation

(2–32), to create a function that uses the velocity expansion for close to the electrode,

equation (2–27), and far from the electrode, equation (2–30). The final velocity expression

including all the details above is

vy =

(
1− 1

1 + e−α(y
√

Ω/ν−ζ0)

)√
νΩ

(
− ay2

Ω

ν
+

1

3
y3
(
Ω

ν

)3

+
b

6
y4
(
Ω

ν

))
(4–9)

+

(
1

1 + e−α(y
√

Ω/ν−ζ0)

)√
νΩ

{
− α +

2A

α
exp

(
− αy

√
Ω

ν

)

− A2 +B2

2α3
exp

(
− 2αy

√
Ω

ν

)
− A(A2 +B2)

6α5
exp

(
− 3αy

√
Ω

ν

)}

The axial velocity is shown in figure 2-8C, where the solid line represents the velocity

expression above.

4.1.4 Impedance with Homogeneous Chemical Reactions

The conservation equation for each species may be written as

∂cAB

∂t
+ vy

∂cAB

∂y
= DAB

∂2cAB

∂y2
− kb(KeqcAB(y)− cA−(y)cB+(y)) (4–10)

for AB,

∂cA−

∂t
+ vy

∂cA−

∂y
= DA−

∂2cA−

∂y2
+ kb(KeqcAB(y)− cA−(y)cB+(y)) (4–11)
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for A−, and

∂cB+

∂t
+ vy

∂cB+

∂y
= DB+

∂2cB+

∂y2
+ kb(KeqcAB(y)− cA−(y)cB+(y)) (4–12)

for B+. The boundary conditions far from the electrode were

ci → ci(∞) for y →∞ (4–13)

and the boundary conditions at the electrode surface were

∂ci
∂y

∣∣∣∣
y=0

= 0 for y = 0 (4–14)

for the non–reacting species, and

FDB+

∂cB+

∂y

∣∣∣∣
y=0

= iB+ for y = 0 (4–15)

for the reacting species B+. The concentrations of each species were represented in terms

of steady-state and oscillating terms as

ci = ci +Re {c̃i exp (jωt)} (4–16)

The resulting equations governing the steady-state are

vy
∂cAB

∂y
= DAB

∂2cAB

∂y2
−RAB (4–17)

vy
∂cA−

∂y
= DA−

∂2cA−

∂y2
+RA− (4–18)

and

vy
∂cB+

∂y
= DB+

∂2cB+

∂y2
+RB+ (4–19)

where

RA− = RB+ = −RAB = kb(KeqcAB(y)− cA−(y)cB+(y)) (4–20)
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The equations governing the sinusoidal steady state are

∂c̃AB

∂t
+ vy

∂c̃AB

∂y
= DAB

∂2c̃AB

∂y2
− R̃AB (4–21)

∂c̃A−

∂t
+ vy

∂c̃A−

∂y
= DA−

∂2c̃A−

∂y2
+ R̃A− (4–22)

and

∂c̃B+

∂t
+ vy

∂c̃B+

∂y
= DB+

∂2c̃B+

∂y2
+ R̃B+ (4–23)

where

R̃A− = R̃B+ = −R̃AB (4–24)

= kf c̃AB(y)− kbcA−(y)c̃B+(y)− kbc̃A−(y)cB+(y)

and terms with c̃2 have been neglected. Equations (4–21)-(4–24) are coupled and

linear but are dependent on the steady-state solution. The boundary conditions for

the oscillating concentrations were

c̃i = 0 for y →∞ (4–25)

for each species

∂c̃i
∂y

∣∣∣∣
y=0

= 0 for y = 0 (4–26)

for the AB and A−, and

c̃B+(0) = 1 for y = 0 (4–27)

for the reacting species B+. The value of c̃B+(0) was chosen arbitrarily because the

governing equations for the impedance response are linear, even when the steady-state

problem is non-linear.

4.1.4.1 Diffusion impedance

The oscillating current associated with B+, was expressed as

ĩB+ =

(
∂iB+

∂V

)
cB+ (0)

Ṽ +

(
∂iB+

∂cB+(0)

)
V

c̃B+(0) (4–28)
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The flux expression for B+ yields a second equation for the oscillating current density as

ĩB+ = FDB+

dc̃B+

dy

∣∣∣∣
y=0

(4–29)

Equation (4–28) was divided by equation (4–29), yielding

1 =

(
∂iB+

∂V

)
cB+ (0)

Ṽ

ĩB+

+

(
∂iB+

∂cB+(0)

)
V

c̃B+(0)

FDB+

dc̃B+

dy

∣∣∣∣
y=0

(4–30)

Thus, the impedance was expressed as

ZF,B+ = Rt,B+ + ZD,B+ (4–31)

where, from the respective derivatives of equation (4–5),

Rt,B+ =
1

KB+bB+cB+(0) exp
(
−bB+V

) (4–32)

and

ZD,B+ =
Rt,B+KB+ exp

(
−bB+V

)
FDB+

− c̃B+(0)

dc̃B+

dy

∣∣∣∣
y=0

 (4–33)

The concentration distributions required to assess the diffusion impedance, equation

(4–33), were obtained for each frequency from the numerical solution of equations

(4–21)-(4–24).

The dimensionless diffusion impedance is

− 1

θ′B+

=
1

δN,B+

− c̃B+(0)

dc̃B+

dy

∣∣∣∣
y=0

 (4–34)

where

δN,B+ = Γ(4/3)

(
3

a

)1/3
1

Sc
1/3

B+

√
ν

Ω
(4–35)

is the Nernst diffusion layer thickness written in terms of the Schmidt number, ScB+ =

ν/DB+ .
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Figure 4-2. Electrical circuit representation of the overall electrode impedance associated
with the faradaic impedance given as equation (4–31).

4.1.4.2 Overall impedance

The overall impedance was expressed by the circuit shown in Figure 4-2. An ohmic

resistance is in series with the parallel contribution of the faradaic impedance, equation

(4–31), and double-layer capacitance, i.e., ,

Z = Re +
ZF,B+

1 + jωZF,B+Cdl

(4–36)

For a range of potentials, the faradaic impedance and double-layer capacitance are of the

same magnitude and add another loop to the overall impedance. This means that three

characteristic frequencies can be visible in the overall impedance.

4.1.4.3 Fast homogeneous reaction

In the limit of an infinitely fast homogeneous reaction, reactions (4–3) and (4–4) may

be expressed as

AB + e− → A− + B (4–37)

and a dimensionless diffusion impedance can now be calculated by taking into account the

oscillating concentration of species AB

− 1

θ′B+

=
1

δN,B+

− c̃AB(0)

dc̃AB

dy

∣∣∣∣
y=0

 (4–38)
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The electroactive species for the system is AB when the homogeneous reaction is infinitely

fast.

4.1.4.4 Gerischer impedance

Under the assumptions that the diffusion coefficients for AB and B+ are equal,

that convection may be ignored, and that the concentration of A− is sufficiently large

to be considered constant, Gerischer developed an analytic expression for the diffusion

impedance associated with a heterogeneous reaction influenced by a homogeneous reaction.

This derivation makes use of the Nernst stagnant diffusion layer, equation (4–35). The

concentration of A− was considered invariant, and the rate of production of species AB

and B+ by reaction (4–3) was expressed as

RB+ = −RAB = kfcAB(y)− kbcB+(y) (4–39)

The conservation equations for species AB and B+ may be expressed as

∂cAB

∂t
= D

∂2cAB

∂y2
− kfcAB + kbcB+ (4–40)

and

∂cB+

∂t
= D

∂2cB+

∂y2
+ kfcAB − kbcB+ (4–41)

respectively, where

D = DAB = DB+ (4–42)

The sum of equations (4–40) and (4–41) yields

∂

∂t
(cAB + cB+) = D

∂2

∂y2
(cAB + cB+) (4–43)

After algebraic manipulation, the difference between equations (4–40) and (4–41) may be

expressed as

∂

∂t

(
cAB −

cB+

Keq

)
= D

∂2

∂y2

(
cAB −

cB+

Keq

)
− k

(
cAB −

cB+

Keq

)
(4–44)
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where k = kf + kb and Keq = kf/kb. As equations (4–43) and (4–44) are linear, the solution

for the convective-diffusion impedance does not require a solution for the steady-state.

Equations (4–43) and (4–44) in the frequency domain were solved for the boundary

conditions

c̃AB(δ) = c̃B+(δ) = 0 (4–45)

c̃B+(0) = 1 (4–46)

and

dc̃AB

dy

∣∣∣∣
y=0

= 0 (4–47)

The dimensionless diffusion impedance may be expressed as

− 1

θ′B+

= −1

δ

c̃B+(0)

dc̃B+

dy

∣∣∣∣
y=0

(4–48)

=
1

Keq + 1

tanh

√
(jω + k)

δ2

D√
(jω + k)

δ2

D

+
Keq

Keq + 1

tanh

√
jω

δ2

D√
jω

δ2

D

(4–49)

or

− 1

θ′B+

=
1

Keq + 1

tanh
√
jK + kdim√

jK + kdim
+

Keq

Keq + 1

tanh
√
jK√

jK
(4–50)

where K = ωδ2/D and kdim = kδ2/D.

The first term on the right-hand side of equation (4–50) corresponds to a weighted

Gerischer impedance. The second term on the right-hand side of equation (4–50)

corresponds to a weighted diffusion impedance through a film or in an electrolyte where

there is no convection.

The convective-diffusion impedance with homogeneous reaction can be modeled by an

expression using a function similar to equation (4–50), a weighted Gerischer impedance in

series with a weighted convective-diffusion impedance.

− 1

θ′B+

=
1

Keq + 1

tanh
√
jK + kdim√

jK + kdim
+

1

Keq + 1

1

θ′CD

(4–51)
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where 1/θ′CD can be obtained using K = ωδ2N/DB+ and a look up table generated from the

solution of the convective-diffusion impedance without homogeneous reaction.

4.1.5 Numerical Methods

The coupled nonlinear differential equations were solved first under the steady-state

condition. Then the oscillating condition was solved with the steady-state results as an

input. All the equations were linearized, formulated in finite difference form and solved

numerically using Newman’s BAND method coupled with Newton–Raphson iteration [74].

For input values shown in Tables 4-1 and 4-2, the steady-state concentrations of AB,

A−, and B+ as well as the value of the homogeneous reaction rate were obtained. These

steady-state values along with the original input values were used to obtain the oscillating

values on concentration of the reacting species B+. For a spectrum of dimensionless

frequencies, from K = 1 × 10−5 to 1 × 105 with 20 points per decade, the oscillating

concentrations of the reacting species obtained near the electrode were imputed into

equation (4–34) to obtain a dimensionless diffusion impedance and equation (4–33) to

obtain a diffusion impedance.

4.1.5.1 Accuracy of numerical methods

To obtain a solution that is the most accurate, the finite difference errors and

round-off errors need to be minimized. Near the electrode surface the flux of the reacting

species is changing so dramatically it is necessary to have a smaller mesh to obtain an

accurate answer. Far from the electrode the concentrations are not changing and therefore

the same small mesh would result in unnecessary roundoff errors. To mitigate errors we

have solved the system using two mesh sizes. A small mesh size, HH, is used near the

electrode and a large mesh size, H, is used far away from the electrode.

With the use of two dissimilar mesh sizes, it is necessary that a method of coupling be

developed to allow the computation transition from one region to another while retaining

the accuracy of the finite difference calculation. Such transition is performed by a coupling

subroutine at an interface designated at j = KJ. A visual representation of two mesh size
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Figure 4-4. Graphical evidence of H2 accuracy in finite difference simulation. The
concentration of B+ is shown vs different squared mesh values.

regions is shown in Figure 4-3. The small number of nodes, with NJ = 12, is exaggeratedly

small to show the differences of mesh regions, the actual code uses NJ = 12, 000 nodes.

A graph showing the accuracy of the simulations, which is on the order of the mesh

size squared, is shown in Figure 4-4. The concentration of B+ is shown with respect to

different squared mesh values. The simulations for different mesh sizes, ranging from 3000

points to 12000 points, are accurate to seven orders of magnitude. The R2 value of the

linear fit is 1.0 and the intercept is value is calculated as 2.134667841× 10−3 ± 1.0× 10−14.
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4.1.5.2 Coupling domains with different mesh size

The different mesh sizes presented in Figure 4-3 need to be addressed differently then

the bulk equations (4–17) to (4–19). The flux at the coupler point, j = KJ, should be

equal when approach from the smaller mesh or the larger mesh

Ni|KJ−1→KJ = Ni|KJ+1→KJ (4–52)

To accomplish this, the material balance equation was written for KJ − 1/4 and KC +1/4

dci
dt

∣∣∣∣
KJ−1/4

= −∇ ·Ni|KJ−1/4 +Ri|KJ−1/4 (4–53)

and

dci
dt

∣∣∣∣
KJ+1/4

= −∇ ·Ni|KJ+1/4 +Ri|KJ+1/4 (4–54)

The derivative of flux written in cylindrical coordinates, assuming axisymmetric flow, is

∇ ·Ni =
1

r

∂(rNr,i)

∂r
+

∂(Ny,i)

∂y
(4–55)

re-writing the material balance equation in a difference of fluxes gives

dci
dt

∣∣∣∣
KJ−1/4

= −
(
1

r

∂(rNr,i)

∂r

)∣∣∣∣
KJ−1/4

−
[
Ni|KJ −Ni|KJ−1/2

HH/2

]
+Ri|KJ−1/4 (4–56)

and

dci
dt

∣∣∣∣
KJ+1/4

= −
(
1

r

∂(rNr,i)

∂r

)∣∣∣∣
KJ+1/4

−
[
Ni|KJ+1/2 −Ni|KJ

H/2

]
+Ri|KJ+1/4 (4–57)

Rearranging equations (4–56) and (4–57) for Ni|KJ and then setting them equal to each

other provides the necessary relationship for the coupler, when j = KJ .

4.2 Impedance for Convective-Diffusion and Homogeneous Reaction

The polarization curve corresponding to a system with an electrochemical reaction

influenced by a homogeneous reaction, with the given parameters in Tables 4-1 and 4-2,

is presented in Figure 4-5. The heterogeneous reaction rate increases as the potential

becomes more negative, reaching a mass-transfer-limited plateau for potentials smaller
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Figure 4-5. Polarization curve calculated for system parameters presented in tables 4-1
and 4-2. Labeled potential values correspond to steady-state concentration
profiles presented in Figure 4-6.

Table 4-1. Species and associated parameter values for the system

Species ci(∞),mol/cm3 zi Di, cm
2/s

AB 0.01 0 1.684× 10−5

A− 0.0001 -1 1.957× 10−5

B+ 0.0001 1 1.902× 10−5

than −2 V. The large magnitude of the mass-transfer-limited current density may be

attributed to the production of B+ by the homogeneous reaction.

Labeled potential values in Figure 4-5 correspond to steady-state concentration

profiles and reaction profile presented in Figure 4-6. Concentrations were scaled by the

corresponding values at y → ∞ to emphasize the relative changes in values. The reaction

Table 4-2. System and kinetic parameter values for the system

Parameter Value Units
Disk rotation rate, Ω 2, 000 rpm
Kinematic viscosity, ν 0.01 cm2/s

Homogeneous equilibrium constant, Keq 10−6 mol/cm3

Homogeneous rate constant, kb, 107 cm3/mols
Heterogeneous rate constant, KB+ 2× 10−12 A/cm2

Heterogeneous constant, bB+ 19.9 V−1
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Figure 4-6. Calculated steady-state concentration distributions and homogeneous reaction
corresponding to system parameters presented in Tables 4-1 and 4-2; a) B+ b)
A− c) AB c) RB+

was plotted against a logarithmic distance away from the electrode to emphasize the

shape of the reaction profile. The influence of the homogeneous production of B+ on the

polarization curve can be seen in Figure 4-7A.

The convective-diffusion impedance corresponding to the steady-state results

presented in Figure 4-6 is presented in Figure 4-8 with applied potential as a parameter.

The overall impedance can be calculated from the simulated diffusion impedance

using a circuit model, Figure 4-2. An overall impedance with an ohmic resistance of 10
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b) concentration distribution for B+ at a potential of V = −1.85 V.
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Ωcm2 in series with a double-layer capacitance of 20 µF/cm2 in parallel with the diffusion

impedance in Figure 4-8 is shown in Figure 4-10.

If the homogeneous reaction is infinitely fast we obtain the dimensionless diffusion

impedance using the oscillating concentration of species cAB, using equation (4–37). In this

case, only one loop is visible in the convective-diffusion impedance plots corresponding to

the diffusion of AB to the electrode surface, shown in Figure 4-11.

4.3 Discussion for Convective Diffusion and Homogeneous Reaction

The concentration of AB, shown in Figure 4-6C, decreases to a value that is 96

percent of the bulk value as potential approaches −3 V. In contrast, the concentration

of A− shown in Figure 4-6B reaches a value that is almost 5 times its bulk value at the

mass-transfer-limited current density. The normalized concentration distribution of B+ is

presented in Figure 4-6A. The concentration of B+ at the electrode surface approaches a

value of zero as the mass–transfer–limited current density is approached. The sharp profile
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that appears close to the electrode surface in Figure 4-6A is consistent with a large current

density.

The influence of the homogeneous reaction can be seen in Figure 4-7A, where a

homogeneous rate constant of kb = 107cm3/mols yields a mass-transfer-limited current

density that is 4.7 times larger than that in the absence of homogeneous reactions.

The concentration of B+ is presented in Figure 4-7B as a function of position. In the

absence of homogeneous reaction, the concentration profile resembles a traditional

convective-diffusion impedance. The slope at the electrode-electrolyte interface becomes

larger as the homogeneous rate constant increases. For kb = 107cm3/mols the steeper slope

at the electrode corresponds to a smaller slope at intermediate values of y.

As compared to the dimensionless diffusion impedance without homogeneous

reactions, for finite Schmidt numbers and in the absence of homogeneous reactions, the

diffusion impedance presented in Figure 4-8 is smaller in magnitude and decreases as the

rate of the heterogeneous consumption of B+ increases. Also, two asymmetric capacitive

loops are seen in Figure 4-8 as compared to a single loop in traditional convective-diffusion

impedance. The low-frequency loop has a characteristic frequency K = 2.5, which is

in agreement with the characteristic frequency associated with diffusion in the absence

of homogeneous reactions. The high-frequency loop can then be associated with the

homogeneous reaction. The characteristic frequency for the high-frequency loop is on the

order of K = 1000, suggesting that the characteristic dimension for the reaction is much

smaller than the Nernst diffusion-layer thickness.

The overall impedance for −1.65 V shows a capacitive loop and a smaller diffusion

loop. The overall impedance of −2.0 V shows a faradic impedance taking over and the

two loops correspond to a homogeneous reaction loop and a tradition diffusion loop.

A very interesting thing happens at about half the mass-transfer-limiting potential,

−1.85 V. At this point there were similar contributions from both the capacitive and the

faradaic impedances and there were three loops in the overall impedance. The first loop is
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Figure 4-12. Simulated dimensionless convective-diffusion impedance and regression fitting
using equation (4–51) for kb = 107 and a) V = −1.65V b) V = −1.85V c)
V = −2.0V.
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Table 4-3. Fitting parameters found from regression using equation (4–51) and Figure
4-12.

Potential kdim, dimensionless Keq, dimensionless
−1.6V 246± 6.3 0.859± 1.9× 10−3

−1.85V 334± 2.2 9.96× 10−2 ± 2.4× 10−4

−2.0V 467± 2.6 3.12× 10−2 ± 1.6× 10−4

attributed to the capacitance, the second loop to the homogeneous reaction and the third

loop to convective-diffusion impedance.

In the case of an infinitely fast homogeneous reaction, Figure 4-11, we see one loop in

the convective-diffusion impedance. As the homogeneous reaction gets larger the shape of

the distorted semi-circle becomes a perfect dimensionless convective-diffusion impedance.

The low-frequency limit goes to 1.0392 and the high-frequency limit goes to the origin at

at 45 degree angle.

A Levenberg–Marquardt regression was used in Origin Lab 2017 to regress equation

(4–51) and show a fit to the data shown in Figure 4-8. The diffusion impedances fitted

were V = −1.65V in Figure 4-12A, V = −1.85V in Figure 4-12B, and V = −2.0V in

Figure 4-12C. The fitting parameters are listed in Table 4-3.

Showing the impedances in Figure 4-12 in a bode plot can aid in seeing how good the

model fits, Figure

Using the definition of kdim = kδ2/D and a following Levich [21] we can obtain a

relationship between the reaction thickness, δr, and the Nernst diffusion layer thickness

δr = δN,B+

√
1

kdim
(4–58)

The reaction thicknesses obtained from equation (4–58) are shown in Figure 4-14.

The reaction distribution was scaled by the corresponding values at y → 0 to emphasize

the relative changes in values. As the heterogeneous reaction becomes bigger the reaction

thickness decreases.
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CHAPTER 5
IMPEDANCE RESPONSE FOR CONTINUOUS GLUCOSE MONITORS

A mathematical model was developed for the impedance response of a glucose oxidase

enzyme-based electrochemical biosensor. A schematic of the glucose sensor inserted into

the interstitial fluid is presented in Figure 5-1. The model accounts for a glucose limiting

membrane GLM, which controls the amount of glucose participating in the enzymatic

reaction. Between the GLM and the electrode is the enzyme glucose oxidase layer (GOX).

The glucose oxidase was assumed to be immobilized within a thin film adjacent to the

electrode. In the glucose oxidase layer, a process of enzymatic catalysis transforms the

glucose into hydrogen peroxide, which can be detected electrochemically, presented in

Figure 5-2.

This system was considered to be a special case of the coupled homogeneous and

heterogeneous reactions addressed by Levich [21]. The model development required two

steps. The nonlinear coupled differential equations governing this system were solved

under the assumption of a steady state. The steady-state concentrations resulting from

the steady-state simulation were used in the solution of the linearized set of differential

equations describing the sinusoidal steady state. The enzymatic catalysis was treated

in terms of two homogeneous reactions, one consuming the glucose oxidase and forming

gluconic acid, and the other regenerating the glucose oxidase and forming the peroxide.

Witt et al. [81] came up with a representation of the GOX reaction. The reaction of

D-glucono-δ-lactone to gluconic acid is considered to be extremely fast and therefore is not

represented in this model.

5.1 Mathematical Development for the Continuous Glucose Monitor

A mathematical model is presented below for the impedance response associated

with a CGM including the coupling of the enzymatic and electrochemical reactions. The

glucose oxidase layer (GOX) over the electrode was considered to be 7 µm thick and the
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Figure 5-1. Schematic showing glucose sensor inserted under the skin into the interstitial
fluid. Glucose diffuses through the blood vessels into the interstitial fluid
where it can be measured with the glucose sensor.
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Figure 5-2. Layers in the Glucose Sensor, the glucose limiting membrane (GLM) limits the
amount of glucose from the interstitial fluid to diffuse to the glucose oxidase
layer (GOX). The glucose reacts with the GOX layer with oxygen to form
gluconic acid and hydrogen peroxide. The hydrogen peroxide reacts
electrochemically and the current of the electrochemical reaction is
proportional to the concentration of glucose.
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Figure 5-3. Representation of the glucose oxidase reaction. The product of the first
enzymatic reaction is D-glucono-δ-lactone which combines chemically with
water to form gluconic acid. The product of the second enzymatic reaction is
hydrogen peroxide. Recreated from Witt et al. [81]. The model used in this
dissertation assumes an enzyme complex is formed and the formation step is
reversible, and the reaction of the enzyme complex to the products is
irreversible.

glucose limiting membrane layer (GLM) on top of the enzyme layer was considered to be

15 µm thick.

5.1.1 Governing Equations for CGM System

The flux density of species i in a dilute electrolyte and in absence of migration and

convection was expressed as

Ni = −Di∇ci (5–1)

For a system where the homogeneous reaction occurs in a hydrogel the convective diffusion

equation with enzymatic reaction was expressed as

∂ci
∂t

= Di
∂2ci
∂y2

+Ri (5–2)
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where Ri is the rate of production of species i by homogeneous reactions. The overall

enzymatic (homogeneous) reaction was

G + GOx
kf1−−−→
←−−
kb1

GOx2−GA
kf2−−−→ GA+GOx2 (5–3)

which represents the enzymatic catalysis reaction and

GOx2 + O2

kf3−−−→
←−−
kb3

GOx− H2O2
kf4−−−→ GOx + H2O2 (5–4)

which reporesents the mediation/regeneration reaction. The species are defined in Table

5-1.

5.1.2 Homogeneous Enzymatic Reactions for CGM System

The enzymatic homogeneous reactions, from equations (5–3) and (5–4), were

expressed as individual reactions as

G + GOx
kf1−−−→
←−−
kb1

GOx2−GA (5–5)

GOx2−GA
kf2−−−→ GA+GOx2 (5–6)

GOx2 + O2

kf3−−−→
←−−
kb3

GOx− H2O2 (5–7)

and

GOx− H2O2
kf4−−−→ GOx + H2O2 (5–8)

These equations represent the enzymatic reaction of the glucose oxidase enzyme turning

glucose into hydrogen peroxide. One mole of glucose and one molecule of oxygen create

one mole of gluconic acid as a byproduct and one mole of hydrogen peroxide as the desired
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Table 5-1. Species and associated parameter values for the system

Species ci(∞),mol/cm3 Di, cm
2/s Abbreviation

Glucose (C6H12O6) 5.55075× 10−6 7.2× 10−6 G
Glucose Oxidase (GOx-FAD) 0.5× 10−3 0 GOx
Gluconic Acid (C6H12O7) 1.0× 10−20 7.2× 10−6 GA

Enzyme Complex (GOx− FADH2 −GA) 0.5× 10−3 0 GOx2-GA
Glucose Oxidase (GOx− FADH2) 0.5× 10−3 1.0× 10−20 GOx2

Oxygen (O2) 3.125 ×10−9 2.46× 10−5 O2
Enzyme Complex2 (GOx− FAD− H2O2) 1.902× 0.5−3 0 GOx-H2O2

Hydrogen Peroxide (H2O2) 0.5× 10−3 0 H2O2

product. Each species and their bulk values, diffusion coefficients, and an abbreviation

used in the mathematical workup are shown in Table 5-1.

Hydrogen peroxide is electroactive and was consumed at the electrode. The

electrochemical reaction was expressed as

H2O2 → 2H+ +O2 + 2e− (5–9)

Oxygen was a product of the electrochemical reaction, which helps fuel the enzymatic

reaction. The corresponding current, which is dependent on concentration and potential,

was expressed as

iH2O2 = KH2O2cH2O2(0) exp (bH2O2V ) (5–10)

As the electroactive species is consumed, a concentration gradient of H2O2 must exist near

the electrode surface.

The four reaction terms corresponding to reactions (5–5)-(5–8) were expressed as

R1 = kf1cG(y)cGOx(y)− kb1cGOx2−GA(y) (5–11)

R2 = kf2cGOx2−GA(y) (5–12)

R3 = kf3cO2(y)cGOx2(y)− kb3cGOx−H2O2(y) (5–13)

R4 = kf4cGOx−H2O2(y) (5–14)

84



The conservation equation for each species may be written as

∂cG
∂t

= DG
∂2cG
∂y2

−R1 (5–15)

∂cGOx

∂t
= −R1 +R4 (5–16)

∂cGOx2−GA

∂t
= R1 −R2 (5–17)

∂cGA

∂t
= DGA

∂2cGA

∂y2
+R2 (5–18)

∂cO2

∂t
= DO2

∂2cO2

∂y2
−R3 (5–19)

∂cGOx2

∂t
= −R3 +R2 (5–20)

∂cGOx−H2O2

∂t
= R3 −R4 (5–21)

∂cH2O2

∂t
= DH2O2

∂2cH2O2

∂y2
+R4 (5–22)

Equations (5–11)-(5–14), representing the reactions occurring in the system, along with

equations (5–15)-(5–22), representing the concentrations of the various species are solved

for the steady-state and frequency-domain variables. This solution follows that of section

4.1.2. The boundary conditions far from the electrode were

ci → ci(∞) for y →∞ (5–23)
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and the boundary conditions at the electrode surface were

∂ci
∂y

∣∣∣∣
y=0

= 0 for y = 0 (5–24)

for the non-reacting species, and

FDB+

∂cH2O2

∂y

∣∣∣∣
y=0

= iH2O2 for y = 0 (5–25)

for the reacting species, hydrogen peroxide.

Splitting the concentration variables using equation (4–16) we can separate out the

steady-state. The steady-state equations representing the non-enzymatic species were

∂cG
∂t

= DG
∂2cG
∂y2

−R1 (5–26)

∂cGA

∂t
= DGA

∂2cGA

∂y2
+R2 (5–27)

∂cO2

∂t
= DO2

∂2cO2

∂y2
−R3 (5–28)

and

∂cH2O2

∂t
= DH2O2

∂2cH2O2

∂y2
+R4 (5–29)

and the steady-state equations representing the enzymatic species and enzymatic

complexes were

∂cGOx

∂t
= −R1 +R4 (5–30)

∂cGOx2−GA

∂t
= R1 −R2 (5–31)

∂cGOx2

∂t
= −R3 +R2 (5–32)

and

∂cGOx−H2O2

∂t
= R3 −R4 (5–33)

and the steady-state reaction equations were

R1 = kf1cG(y)cGOx(y)− kb1cGOx2−GA(y) (5–34)
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R2 = kf2cGOx2−GA(y) (5–35)

R3 = kf3cO2(y)cGOx2(y)− kb3cGOx−H2O2(y) (5–36)

R4 = kf4cGOx−H2O2(y) (5–37)

All the derivatives with respect to time are equal to zero. And the reaction terms are

equal to zero in the GLM layer. To satisfy BAND and the number of equations and

variables, equations (5–30) - (5–33) are rewritten, and one became a mass balance

equation, with the assumption that the total enzyme species concentration is constant.

0 = −R1 +R4 (5–38)

0 = cGOx(∞) + cGOx2−GA(∞) + cGOx2(∞) + cGOx−H2O2(∞) (5–39)

−cGOx(y)− cGOx2−GA(y)− cGOx2(y)− cGOx−H2O2

0 = R1 −R2 (5–40)

and

0 = R3 −R4 (5–41)

The form of equations (5–34) and (5–36) made the coupled steady-state differential

equations non-linear. The steady-state equations were solved in BAND in a similar fashion

as in Chapter 4. The oscillating equations were

∂c̃G
∂t

= DG
∂2c̃G
∂y2

− R̃1 (5–42)

∂c̃GA

∂t
= DGA

∂2c̃GA

∂y2
+ R̃2 (5–43)

∂c̃O2

∂t
= DO2

∂2c̃O2

∂y2
− R̃3 (5–44)

and

∂c̃H2O2

∂t
= DH2O2

∂2c̃H2O2

∂y2
− R̃4 (5–45)
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for the non-enzymatic concentrations and

∂c̃GOx

∂t
= −R̃1 + R̃4 (5–46)

∂c̃GOx2−GA

∂t
= R̃1 − R̃2 (5–47)

∂c̃GOx2

∂t
= −R̃3 + R̃2 (5–48)

and

∂c̃GOx−H2O2

∂t
= R̃3 − R̃4 (5–49)

for the enzymatic species and enzyme complexes. And the equations for the oscillating

reaction terms were

R̃1 = kf1c̃G(y)cGOx(y) + kf1cG(y)c̃GOx(y)− kb1c̃GOx2−GA(y) (5–50)

R̃2 = kf2c̃GOx2−GA(y) (5–51)

R̃3 = kf3c̃O2(y)cGOx2(y) + kf3cO2(y)c̃GOx2(y)kb3c̃GOx−H2O2(y) (5–52)

R̃4 = kf4c̃GOx−H2O2(y) (5–53)

and terms with c̃2 were neglected. Equations (5–42) - (5–53) are coupled and linear but

are dependent on the steady-state solution that shows up in equations (5–50) and (5–52).

The boundary conditions for the oscillating concentrations were

c̃i = 0 for y →∞ (5–54)

for each species

∂c̃i
∂y

∣∣∣∣
y=0

= 0 for y = 0 (5–55)

for the all the species except for hydrogen peroxide and oxygen. The boundary condition

for the reacting species (hydrogen peroxide) was

c̃H2O2(0) = 1 for y = 0 (5–56)
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The value of c̃H2O2(0) was chosen arbitrarily because the governing equations for the

impedance response are linear, even when the steady-state problem is non-linear. The

boundary condition for c̃O2, also technically a reacting species, cannot be the same as

for hydrogen peroxide because the problem would be overspecified. Following reaction

stoichiometry,

−∇ ·NH2O2|J=1 = ∇ ·NO2|J=1 (5–57)

as shown in equation (5–9). In a manner similar to that developed in section 4.1.5.2, a

material balance at the quarter mode for each species was taken as

dcH2O2

dt

∣∣∣∣
J+1/4

= −∇ ·NH2O2|J+1/4 +R4|J+1/4 (5–58)

and

dcO2

dt

∣∣∣∣
J+1/4

= −∇ ·NO2|J+1/4 −R3|J+1/4 (5–59)

re-writing the material balance equation in a difference of fluxes gave

dcH2O2

dt

∣∣∣∣
J+1/4

= −
[
NH2O2|J+1/2 −NH2O2|J

HHH/2

]
+R4|J+1/4 (5–60)

and

dcO2

dt

∣∣∣∣
J+1/4

= −
[
NO2|J+1/2 −NO2|J

HHH/2

]
−R3|J+1/4 (5–61)

See section 5.1.3 for clarification on the mesh size, HHH. With the relationship between

the flux of hydrogen peroxide and oxygen at the electrode surface, equation (5–57),

and rearrangement of equations (5–60) and (5–60), a final expression for the oscillating

boundary condition of O2 is

0 = −HHH

2

dcH2O2

dt

∣∣∣∣
J+1/4

− HHH

2

dcO2

dt

∣∣∣∣
J+1/4

+NH2O2|J+1/2 +NO2|J+1/2 (5–62)

+
HHH

2
R4|J+1/4 −

HHH

2
R3|J+1/4

89



5.1.2.1 Diffusion impedance for CGM system

The oscillating current associated with B+, was expressed as

ĩH2O2 =

(
∂iH2O2

∂V

)
cH2O2(0)

Ṽ +

(
∂iH2O2

∂cH2O2(0)

)
V

c̃H2O2(0) (5–63)

The flux expression for H2O2 yields a second equation for the oscillating current density

as

ĩH2O2 = FDH2O2
dc̃H2O2

dy

∣∣∣∣
y=0

(5–64)

Equation (5–63) was divided by equation (5–64), yielding

1 =

(
∂iH2O2

∂V

)
cH2O2(0)

Ṽ

ĩH2O2

+

(
∂iH2O2

∂cH2O2(0)

)
V

c̃H2O2(0)

FDH2O2
dc̃H2O2

dy

∣∣∣∣
y=0

(5–65)

Thus, the impedance was expressed as

ZF,H2O2 = Rt,H2O2 + ZD,H2O2 (5–66)

where, from the respective derivatives of equation (5–10),

Rt,H2O2 =
1

KH2O2bH2O2cH2O2(0) exp
(
−bH2O2V

) (5–67)

and

ZD,H2O2 =
Rt,H2O2KH2O2 exp

(
−bH2O2V

)
FDH2O2

− c̃H2O2(0)

dc̃H2O2

dy

∣∣∣∣
y=0

 (5–68)

The concentration distributions required to assess the diffusion impedance, equation

(5–68), were obtained for each frequency from the numerical solution of equations (5–42) -

(5–53). The dimensionless diffusion impedance is

1

θ′H2O2

=
1

δGOx

− c̃H2O2(0)

dc̃H2O2

dy

∣∣∣∣
y=0

 (5–69)

where δGOx is the thickness of the glucose oxidase layer.
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Figure 5-4. Circuit diagram of how the overall impedance will be modeled with the
simulated faradaic impedance, equation (4–31).

5.1.2.2 Overall impedance for CGM system

The overall impedance was expressed by a circuit model shown in Figure 5-4. An

ohmic resistance is in series with RC circuits for the GOX and GLM layers and the

parallel contribution of the faradaic impedance, equation (5–68), and double-layer

capacitance. To approximate the influence of the GOX and GLM layers the capacitance

for each layer is expressed as

CGOX =
εGOXεo
δGOX

(5–70)

and

CGLM =
εGLMεo
δGLM

(5–71)

where ε is the dielectric constant of the medium and is approximated as 20 for the GOX

and GLM. The distance for the GOX layer and the GLM layer, δGOX and δGLM, are 7

µm and 15 µm respectively. The permittivity of a vacuum, εo, is 8.8542 × 10−14 F/cm.

The capacitance for the GOX and GLM are 0.002 and 0.001 µF/cm2, respectively. The

resistance for each layer is represented by

RGOX = δGOXρGOX (5–72)

and

RGLM = δGLMρGLM (5–73)

where ρ is the resistivity which is the inverse of conductivity. Conductivity was approximated

as being the same as a phosphate buffered saline (PBS) solution, 0.01 Ω−1cm−1.
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The resistance for each layer is 0.058 Ωcm2 for GOX and 0.125 Ωcm2 for GLM. The

characteristic frequency is approximated by

fc =
1

2πRlayerClayer

(5–74)

The characteristic frequency for both systems, after inputting the values of capacitance

and resistance calculated above, is estimated as greater then 1 GHz, which is outside

the typical frequency range for impedance spectroscopy. This means Figure 5-4 can be

represented mathematically by equation (5–75). The faradaic impedance, ZF,H2O2 comes

from equation (5–66).

Z = Re +RGOx +RGLM +
ZF,H2O2

1 + jωZF,B+Cdl

(5–75)

5.1.3 Numerical Methods for CGM

The coupled non-linear differential equations were solved following the numerical

approach described in Section 4.1.5. BAND is described in more detail in Appendix A.

The second derivatives were discretized by (A–2) and first derivatives by (A–3).

For input values shown in Tables 5-1 and 5-2 the steady-state concentrations of the

non enzymatic and enzymatic concentrations as well as the value of the homogeneous

reactions were obtained. These steady-state values along with the original input values

were used to obtain the oscillating values on concentration of the reacting species H2O2.

For a spectrum of dimensionless frequencies, from K = 1E − 5 to 1E5 with 20 points per

decade, the oscillating concentrations of the reacting species obtained near the electrode

were imputed into equation (5–69) to obtain a dimensionless diffusion impedance and

equation (5–68) to obtain a diffusion impedance.

To obtain a solution that is the most accurate, the finite difference errors and

round-off errors need to be minimized. Near the electrode surface the flux of the reacting

species is changing so dramatically it is necessary to have a smaller mesh to obtain an

accurate answer. Far from the electrode the concentrations are not changing as much and
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Figure 5-5. One dimensional schematic showing three dissimilar mesh sizes. HHH is the
smallest mesh size and HH is the medium mesh size, and both are in the GOX
layer. J=KJ is the interface in the GOX layer. H is the largest mesh size and
is used throughout the GLM layer. J=IJ is the interface between the GOX
and GLM layers.

therefore the same small mesh would result in unnecessary roundoff errors. Even further

from the electrode, in the GLM region, the only influence on concentration is diffusion, so

an even larger mesh size is necessary in this region. To mitigate errors we have solved the

system using three mesh sizes. A small mesh size, HHH, is used near the electrode and a

large mesh size, HH, is used far away from the electrode but still in the GOX region. The

largest mesh size, H, is used for in the GLM region where no reactions are occurring.

With the use of multiple dissimilar mesh sizes, it is necessary that a method of

coupling be developed to allow the computation transition from one region to another

while retaining the accuracy of the finite difference calculation. Such transition is

performed by a coupling subroutine at an interface designated at j = KJ in the GOX

region and j = IJ at the GOX-GLM interface. A visual representation of the three mesh

size regions is shown in Figure 5-5.

5.1.3.1 Couplers in the CGM

The coupler in the GOX region of the code is coupling two different mesh sizes with

the same governing equations. The flux on one side of the coupler at j = KJ, is equal to

the flux on the other side of the coupler. The divergence of flux of each side is considered.

∇ ·Ni|KJ−1/4 =
Ni|KJ−1/2 −Ni|KJ

2 ∗ HHH
+Ri|KJ−1/4 = 0 (5–76)
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Table 5-2. System parameter values for the continuous glucose monitor simulations

Parameter Value Units
Distance of the Reaction Layer, Y1 0.0004 cm
Distance of the Inner Layer, Y2 0.0003 cm
Distance of the GLM Layer, Y3 0.0015 cm
Porosity factor GOX, σGOX 0.8 dimensionless

Porosity factor GLM small molecules, σGLM − small 0.42 dimensionless
Porosity factor GLM large molecules, σGLM − large 0.169 dimensionless

Solubility coefficient H2O2, αH2O2 0.32 dimensionless
Solubility coefficient O2, αO2 0.11 dimensionless

Solubility coefficient Glucose, αG 0.0176 dimensionless
Heterogeneous Rate Constant, KH2O2 1 A/cm2

Heterogeneous Constant, bH2O2 37.42 V−1

and

∇ ·Ni|KJ+1/4 =
Ni|KJ −Ni|KJ+1/2

2 ∗ HH
+Ri|KJ+1/4 = 0 (5–77)

Re-writing equations (5–76) and (5–77) for Ni|KJ and setting equal we obtain

Di
ci(KJ + 1)− ci(KJ)

HH
−Di

ci(KJ)− ci(KJ− 1)

HHH
+Ri|KJ−1/4 −Ri|KJ+1/4 = 0 (5–78)

to represent the j = KJ coupler node.

The second coupler, representing j = IJ, is very similar to the first one. Because

there are no enzymes in the GLM, there is no reaction term in the GLM. The equation

representing the coupler between the GOX region and GLM region was

Di
ci(IJ + 1)− ci(IJ)

H
−Di

ci(IJ)− ci(IJ− 1)

HH
+Ri|IJ−1/4 = 0 (5–79)

5.2 CGM Results and Discussion

The steady-state and impedance results from the mathematical model for a

continuous glucose monitor are presented. Some parameters were kept constant for all

simulations and these parameter are presented in Table 5-2. The variable names, bulk

value concentrations and diffusion coefficients were presented earlier in the chapter in

Table 5-1. The first set of results are for systems where the changing parameters are the

homogeneous (or enzymatic) reaction rates. The different systems looked at, titled System
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Table 5-3. Kinetic parameter values for system 1

Parameter Value Units
Homogeneous Rate Constant 1, kf1, 106 cm3/mol/s

Homogeneous Equilibrium Constant 1, Keq1 10−2 mol/cm3

Homogeneous Rate Constant 2, kf2, 102 cm3/mol/s
Homogeneous Rate Constant 3, kf3, 106 cm3/mol/s

Homogeneous Equilibrium Constant 3, Keq3 10−2 mol/cm3

Homogeneous Rate Constant 3, kf4, 102 cm3/mol/s

Table 5-4. Kinetic parameter values for system 2

Parameter Value Units
Homogeneous Rate Constant 1, kf1, 105 cm3/mol/s

Homogeneous Equilibrium Constant 1, Keq1 102 mol/cm3

Homogeneous Rate Constant 2, kf2, 103 cm3/mol/s
Homogeneous Rate Constant 3, kf3, 105 cm3/mol/s

Homogeneous Equilibrium Constant 3, Keq3 102 mol/cm3

Homogeneous Rate Constant 3, kf4, 103 cm3/mol/s

1, System 2 and System 3 all have varying kinetic parameters, presented in Tables 5-3-5-5.

The second set of results show the affects of bulk oxygen concentration on the steady-state

and impedance results. The oxygen concentration varied from 5× 10−9mol/cm3, the value

given in Table 5-1, to an order of magnitude larger, 5 × 10−8mol/cm3, and an order of

magnitude smaller, 5× 10−10mol/cm3.

5.2.1 Homogeneous Reaction Rate Influence on the CGM

The polarization curve for a system described in Table 5-2 using different homogeneous

reaction rates is shown in Figure 5-6. The three curves correspond to different homogeneous

reaction rates and are in Tables 5-3, 5-4, and 5-5. The inset graph is a zoomed in view

to show the behavior of System 1. As the overall homogeneous reaction increases, from

Table 5-5. Kinetic parameter values for system 3

Parameter Value Units
Homogeneous Rate Constant 1, kf1, 108 cm3/mol/s

Homogeneous Equilibrium Constant 1, Keq1 1 mol/cm3

Homogeneous Rate Constant 2, kf2, 107 cm3/mol/s
Homogeneous Rate Constant 3, kf3, 108 cm3/mol/s

Homogeneous Equilibrium Constant 3, Keq3 1 mol/cm3

Homogeneous Rate Constant 3, kf4, 107 cm3/mol/s
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Figure 5-6. Polarization curve calculated from data in Table 5-2. The different
homogenous reaction rates are in Tables 5-3, 5-4, and 5-5.

System 1 to System 3, the current response is also greater. The different hydrogel

layers on top of the electrode complicate the system. Species do not have the same

mobility in a hydrogel as they would in a more traditional electrolyte. The porosity

factors in Table 5-2 account for a general porosity factor in the GOX layer and two

different porosity factors in the GLM layer, one for the small molecules, oxygen and

hydrogen peroxide and one for large molecules, glucose and gluconic acid. The large

molecules have a much more hindered mobility through the GLM them small molecules

and that is reflected in the much smaller porosity factor. The porosity effects the system

anywhere a diffusion coefficient is called. The diffusion coefficient is multiplied by the

appropriate porosity factor to the 1.5 power. Because the molecules will be flowing in

the bulk in an aqueous electrolyte and then into a hydrogel, a partition coefficient (or
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Figure 5-7. Calculated steady-state concentration distributions corresponding to system
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enzymatic reactions with the different systems being described by different
homogeneous reactions presented in Tables 5-3, 5-4, and 5-5.
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solubility factor) is multiplied by the bulk value to show the change of concentration.

The steady-state results corresponding to the polarization curve, Figure 5-6 are displayed

in Figure 5-7. The glucose concentration, Figure 5-7A, decreases dramatically as soon

as it diffuses into the glucose limiting membrane due to the solubility coefficient and

reacts in the GOX layer. With a large enough homogeneous reaction rate, System 3, the

glucose concentration is completely consumed as it gets closer to the electrode surface.

The oxygen concentration, Figure 5-7B, is also effected by a solubility coefficient so the

concentration in the subcutaneous fluid is significantly more then is right inside the GLM.

Similar to the glucose concentration for the larger homogeneous reaction rate, System 3,

the oxygen concentration is complectly consumed for this larger homogeneous reaction
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Tables 5-1 and 5-2 for System 1 described in Table 5-3.

rate. The oxygen and hydrogen peroxide are allowed to flow through the GLM easier then

the larger molecules.

Oxygen is also created in the electrochemical reaction at the electrode surface which

is shown for all three systems. The hydrogen peroxide, Figure 5-7C, is produced in the

GOX layer and reacts on the electrode surface, however, some of the hydrogen peroxide

diffuses into the GLM. Gluconic acid, Figure 5-7D, is also formed in the enzymatic

reaction but does not react in the electrochemical reaction and therefore has a much larger

concentration, and diffuses into the body through the GLM. The concentration profile of

the glucose oxidase enzyme in the oxidized form (solid lines) and the reduced form (dashed

lines) are presented in Figure 5-7E.

The enzyme complex concentration profiles are presented in Figure 5-7F. The overall

concentration of the enzyme in the reduced and oxidized form as well as the concentration
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Figure 5-10. Calculated dimensionless diffusion impedances for the CGM with different
homogeneous reaction rates corresponding to system parameters presented in
Tables 5-1 and 5-2 for System 2 described in Table 5-4.

of the enzyme complexes at any distance from the electrode is a constant. The enzyme

complex concentration profiles follow the same shape as the reaction profile, Figure 5-8.

The reaction profiles show different behaviors. For System 3, the reaction spikes in the

center of the GOX layer. The reaction profile for System 2 is largest near the electrode

surface. System 1 shows a smaller reaction value then the other two systems, and the

profile is flat throughout the GOX region. All the systems show no reaction occurring in

the GLM. There is also no concentration of the enzyme in either of its forms or either

enzyme complex in the GLM.

The diffusion impedance for Systems 1-3 are presented in Figures 5-9-5-11.

The diffusion impedance is not dramatically different for any of the systems. System

1, presented in Figure 5-9, is the only diffusion impedance with an inductive feature. The

first loop resembles a Gerischer impedance and has a characteristic frequency of 10. The
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inductive loop has a characteristic frequency of 0.1. For system 2, shown in Figure 5-10,

the impedance looks like a Gerischer impedance at high frequency and at low frequency

has a tail with two more time constants. The first time constant is at a dimensionless

frequency of 12.6. The second time constant could be attributed to convective-diffusion

impedance. The third time constant occurs at very low frequency, a dimensionless

frequency of 2.2 × 10−5. The diffusion impedance for System 3 is presented in Figure 5-11

which strongly resembles the shape of System 2. The first loop looks like a traditional

convective-diffusion impedance and characteristic frequency is 20. The low frequency loops

have a characteristic frequency of 0.1 and 3.1× 10−4.

5.2.2 Influence of Oxygen Concentration on the CGM

Other properties besides the homogeneous reaction rate can be explored. The

effect of oxygen concentration in the bulk (subcutaneous fluid) was studied for the
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homogeneous kinetic properties of System 2, Table 5-4. The oxygen concentration in the

bulk varied from a standard value of 5× 10−9mol/cm3, used for the homogeneous reaction

rate study, to a value an order of magnitude larger and smaller, 5 × 10−8mol/cm3 and

5 × 10−10mol/cm3, respectively. The polarization curve, see Figure 5-12, shows that more

oxygen in the bulk corresponds to a higher current and less to a smaller current. The

middle curve, corresponding to the standard value of 5 × 10−9mol/cm3 and System 2

kinetic parameters, Table 5-4, is the same data plotted in the above section, section 5.2.1.

The steady-state results corresponding to the polarization curve, Figure 5-12 are displayed

in Figure 5-13. The glucose concentration profiles, Figure 5-13A show that having a
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Figure 5-13. Calculated steady-state concentration distributions corresponding to system
parameters presented in Tables 5-1, 5-2 and ; a) Glucose b) Oxygen c)
Hydrogen Peroxide d) Gluconic Acid e) Glucose Oxidase Enzyme in reduced
and oxidized forms f) Glucose Oxidase Enzyme complex formed in both
enzymatic reactions with the different concentrations of oxygen
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Figure 5-14. Reaction profile calculated from data in Table 5-2 and corresponding with the
steady-state concentrations in Figure 5-13. The homogenous reaction rates
are in Tables 5-4.

higher concentration of oxygen allows more glucose to be consumed in the glucose oxidase

layer. The oxygen concentration profiles, Figure 5-13B, have the same shape regardless

of the bulk oxygen concentration. The glucose and oxygen, as previously shown in Figure

5-7, have a dramatic concentration difference inside the CGM and outside the CGM in the

interstitial fluid due to the partition coefficients. The hydrogen peroxide profiles show that

the hydrogen peroxide is consumed at the electrode and are also the same shape regardless

of the oxygen concentration, see Figure 5-13C. Gluconic acid, Figure 5-13D, a byproduct

in the enzymatic reaction, is produced more with a larger bulk oxygen concentration. The

enzyme concentration profile, both the reduced and oxidized forms, are presented in Figure

5-13E and the enzyme complex concentration profiles are presented in Figure 5-13F.

The enzyme complex concentration profile has the same shape as the reaction profile,
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see Figure 5-14. When the oxygen concentration is smaller the reaction profile shows a

spike at the electrode surface. As the oxygen concentration in the bulk is increased to

5× 10−8mol/cm3, the spike in the reaction profile is at the GOX–GLM interface.

The dimensionless diffusion impedances for the different oxygen concentrations are

shown in Figures 5-15-5-17. The diffusion impedance for the largest concentration of

oxygen, Figure 5-15, shows one time constant at 0.56 and is a much larger impedance

then the other bulk oxygen concentrations. For the impedances for both the oxygen

concentration of 5 × 10−9mol/cm3 and 5 × 10−10mol/cm3, in Figures 5-16 and 5-17, the

characteristic frequency is at 12.5. The data for all the impedances with different bulk

oxygen concentrations are presented in Figure 5-18, and it is clear that the lower oxygen

concentrations overlap in their diffusion impedance at high frequencies and are slightly

different, but visually very similar, at low frequencies. This comparison also makes it more

clear that the impedance for the high bulk concentration of oxygen is much bigger then

the other two impedances.
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Figure 5-17. Calculated dimensionless diffusion impedance for the CGM with oxygen
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presented in Tables 5-1 and 5-2 and kinetic parameters shown in Table 5-4.
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CHAPTER 6
CONCLUSIONS

Mathematical models were developed for the impedance response for electrochemical

systems. Diffusion or convective diffusion can influence the impedance response of a

system associated with electrochemical reactions. The first models developed were

for convective-diffusion for a rotating disk electrode and a submerged impinging jet

electrode, in Chapter 3. The influence of a finite Schmidt number analysis impacted

the dimensionless diffusion impedance at low frequency. The error of the impedance

response using a finite Schmidt number analysis when compared to a infinite Schmidt

number analysis was greater for a rotating disk electrode then for a submerged impinging

jet electrode. The error for a system with a Schmidt number of 100 was up to 6.62%

for a rotating disk electrode and up to 1.82% for a submerged impinging jet electrode.

The convective-diffusion impedance simulations were performed in MATLAB, and

the impedance is calculated using the oscillating concentration of the reacting species.

The development of models for convective-diffusion impedance served as a foundation

for the study of systems in which homogeneous reactions influence the impedance of

electrochemical systems.

The second model explored a convective-diffusion rotating disk electrode where

a homogenous reaction influences the system. The model included a homogeneous

reaction in the electrolyte where species AB reacts reversibly to form A- and B+, and

B+ reacts electrochemically on a rotating disk electrode to produce B. An analytic

expression for velocity was employed that combined a three-term velocity expansion

near the electrode surface to a three-term expansion that applied far from the electrode.

The nonlinear expression for the homogeneous reaction was employed in which the

concentrations of both A- and B+ were assumed to be dependent on position. This

model provides an extension to the literature by using a nonlinear expression for the

homogenous reaction and unique diffusion coefficients for each species. The resulting
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convective-diffusion impedance had two asymmetric capacitive loop. The low frequency

loop is associated with convective-diffusion impedance with a characteristic frequency of

2.5, in agreement with the impedance for a convective-diffusion system in the absence

of a homogeneous reaction. The other loop, at a higher frequency, is associated with the

homogeneous reaction. For an infinitely fast homogeneous reaction, the system is shown to

behave as though AB is the electroactive species. Even though the assumption of a linear

expression for the homogeneous reaction was relaxed, a modified Gerischer impedance

was found to provide a good fit to the simulated data. The model was developed in

FORTRAN, and a steady-state solution containing four variables was solved followed by a

solution in the frequency-domain involving eight variables. The oscillating concentration

of B+ was used to obtain the impedance spectrum. The development of this model

chemical/electrochemical system guided development of models for the enzyme-based

biosensors.

A continuous glucose monitor is a real world application of a homogeneous reaction

influencing the electrochemical reaction. This system included a diffusion through a

hydrogel like medium where glucose would react in an enzymatic reaction to form

hydrogen peroxide, which can be detected electrochemically. The model accounts for a

glucose limiting membrane GLM, which controls the amount of glucose participating in

the enzymatic reaction, and a glucose oxidase enzyme layer. The glucose oxidase was

assumed to be immobilized within a thin film adjacent to the electrode. In the glucose

oxidase layer, a process of enzymatic catalysis transforms the glucose into hydrogen

peroxide. The electrochemical reaction produced a current response that corresponds to

the overall concentration of glucose in the subcutaneous fluid. The model development

required two steps. The nonlinear coupled differential equations governing this system

were solved under the assumption of a steady state. The steady-state concentrations

resulting from the steady-state simulation were used in the solution of the linearized set

of differential equations describing the sinusoidal steady state. The enzymatic catalysis
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was treated in terms of four homogeneous reactions. A FORTRAN code was used to solve

the steady-state equations for 12 variables which were used subsequently to solve the 24

frequency-domain equations. As before, the oscillating concentration of the electroactive

species, hydrogen peroxide in this case, was used to obtain the impedance results.
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CHAPTER 7
FUTURE WORK

7.1 Future Investigation of Continuous Glucose Monitor Code

A FORTRAN code was created to investigate the impedance response of a continuous

glucose monitor. Initial simulations and results are discussed in Chapter 5. A more

extensive parameter study of the kinetic parameters is still necessary to understand the

system. Other parameters besides homogeneous kinetics will also need to be explored. The

overall impedance needs to be examined as well.

7.1.1 CGM Parameter Study

An extensive parameter study needs to occur to fully understand the capabilities of

the code as well as the influence of parameters on the system. An initial aggressive study

of the kinetic parameters is in progress. The parameters being investigated are shown in

Table 7-1, where Systems 1-3 are the systems described in section 5.2.1. The parameters

were chosen arbitrarily due to the millions of combinations of kinetic parameters that

could be tested. After analysis of the parameters listed more parameters can be chosen

based on the knowledge gained from this initial study. The dimensionless diffusion

impedance for all 10 systems noted in Table 7-1 are shown in Figure 7-1. From these

diffusion impedances there are three distinct shapes. Systems 1 and 6 show an inductive

loop at low frequency, presented in Figures 7-1A and 7-1F. Two capacitive loops are

observed for Systems 2, 3 and 10, shown in Figures 7-1B, 7-1C, and 7-1J. The last

distinct shape is a single capacitive loop, which was observed for Systems 4, 5, 7, 8, and 9,

presented in Figures 7-1D, 7-1E, 7-1G, 7-1H, and 7-1I. These different shapes of diffusion

impedance need to be examined further to understand their influence of the overall

impedance. Other kinetic parameters may lead to more shapes of diffusion impedance and

will be analyzed in the future.

Further analysis of other parameters in the CGM that still need to be explored

include
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Figure 7-1. Dimensionless diffusion impedances for different kinetic parameters; A) System
1 B) System 2 C) System 3 D) System 4 E) System 5 F) System 6 G) System
7 H) System 8 I) System 9 J) System 10
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Table 7-1. Values for kinetic parameter study where the forward rates all have units of
cm3/mol/s and equilibrium rates have units of mol/cm3.

System kf1 Keq1 kf2 kf3 Keq3 kf4
1 106 10−2 102 106 10−2 102

2 105 102 103 105 102 103

3 108 101 107 108 101 107

4 105 102 103 103 102 101

5 106 101 103 103 101 101

6 106 101 103 106 101 103

7 106 101 103 102 101 101

8 103 101 103 102 101 101

9 103 102 105 103 102 105

10 108 101 107 105 101 104

1. Heterogeneous reaction rates

2. Bulk concentrations of glucose

3. Bulk concentrations of oxygen

4. Activity of glucose oxidase

5. Layer thickness of GOX

6. Layer thickness of GLM

7. Porosity factors for all diffusing species

8. Diffusion coefficients of all species

9. Partition coefficients for all species

Exploring the affects of the parameters will give a deeper understanding of how the CGM

works as well as understanding the influence of parameters on the impedance.

7.1.2 Overall Impedance Analysis

The overall impedance analysis still needs to be done. There are possible problems

with conducting the overall impedance analysis at the potential used in this dissertation

because when operating at the mass-transfer-limiting current the current will not have

a large magnitude, (△I), so the impedance is extremely large and hard to characterize.
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Conducting an impedance analysis at half the mass-transfer-limiting current may show

more interesting and characterizable features.

7.2 Influence of Coupled Faradaic and Charging Currents on EIS

The influence of coupled faradaic and charging currents on impedance spectroscopy

was simulated and analyzed by Wu et al. [2]. Preliminary experimental results do

not perfectly agree with simulations. Further analysis of the experimental results

will be conducted along with more finite-element three-dimensional simulations and a

finite-difference one-dimensional simulation to further characterize and understand this

phenomenon.

7.2.1 History of Coupled Charging and Faradaic Currents

In the 1960s, a controversy emerged over the correct method for determining models

for impedance response. The controversy centered on whether faradaic and charging

currents in an electrochemical system should be considered to be coupled or separate.

Models for impedance typically assume that faradaic and charging currents are not

coupled. A previous member of Dr. Orazem’s group, Shao-Ling Wu, showed for a rotating

disk electrode, that coupling charging and faradaic currents results in frequency dispersion.

This effect could be distinguished from the frequency dispersion known to be caused by

the disk geometry. The goal of my work is to develop a one-dimensional model which will

have lower computational complexity than the models for a disk electrode and will isolate

the frequency dispersion caused by coupled charging and faradaic currents. This work will

facilitate exploration of the influence of different models for the double layer. During the

1960’s a controversy appeared in the electrochemical literature over the correct method

for deriving models for impedance. Sluyters treated the total passage of current through

an electrode as simply the addition of faradaic and charging current[86]. This approach

was criticized by Delahay, who said that the faradaic and charging currents could not

be considered separately[87, 88, 89]. He believed that the flux of the reacting species

should contribute to the faradaic current and also to charging the double layer. In spite
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(a) (b) 

Figure 7-2. Schematic representation illustrating the contribution of the reacting species to
the charging of the electrode-electrolyte interface corresponding to: a) the case
with a-priori separation (APS); and b) the case with no a-priori separation
(NAPS). Taken from Wu et al.[2]

of Delahay’s objections, impedance models today rely on the assumption that faradaic

and charging current are separable[5, 90, 91]. The Sluyters approach prevailed in large

part because analytic solutions are possible for models that allow decoupling of faradaic

and charging currents. To treat the reacting species as contributing to both the faradaic

reaction and charging the surface requires coupling an explicit model of the double layer

to the convective diffusion equations for each ionic species. Such models require numerical

simulations.

Nisancioglu and Newman developed a framework for coupling the charging and

faradaic currents[92]. They suggested that the coupling only has a significant effect for

well supported electrolytes. Wu et al. followed Nissancioglu’s and Newman’s approach in

their model for a rotating disk electrode[2]. They found that coupling causes a frequency

dispersion, even in the presence of a well supported electrolyte.

The difference between a-priori separation (APS) and no a-priori separation (NAPS)

of the faradaic and charging current in an electrochemical system is shown schematically

in Figure 7-2[2]. With APS, the flux of the reacting species contributes only to the

faradaic reaction, Figure 7-2 (a). In the NAPS case, the reacting species contribute to

both the faradaic reaction and, along with the inert species, to the charging current,

Figure 7-2 (b).
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Figure 7-3. Schematic representation of time-constant distribution. Where A) is along the
area of electrode-electrolyte interface; and B) is along the direction normal to
the electrode surface[1].

7.2.2 Constant-Phase Elements

A constant-phase element (CPE) is a circuit element that displays a constant phase

angle. This could be a resistor, capacitor or inductor. However, the electrical double-layer

at an electrode does not generally behave as a pure capacitance, but rather an impedance

displaying a frequency phase angle different from 90 degrees[82]. The impedance for a

CPE is

ZCPE =
1

(jω)αQ
(7–1)

where α and Q are constants. When α = 1, Q has units of capacitance. When α ̸= 1, Q

has units of sα/Ωcm2. Frequently, 0.5 < α < 1 for an electrochemical interface of a real

cell.

Non-ideal behavior leading to a CPE can be attributed to the frequency or time-constant

distribution. The frequency dispersion can occur along the area of the electrode or along

the direction normal to the electrode surface. The surface distribution can arise from
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surface differences [83]. A normal distribution can be attributed to composition of oxide

layers [84] or to porosity [85]. Figure 7-3 shows the surface and normal distributions

using equivalent circuits, where Rt is the charge-transfer resistance, C0 is the double-layer

capacitance, and Rf and Cf are the resistance and capacitance of an oxide film.

The variations of reaction reactivity and double-layer capacitance at the electrode–electrolyte

interface cause a frequency or time-constant distribution at the electrode surface.

Variations of film properties in an oxide layer can cause a frequency distribution too.

These distributions are observed during the impedance measurements in the form of

a CPE. The presence of a CPE behavior, is very common even for a homogenous and

smooth surface.

7.2.3 Electrochemical Instrumentation

A picture of the electrochemical instrumentation used to conduct the EIS experiments

is presented in Figure 7-4. A Ag/AgCl electrode was used as the reference electrode. The

working electrode was either platinum or glassy carbon and the counter electrode was a

platinum mesh.

7.2.4 CV Curves and EIS Experimental Results

The CV curves in Figure 7-5 shows results for a non-polished (Figure 7-5A) and

polished (Figure 7-5B) glassy carbon electrode, respectively, for a 10mM Fe(CN)6(II)/(III)

and 0.5M KCl electrolyte. The sweep rate varied from 10 mV/s to 10 V/s. The largest

sweep rate of 10 V/s gave the biggest current response. The polarization curves for

different rotation rates are shown in Figure 7-6. The polarization curves were taken at a

sweep rate of 50 mV/s for rotation rates from 300 RPM to 2400 RPM. The non-polished

electrode, Figure 7-6A, approached the mass-transfer-limited current slower then for the

polished electrode, Figure 7-6B. For both electrodes, the higher the rotation speeds led

to higher current response, but the non-polished electrode had higher currents then the

polished electrode. The impedance for 500 RPM for fractions of the limiting current for

both the non-polished electrode and polished electrode are presented in Figure 7-7. The
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Figure 7-4. Electrochemical instrumentation used to conduct the EIS experiments

non-polished electrode, Figure 7-7A, had impedances that were double the impedances for

the polished electrode, Figure 7-7B. The high-frequency capacitive loop was larger for the

non-polished electrode.

Another way to look at the impedance data is in the form of an adjusted phase angle

plot, presented in Figure 7-8.
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Figure 7-5. CV curves with different sweep rates from 10 mV/s to 10 V/s for the A)
non-polished and B) polished glassy carbon electrode with a 10mM
Fe(CN)6(II)/(III) and 0.5M KCl electrolyte.
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Figure 7-6. Polarization curves with different rotation rates from 300 RPM to 2400 RPM
for the; A) non-polished and B) polished glassy carbon electrode with a 10mM
Fe(CN)6(II)/(III) and 0.5M KCl electrolyte.
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Figure 7-7. Impedance spectrum with a rotation speed of 500 RPM for A) non-polished
and B) polished glassy carbon electrode with a 10mM Fe(CN)6(II)/(III) and
0.5M KCl electrolyte.
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Figure 7-8. Adjusted phase angle with a rotation speed of 500 RPM for A) non-polished
and B) polished glassy carbon electrode with a 10mM Fe(CN)6(II)/(III) and
0.5M KCl electrolyte.
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APPENDIX A
BAND

Electrochemical systems can be modeled mathematically as boundary value problems

which consist of sets of non-linear, coupled, second-order differential equations [93]. The

algorithm BAND was developed in Fortran by Newman. [74] A linear set of coupled,

second-order differential equations can be written as

n∑
k=1

ai,k(x)
d2ck(x)

dx2
+ bi,k(x)

dck(x)

dx
+ di,k(x)ck(x) = gi(x) (A–1)

There are n equations of the form of equation (A–1), where k is the index representing the

dependent variable and i is the equation number. A finite difference approximation to the

derivatives appearing in equation (A–1), accurate to the order h2.

d2ck
dx2

=
ck(xj + h) + ck(xj − h)− 2ck(xj)

h2
+O(h2) (A–2)

and

dck
dx

=
ck(xj + h)− ck(xj − h)

2h
+O(h2) (A–3)

These are the approximations to the derivatives at the point xj in the mesh used for

numerical solution. The size between mesh points is h. Equations (A–2) and (A–3) go into

equation (A–1) to form

n∑
k=1

Ai,k(j)Ck(j− 1) +Bi,k(j)Ck(j) +Di,k(j)ck(xj+1) = Gi(j) (A–4)

which is evaluated at position xj−1 = xj − h. Bi,k(j) is the coefficient, in equation i, at the

position xj of the dependent variable ck. The coefficients in equation ((A–4)) are

Ai,k(j) = ai,k(xj)−
h

2
bi,k(xj) (A–5)

Bi,k(j) = −2ai,k(xj)− h2di,k(xj) (A–6)

Di,k(j) = ai,k(xj) +
h

2
bi,k(xj) (A–7)
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Figure A-1. Matrix defining BAND[93].

and

Gi(j) = h2gi(xj) (A–8)

The simple boundary conditions

n∑
k=1

ei,k(x)ck = fi(x) (A–9)

for the first mesh point can be written

n∑
k=1

Bi,k(1)Ck(1) = Gi(1) (A–10)

and the last mesh point can be written

n∑
k=1

Bi,k(NJ)Ck(NJ) = Gi(NJ) (A–11)

These governing difference equations, equations (A–4), (A–10), and (A–11), can be written

conveniently in matrix form (see Figure A-1). Or as

MT = Z (A–12)

where the M is an n by n matrix and T and G are n-dimensional vectors. Equation

(A–12) can be solved by decomposing M into triangular matrices. The upper and lower

triangle matrices will be denoted U and L so

MT = LUT = Z (A–13)
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Letting

UT = ξ (A–14)

equation (A–13) becomes

Lξ = Z (A–15)

The unknown T can be solved by equation (A–14) after L, U and ξ are known. Forward

and backward substitutions can be made to solve equations (A–15) and (A–14). These

governing matrix equations can be solved with Newman’s BAND algorithm.

The behavior of BAND was studied by Curtis et al. [94] and White [93]. Curtis et

al. compared the BAND method to the deBoor method. Sometimes the BAND algorithm

signals the matrix as falsely singular and the error ”DETERMINANT = 0 AT J = 2”

is called and in this case it is better to rewrite the finite difference equations or use a

different method for solving the problem.

The following codes are Newman’s BAND algorithm and matrix inversion code

written in MATLABr and then FORTRAN. The MATLABr code was used for models

for convective-diffusion impedance, Chapter 3, and the FORTRAN code was used for all

the other models in this dissertation, Chapters 4 and 5.
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Code A.1. MATLAB BAND and MATINV code

1 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
2 % MATLAB ve r s i on o f BAND
3 % The f o l l ow i ng i s a ve r s i on o f BAND (and MATINV) obta ined by
4 % t r a n s l a t i n g the FORTRAN ver s i on in Newman .
5 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
6
7 func t i on [ y]=band ( J ) % i . e . ’ J ’ = ’ I ’ from tes t band
8 g l oba l A B C D E G X Y NPOINTS N NJ NP1 DETERMINANT
9 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
10 % Case where J negat ive
11 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
12 i f ( J−2) < 0 % i . e . image po int ( I=1) out s i d e boundary ( l e f t hand s i d e )
13
14 NP1=N+1; % I runs from 1 :NPOINTS and NPOINTS = NJ, whi l e N = # eqn
15 f o r I =1:N
16 D( I , 2∗N+1)=G( I ) ;
17 f o r L=1:N
18 LPN=L+N;
19 D( I ,LPN)=X( I ,L) ;
20 end
21 end
22 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
23 % Ca l l i ng Matinv
24 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
25 matinv (N,2∗N+1) ;
26 i f (DETERMINANT == 0)
27 s p r i n t f ( ’DETERMINANT = 0 at J= %6.3 f ’ , J )
28 re turn % stod t i d l i g e r e break
29 e l s e
30 f o r K=1:N
31 E(K,NP1, 1 )=D(K,2∗N+1) ;
32 f o r L=1:N
33 E(K,L , 1 ) = −D(K,L) ;
34 LPN = L+N;
35 X(K,L) = −D(K,LPN) ;
36 end
37 end
38 return
39 end
40 end
41 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
42 % Case where J−2 equal to zero ( I=2, i . e . f i r s t r e a l po int )
43 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
44 i f ( ( J−2)==0)
45
46 f o r I =1:N
47 f o r K=1:N
48 f o r L=1:N
49 D( I ,K)=D( I ,K)+A( I , L) ∗X(L ,K) ;
50 end
51 end
52 end
53 end
54 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
55 % Case where J−2 i s g r e a t e r than zero
56 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
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57 i f ( J−NJ) < 0
58
59 f o r I =1:N
60 D( I ,NP1) = −G( I ) ;
61 f o r L=1:N
62 D( I ,NP1)=D( I ,NP1)+A( I , L) ∗E(L ,NP1, J−1) ;
63 f o r K=1:N
64 B( I ,K)=B( I ,K)+A( I ,L) ∗E(L ,K, J−1) ;
65 end
66 end
67 end
68 e l s e
69
70 f o r I =1:N
71 f o r L=1:N
72 G( I )=G( I )−Y( I ,L) ∗E(L ,NP1, J−2) ;
73 f o r M=1:N
74 A( I , L)=A( I , L)+Y( I ,M) ∗E(M,L , J−2) ;
75 end
76 end
77 end
78 f o r I =1:N
79 D( I ,NP1) = −G( I ) ;
80 f o r L=1:N
81 D( I ,NP1)=D( I ,NP1)+A( I , L) ∗E(L ,NP1, J−1) ;
82 f o r K=1:N
83 B( I ,K)=B( I ,K)+A( I ,L) ∗E(L ,K, J−1) ;
84 end
85 end
86 end
87 end
88 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
89 % Ca l l i ng Matinv
90 % ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
91
92 matinv (N,NP1) ;
93 i f DETERMINANT ˜= 0
94
95 f o r K=1:N
96 f o r M=1:NP1
97 E(K,M, J ) = −D(K,M) ;
98 end
99 end
100 e l s e
101 s p r i n t f ( ’DETERMINANT = 0 at J= %6.3 f ’ , J )
102 re turn % stod t i d l i g e r e break
103 end
104
105 i f ( J−NJ)<0
106
107 return
108 e l s e
109
110 f o r K = 1 :N
111
112 C(K, J ) = E(K,NP1, J ) ;
113 end
114 f o r JJ = 2 :NJ
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115
116 M = NJ − JJ + 1 ;
117 f o r K=1:N
118 C(K,M) = E(K,NP1,M) ;
119 f o r L=1:N
120 C(K,M)=C(K,M)+E(K,L ,M) ∗C(L ,M+1) ;
121 end
122 end
123 end
124 f o r L=1:N
125
126 f o r K=1:N
127 C(K, 1 ) = C(K, 1 ) + X(K,L) ∗C(L , 3 ) ;
128 end
129 end
130 end
131
132 return
133
134 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
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Code A.2. FORTRAN BAND Code

1 C SUBROUTINE BAND(J )
2
3 SUBROUTINE BAND(J )
4 IMPLICIT DOUBLE PRECISION (A−H,O−Z)
5
6 DIMENSION E(4 ,5 ,100001)
7 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
8 COMMON/NSN/ N,NJ
9 k
10 SAVE E, NP1
11 101 FORMAT(15H DETERM=0 AT J=, I4 )
12 IF (J−2) 1 ,6 ,8
13 1 NP1=N+1
14 DO 2 I=1,N
15 D( I , 2∗N+1)=G( I )
16 DO 2 L=1,N
17 LPN=L+N
18 2 D( I ,LPN)=X( I ,L)
19 CALL MATINV(N, 2∗N+1,DETERM)
20
21 IF (DETERM) 4 ,3 ,4
22 3 PRINT 101 , J
23 4 DO 5 K=1,N
24 E(K,NP1, 1 )=D(K,2∗N+1)
25 DO 5 L=1,N
26 E(K,L , 1 )=−D(K,L)
27 LPN=L+N
28 5 X(K,L)=−D(K,LPN)
29 RETURN
30
31 6 DO 7 I=1,N
32 DO 7 K=1,N
33 DO 7 L=1,N
34 7 D( I ,K)=D( I ,K)+A( I ,L) ∗X(L ,K)
35 8 IF (J−NJ) 11 ,9 ,9
36 9 DO 10 I=1,N
37 DO 10 L=1,N
38 G( I )=G( I )−Y( I ,L) ∗E(L ,NP1, J−2)
39 DO 10 M=1,N
40 10 A( I , L)=A( I ,L)+Y( I ,M) ∗E(M,L , J−2)
41 11 DO 12 I=1,N
42 D( I ,NP1)=−G( I )
43 DO 12 L=1,N
44 D( I ,NP1)=D( I ,NP1)+A( I ,L) ∗E(L ,NP1, J−1)
45 DO 12 K=1,N
46 12 B( I ,K)=B( I ,K)+A( I , L) ∗E(L ,K, J−1)
47
48 CALL MATINV(N,NP1,DETERM)
49 IF (DETERM) 14 , 13 , 14
50 13 PRINT 101 , J
51 14 DO 15 K=1,N
52 DO 15 M=1,NP1
53 15 E(K,M, J )=−D(K,M)
54 IF (J−NJ) 20 ,16 ,16
55 16 DO 17 K=1,N
56 17 C(K, J )=E(K,NP1, J )
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57 DO 18 JJ=2,NJ
58 M=NJ−JJ+1
59 DO 18 K=1,N
60 C(K,M)=E(K,NP1,M)
61 DO 18 L=1,N
62 18 C(K,M)=C(K,M)+E(K,L ,M) ∗C(L ,M+1)
63 DO 19 L=1,N
64 DO 19 K=1,N
65 19 C(K, 1 )=C(K, 1 )+X(K,L) ∗C(L , 3 )
66
67 20 RETURN
68
69 END
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Code A.3. FORTRAN MATINV Code

1 C SUBROUTINE MATINV
2 SUBROUTINE MATINV(N,M,DETERM)
3 IMPLICIT DOUBLE PRECISION (A−H,O−Z)
4 COMMON/BAB/ A(4 ,4 ) , B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
5 COMMON/NSN/ NTEMP, NJ
6 DIMENSION ID(4)
7 DETERM=1.01
8 DO 1 I=1,N
9 1 ID( I )=0
10 DO 18 NN=1,N
11 BMAX=1.1
12 DO 6 I=1,N
13 IF ( ID( I ) .NE. 0 ) GO TO 6
14 BNEXT=0.0
15 BTRY=0.0
16 DO 5 J=1,N
17 IF ( ID(J ) .NE. 0 ) GO TO 5
18 IF (DABS(B( I , J ) ) .LE.BNEXT) GO TO 5
19 BNEXT=DABS(B( I , J ) )
20 IF (BNEXT.LE.BTRY) GO TO 5
21 BNEXT=BTRY
22 BTRY=DABS(B( I , J ) )
23 JC=J
24 5 CONTINUE
25 IF (BNEXT.GE.BMAX∗BTRY) GO TO 6
26 BMAX=BNEXT/BTRY
27 IROW=I
28 JCOL=JC
29 6 CONTINUE
30 IF ( ID(JC) .EQ. 0 ) GO TO 8
31 DETERM=0.0
32 RETURN
33 8 ID(JCOL)=1
34 IF (JCOL.EQ.IROW) GO TO 12
35 DO 10 J=1,N
36 SAVE=B(IROW, J )
37 B(IROW, J )=B(JCOL, J )
38 10 B(JCOL, J )=SAVE
39 DO 11 K=1,M
40 SAVE=D(IROW,K)
41 D(IROW,K)=D(JCOL,K)
42 11 D(JCOL,K)=SAVE
43 12 F=1.0/B(JCOL,JCOL)
44 DO 13 J=1,N
45 13 B(JCOL, J )=B(JCOL, J ) ∗F
46 DO 14 K=1,M
47 14 D(JCOL,K)=D(JCOL,K) ∗F
48 DO 18 I=1,N
49 IF ( I .EQ.JCOL) GO TO 18
50 F=B( I ,JCOL)
51 DO 16 J=1,N
52 16 B( I , J )=B( I , J )−F∗B(JCOL, J )
53 DO 17 K=1,M
54 17 D( I ,K)=D( I ,K)−F∗D(JCOL,K)
55 18 CONTINUE
56 RETURN
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57 END
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APPENDIX B
CODES FOR ROTATING DISK ELECTRODE

This appendix contains the different MatLab codes used to solve the convective-diffusion

equation for a rotating disk electrode in Chapter 3. The first MatLab code is to

solve the infinite Schmidt convective-diffusion equation or the term 0 finite Schmidt

convective-diffusion equation. The second Matlab code solve for term 1 of the finite

Schmidt convective-diffusion equation. The last MatLab code solves for term 2 of the

finite Schmidt convective-diffusion equation. The solutions to each code are imputed into

equation (3–32) to obtain a solution for the finite Schmidt convective-diffusion equation.
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Code B.1. Finite Schmidt Convection Diffusion Term 0 for rotating disk electrode

1 %This problem so l v e s f o r the f i r s t term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2 %dˆ2( theta0 ) /d( x i ) ˆ2+3∗ x i ˆ2∗d( theta0 ) /d( x i )−j ∗K∗ theta0=0
3
4 c l c ; c l o s e a l l ; c l e a r a l l ;
5 format longE ;
6 g l oba l A B C D G X Y N NJ
7
8 h=0.01; %Step−s i z e
9 logK=−2: .05 :2 ; %Frequency range 0 .001 to 1000
10 K=10.ˆ logK ;
11 K
12 x=0:h : 1 0 ; %Range o f x
13 NJ=length (x ) ;
14 NJ
15 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
16
17 c 0=1; %Boundary cond i t i on f o r x=0
18 c e =0; %Boundary cond i t i on f o r x=end (NJ)
19 t o l =0; %Absolute t o l e r an c e
20
21 %Def ine i n i t i a l guess
22 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
23 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
24 N=2;
25
26 f o r kk=1: l ength (K)
27
28 e r r o r =1;
29 jcount=0;
30 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
31 whi l e e r ror>=to l ;
32 X=ze ro s (N,N) ;
33 Y=X;
34
35 jcount=jcount+1;
36 f o r J=1:NJ ;
37 A=ze ro s (N,N) ;
38 B=A;
39 D=A;
40 %Boundary cond i t i on at J=1
41 i f J==1;
42 G(1)=conc (1 , J )−c 0 ; %Real equation , so BC at e l e c t r od e su r f a c e i s

1
43 B(1 , 1 )=−1;
44
45 G(2)=conc (2 , J )−0; %Imaginary equation , so BC at e l e c t r od e

su r f a c e i s 0
46 B(2 , 2 )=−1;
47
48 e r r o r=abs (G(1) )+abs (G(2) ) ;
49
50 %Region between boundar ies
51 e l s e i f ( J<=(NJ−1) ) ;

135



52 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(
J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) ;

53 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
54 B(1 , 1 ) =2;
55 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
56 B(1 , 2 )=−hˆ2∗K(kk ) ;
57
58 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) ;
59 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
60 B(2 , 2 ) =2;
61 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
62 B(2 , 1 )=hˆ2∗K(kk ) ;
63
64 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
65
66 %Boundary cond i t i on at J=NJ
67 e l s e
68 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
69 B(1 , 1 )=−1;
70
71 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
72 B(2 , 2 )=−1;
73
74 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
75 end ;
76
77 band ( J )
78 end ;
79 conc=conc+C; %C comes from band ( J ) program
80
81 i f jcount>=jcountmax , break , end ;
82 end ;
83
84 theta0=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
85 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) %dtheta

accurate to hˆ2
86
87
88 Zd=−1/dtheta0 ; %turn ing theta in to Impedance
89
90 % s t r=s p r i n t f ( ’K = %g : Zd = %.10e + j %.10e ’ , K( kk ) , r e a l (Zd) , imag (Zd) ) ; d i sp (

s t r ) ;
91 % s t r=s p r i n t f ( ’ dtheta0 = %g ’ , dtheta0 ) ; d i sp ( s t r ) ;
92 % s t r=s p r i n t f ( ’%.10 e ’ , K( kk ) ) ; d i sp ( s t r ) ;
93 % s t r=s p r i n t f ( ’%.10 e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
94 % s t r=s p r i n t f ( ’%.10 e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
95
96 f i g u r e (1 )
97 p l o t (x , conc ( 1 , : ) , ’−r ’ )
98 hold on ;
99 p l o t (x , conc ( 2 , : ) , ’−g ’ )
100 ax i s ( [ 0 2 −.4 1 ] ) ;
101 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
102 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
103 x l ab e l ( ’ l ength ’ ) ;
104 y l ab e l ( ’ theta ’ ) ;
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105
106 ZZd( kk )=Zd ;
107 Ktemp=K(kk ) ;
108 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ;
109 save ( fname , ’ theta0 ’ , ’Ktemp ’ , ’h ’ ) ;
110 end
111
112 fname=s p r i n t f ( ’ z e r o o r d e r %i . txt ’ ,NJ) ;
113 f i d = fopen ( fname , ’wt ’ ) ;
114 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
115 f o r kk=1: l ength (K) ;
116 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
117 end ;
118 f c l o s e ( f i d ) ;
119
120 f i g u r e (2 )
121 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
122 Zf i lm=tanh ( sq r t ( j ∗K) ) . / sq r t ( j ∗K) ;
123 p l o t ( r e a l ( Zf i lm ) ,− imag ( Zf i lm ) , ’−−b ’ ) ;
124 legend ( ’MatLab Data ’ , ’ F i n i t e Film Thickness tanh ( sq r t ( j ∗K) ) / sq r t ( j ∗K) ’ ) ;
125 t i t l e ( ’ Nyquist p l o t ’ ) ;
126 x l ab e l ( ’ Real part o f Impedance ’ ) ;
127 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
128
129 f i g u r e (3 )
130 l o g l o g (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
131 l o g l o g (K, r e a l (ZZd) , ’−−b ’ ) ;
132 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
133 t i t l e ( ’ Impedance vs Frequency ’ ) ;
134 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
135 y l ab e l ( ’ Impedance ’ ) ;
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Code B.2. Finite Schmidt Convection Diffusion Term 1 for rotating disk electrode

1 %This problem so l v e s f o r the f i r s t term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2 %dˆ2( theta0 ) /d( x i ) ˆ2+3∗ x i ˆ2∗d( theta0 ) /d( x i )−j ∗K∗ theta0=0
3
4 c l c ; c l o s e a l l ; c l e a r a l l ;
5 format longE ;
6 g l oba l A B C D G X Y N NJ
7
8 h=0.01; %Step−s i z e
9 logK=−2: .05 :2 ; %Frequency range 0 .001 to 1000
10 K=10.ˆ logK ;
11 x=0:h : 1 0 ; %Range o f x
12 NJ=length (x ) ;
13 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
14 aa=0.51023;
15 bb=−0.61592;
16 cc=(3/aa ˆ4) ˆ(1/3) ;
17
18 c 0=1; %Boundary cond i t i on f o r x=0
19 c e =0; %Boundary cond i t i on f o r x=end (NJ)
20 t o l =0; %Absolute t o l e r an c e
21
22 %Def ine i n i t i a l guess
23 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
24 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
25 N=2;
26
27 f o r kk=1: l ength (K)
28 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ;
29 load ( fname ) ;
30 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
31
32 e r r o r =1;
33 jcount=0;
34 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
35 whi l e e r ror>=to l ;
36 X=ze ro s (N,N) ;
37 Y=X;
38
39 jcount=jcount+1;
40 f o r J=1:NJ ;
41 A=ze ro s (N,N) ;
42 B=A;
43 D=A;
44 %Boundary cond i t i on at J=1
45 i f J==1;
46 G(1)=conc (1 , J ) ; %Real equation , so BC at e l e c t r od e su r f a c e i s 0
47 B(1 , 1 )=−1;
48
49 G(2)=conc (2 , J ) ; %Imaginary equation , so BC at e l e c t r od e su r f a c e

i s 0
50 B(2 , 2 )=−1;
51
52 e r r o r=abs (G(1) )+abs (G(2) ) ;
53
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54 %Region between boundar ies
55 e l s e i f ( J<=(NJ−1) ) ;
56 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) . . .
57 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( r e a l ( theta0 ( J+1) )−r e a l ( theta0 (J−1) ) ) /2 ;
58 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
59 B(1 , 1 ) =2;
60 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
61 B(1 , 2 )=−hˆ2∗K(kk ) ;
62
63 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) . . .
64 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( imag ( theta0 ( J+1) )−imag ( theta0 (J−1) ) ) /2 ;
65 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
66 B(2 , 2 ) =2;
67 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
68 B(2 , 1 )=hˆ2∗K(kk ) ;
69
70 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
71
72 %Boundary cond i t i on at J=NJ
73 e l s e
74 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
75 B(1 , 1 )=−1;
76
77 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
78 B(2 , 2 )=−1;
79
80 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
81 end ;
82
83 band ( J )
84 end ;
85 conc=conc+C; %C comes from band ( J ) program
86
87 i f jcount>=jcountmax , break , end ;
88 end ;
89
90 theta1=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
91 dtheta1=gamma(4/3)∗(− theta1 (3 )+4∗ theta1 (2 )−3∗ theta1 (1 ) ) /(2∗h) ; %dtheta

accurate to hˆ2
92 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) ;
93
94 Zd=dtheta1 /( dtheta0 ˆ2) ; %turn ing theta in to Impedance
95
96 %s t r=s p r i n t f ( ’K = %.10e : Zd = %.10e + j %.10e ’ , K( kk ) , r e a l (Zd) , imag (Zd) ) ; d i sp

( s t r ) ;
97 %s t r=s p r i n t f ( ’ dtheta1 = %g ’ , dtheta1 ) ; d i sp ( s t r ) ;
98
99 s t r=s p r i n t f ( ’%.10e ’ , K( kk ) ) ; d i sp ( s t r ) ;
100 s t r=s p r i n t f ( ’%.10e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
101 s t r=s p r i n t f ( ’%.10e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
102
103 f i g u r e (1 )
104 p l o t (x , conc ( 1 , : ) , ’−r ’ )
105 hold on ;
106 p l o t (x , conc ( 2 , : ) , ’−g ’ )
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107 ax i s ( [ 0 2 −.4 1 ] ) ;
108 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
109 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
110 x l ab e l ( ’ l ength ’ ) ;
111 y l ab e l ( ’ theta ’ ) ;
112
113 ZZd( kk )=Zd ;
114 Ktemp=K(kk ) ;
115 fname=s p r i n t f ( ’ the ta1 %i ’ , kk ) ;
116 save ( fname , ’ theta1 ’ , ’Ktemp ’ , ’h ’ ) ;
117 end
118
119 fname=s p r i n t f ( ’ f i r s t o r d e r %i . txt ’ ,NJ) ;
120 f i d = fopen ( fname , ’wt ’ ) ;
121 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
122 f o r kk=1: l ength (K) ;
123 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
124 end ;
125 f c l o s e ( f i d ) ;
126
127 f i g u r e (2 )
128 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
129 t i t l e ( ’ Nyquist p l o t ’ ) ;
130 x l ab e l ( ’ Real part o f Impedance ’ ) ;
131 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
132
133 f i g u r e (3 )
134 semi logx (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
135 semi logx (K, r e a l (ZZd) , ’−−b ’ ) ;
136 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
137 t i t l e ( ’ Impedance vs Frequency ’ ) ;
138 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
139 y l ab e l ( ’ Impedance ’ ) ;
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Code B.3. Finite Schmidt Convection Diffusion Term 2 for rotating disk electrode

1 %This problem so l v e s f o r the f i r s t term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2 %dˆ2( theta0 ) /d( x i ) ˆ2+3∗ x i ˆ2∗d( theta0 ) /d( x i )−j ∗K∗ theta0=0
3
4 c l c ; c l o s e a l l ; c l e a r a l l ;
5 format longE ;
6 g l oba l A B C D G X Y N NJ
7
8 h=0.001; %Step−s i z e
9 logK=−5: .05 :5 ; %Frequency range 0 .001 to 1000
10 K=10.ˆ logK ;
11 x=0:h : 1 0 ; %Range o f x
12 NJ=length (x ) ;
13 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
14 aa=0.51023;
15 bb=−0.61592;
16 cc=(3/aa ˆ4) ˆ(1/3) ;
17
18 c 0=1; %Boundary cond i t i on f o r x=0
19 c e =0; %Boundary cond i t i on f o r x=end (NJ)
20 t o l =0; %Absolute t o l e r an c e
21
22 %Def ine i n i t i a l guess
23 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
24 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
25 N=2;
26
27 f o r kk=1: l ength (K)
28 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ; % load s o l u t i o n f o r Theta−0
29 load ( fname ) ;
30 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
31 fname=s p r i n t f ( ’ the ta1 %i ’ , kk ) ; % load s o l u t i o n f o r Theta−1
32 load ( fname ) ;
33 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
34
35 e r r o r =1;
36 jcount=0;
37 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
38 whi l e e r ror>=to l ;
39 X=ze ro s (N,N) ;
40 Y=X;
41
42 jcount=jcount+1;
43 f o r J=1:NJ ;
44 A=ze ro s (N,N) ;
45 B=A;
46 D=A;
47 %Boundary cond i t i on at J=1
48 i f J==1;
49 G(1)=conc (1 , J ) ; %Real equation , so BC at e l e c t r od e su r f a c e i s 0
50 B(1 , 1 )=−1;
51
52 G(2)=conc (2 , J ) ; %Imaginary equation , so BC at e l e c t r od e su r f a c e

i s 0
53 B(2 , 2 )=−1;
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54
55 e r r o r=abs (G(1) )+abs (G(2) ) ;
56
57 %Region between boundar ies
58 e l s e i f ( J<=(NJ−1) ) ;
59 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) . . .
60 −bb∗(3/ aa ) ˆ(5/3) ∗(hˆ5) ∗ ( ( J−1)ˆ4) ∗( r e a l ( theta0 ( J+1) )−r e a l ( theta0 (J

−1) ) ) /12 . . .
61 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( r e a l ( theta1 ( J+1) )−r e a l ( theta1 (J−1) ) ) /2 ;
62 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
63 B(1 , 1 ) =2;
64 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
65 B(1 , 2 )=−hˆ2∗K(kk ) ;
66
67 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) . . .
68 −bb∗(3/ aa ) ˆ(5/3) ∗(hˆ5) ∗ ( ( J−1)ˆ4) ∗( imag ( theta0 ( J+1) )−imag ( theta0 (J

−1) ) ) /12 . . .
69 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( imag ( theta1 ( J+1) )−imag ( theta1 (J−1) ) ) /2 ;
70 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
71 B(2 , 2 ) =2;
72 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
73 B(2 , 1 )=hˆ2∗K(kk ) ;
74
75 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
76
77 %Boundary cond i t i on at J=NJ
78 e l s e
79 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
80 B(1 , 1 )=−1;
81
82 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
83 B(2 , 2 )=−1;
84
85 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
86 end ;
87
88 band ( J )
89 end ;
90 conc=conc+C; %C comes from band ( J ) program
91
92 i f jcount>=jcountmax , break , end ;
93 end ;
94
95 theta2=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
96 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) ;
97 dtheta1=gamma(4/3)∗(− theta1 (3 )+4∗ theta1 (2 )−3∗ theta1 (1 ) ) /(2∗h) ; %dtheta

accurate to hˆ2
98 dtheta2=gamma(4/3)∗(− theta2 (3 )+4∗ theta2 (2 )−3∗ theta2 (1 ) ) /(2∗h) ;
99
100 Zd=−(1/dtheta0 ) ∗ ( ( dtheta1 / dtheta0 )ˆ2−dtheta2 / dtheta0 ) ; %turn ing

theta in to Impedance
101 ZZd( kk )=Zd ;
102
103 %s t r=s p r i n t f ( ’K = %.10e : Zd = %.10e + j %.10e ’ , K( kk ) , r e a l (Zd) , imag (Zd) ) ; d i sp

( s t r ) ;
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104 %s t r=s p r i n t f ( ’ dtheta2 = %g ’ , dtheta2 ) ; d i sp ( s t r ) ;
105
106 s t r=s p r i n t f ( ’%.10e ’ , K( kk ) ) ; d i sp ( s t r ) ;
107 s t r=s p r i n t f ( ’%.10e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
108 s t r=s p r i n t f ( ’%.10e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
109
110 f i g u r e (1 )
111 p l o t (x , conc ( 1 , : ) , ’−r ’ )
112 hold on ;
113 p l o t (x , conc ( 2 , : ) , ’−g ’ )
114 ax i s ( [ 0 2 −.4 1 ] ) ;
115 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
116 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
117 x l ab e l ( ’ l ength ’ ) ;
118 y l ab e l ( ’ theta ’ ) ;
119
120
121 end
122
123 fname=s p r i n t f ( ’ f i r s t o r d e r %i . txt ’ ,NJ) ;
124 f i d = fopen ( fname , ’wt ’ ) ;
125 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
126 f o r kk=1: l ength (K) ;
127 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
128 end ;
129 f c l o s e ( f i d ) ;
130
131 f i g u r e (2 )
132 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
133 t i t l e ( ’ Nyquist p l o t ’ ) ;
134 x l ab e l ( ’ Real part o f Impedance ’ ) ;
135 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
136
137 f i g u r e (3 )
138 semi logx (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
139 semi logx (K, r e a l (ZZd) , ’−−b ’ ) ;
140 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
141 t i t l e ( ’ Impedance vs Frequency ’ ) ;
142 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
143 y l ab e l ( ’ Impedance ’ ) ;
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APPENDIX C
CODES FOR IMPINGING JET ELECTRODE

This appendix contains the different MatLab codes used to solve the convective-diffusion

equation for a submerged impinging jet electrode in Chapter 3. The first MatLab code

is to solve the infinite Schmidt convective-diffusion equation or the term 0 finite Schmidt

convective-diffusion equation. The second Matlab code solve for term 1 of the finite

Schmidt convective-diffusion equation. The last MatLab code solves for term 2 of the

finite Schmidt convective-diffusion equation. The solutions to each code are imputed into

equation (3–32) to obtain a solution for the finite Schmidt convective-diffusion equation.
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Code C.1. Finite Schmidt Convection Diffusion Term 0 for an impinging jet electrode

1 %This problem so l v e s f o r the f i r s t term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2 %dˆ2( theta0 ) /d( x i ) ˆ2+3∗ x i ˆ2∗d( theta0 ) /d( x i )−j ∗K∗ theta0=0
3
4 c l c ; c l o s e a l l ; c l e a r a l l ;
5 format longE ;
6 g l oba l A B C D G X Y N NJ
7
8 h=0.01; %Step−s i z e
9 logK=−2: .05 :4 ; %Frequency range 0 .001 to 1000
10 K=10.ˆ logK ;
11 x=0:h : 1 0 ; %Range o f x
12 NJ=length (x ) ;
13 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
14
15 c 0=1; %Boundary cond i t i on f o r x=0
16 c e =0; %Boundary cond i t i on f o r x=end (NJ)
17 t o l =0; %Absolute t o l e r an c e
18
19 c on c r e a l=ze ro s ( l ength (x ) , l ength (K) ) ;
20 conc imag=ze ro s ( l ength (x ) , l ength (K) ) ;
21
22 %Def ine i n i t i a l guess
23 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
24 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
25 N=2;
26
27 f o r kk=1: l ength (K)
28
29 e r r o r =1;
30 jcount=0;
31 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
32 whi l e e r ror>=to l ;
33 X=ze ro s (N,N) ;
34 Y=X;
35
36 jcount=jcount+1;
37 f o r J=1:NJ ;
38 A=ze ro s (N,N) ;
39 B=A;
40 D=A;
41 %Boundary cond i t i on at J=1
42 i f J==1;
43 G(1)=conc (1 , J )−c 0 ; %Real equation , so BC at e l e c t r od e su r f a c e i s

1
44 B(1 , 1 )=−1;
45
46 G(2)=conc (2 , J )−0; %Imaginary equation , so BC at e l e c t r od e

su r f a c e i s 0
47 B(2 , 2 )=−1;
48
49 e r r o r=abs (G(1) )+abs (G(2) ) ;
50
51 %Region between boundar ies
52 e l s e i f ( J<=(NJ−1) ) ;
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53 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(
J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) ;

54 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
55 B(1 , 1 ) =2;
56 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
57 B(1 , 2 )=−hˆ2∗K(kk ) ;
58
59 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) ;
60 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
61 B(2 , 2 ) =2;
62 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
63 B(2 , 1 )=hˆ2∗K(kk ) ;
64
65 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
66
67 %Boundary cond i t i on at J=NJ
68 e l s e
69 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
70 B(1 , 1 )=−1;
71
72 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
73 B(2 , 2 )=−1;
74
75 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
76 end ;
77
78 band ( J )
79 end ;
80 conc=conc+C; %C comes from band ( J ) program
81
82 i f jcount>=jcountmax , break , end ;
83 end ;
84
85 theta0=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
86 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) ; %dtheta

accurate to hˆ2
87
88 Zd=−1/dtheta0 ; %turn ing theta in to Impedance
89
90 % s t r=s p r i n t f ( ’K = %g : Zd = %.10e + j %.10e ’ , K( kk ) , r e a l (Zd) , imag (Zd) ) ; d i sp (

s t r ) ;
91 % s t r=s p r i n t f ( ’ dtheta0 = %g ’ , dtheta0 ) ; d i sp ( s t r ) ;
92
93 s t r=s p r i n t f ( ’%.10e ’ , K( kk ) ) ; d i sp ( s t r ) ;
94 s t r=s p r i n t f ( ’%.10e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
95 s t r=s p r i n t f ( ’%.10e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
96
97 f i g u r e (1 )
98 p l o t (x , conc ( 1 , : ) , ’−r ’ )
99 hold on ;
100 p l o t (x , conc ( 2 , : ) , ’−g ’ )
101 ax i s ( [ 0 2 −.4 1 ] ) ;
102 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
103 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
104 x l ab e l ( ’ l ength ’ ) ;
105 y l ab e l ( ’ theta ’ ) ;
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106
107 f o r kkk=1: l ength (x )
108 c on c r e a l ( kkk , kk )=(conc (1 , kkk ) ) ;
109 conc imag ( kkk , kk )=(conc (2 , kkk ) ) ;
110 end
111
112 ZZd( kk )=Zd ;
113
114 Ktemp=K(kk ) ;
115 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ;
116 save ( fname , ’ theta0 ’ , ’Ktemp ’ , ’h ’ ) ;
117 end
118
119 fname=s p r i n t f ( ’ z e r o o r d e r %i . txt ’ ,NJ) ;
120 f i d = fopen ( fname , ’wt ’ ) ;
121 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
122 f o r kk=1: l ength (K) ;
123 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
124 end ;
125 f c l o s e ( f i d ) ;
126
127 f i g u r e (2 )
128 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
129 Zf i lm=tanh ( sq r t ( j ∗K) ) . / sq r t ( j ∗K) ;
130 p l o t ( r e a l ( Zf i lm ) ,− imag ( Zf i lm ) , ’−−b ’ ) ;
131 legend ( ’MatLab Data ’ , ’ F i n i t e Film Thickness tanh ( sq r t ( j ∗K) ) / sq r t ( j ∗K) ’ ) ;
132 t i t l e ( ’ Nyquist p l o t ’ ) ;
133 x l ab e l ( ’ Real part o f Impedance ’ ) ;
134 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
135
136 s t r=s p r i n t f ( ’%.10e ’ , r e a l ( Zf i lm ) ) ; d i sp ( s t r ) ;
137
138 f i g u r e (3 )
139 l o g l o g (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
140 l o g l o g (K, r e a l (ZZd) , ’−−b ’ ) ;
141 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
142 t i t l e ( ’ Impedance vs Frequency ’ ) ;
143 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
144 y l ab e l ( ’ Impedance ’ ) ;
145
146 r e a l Z f i lm=r e a l ( Zf i lm ) ;
147 imagZfi lm=imag ( Zf i lm ) ;
148
149 realZZd=r e a l (ZZd) ’ ;
150 imagZZd=imag (ZZd) ’ ;
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Code C.2. Finite Schmidt Convection Diffusion Term 1 for an impinging jet electrode

1 %This problem so l v e s f o r the second term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2
3 c l c ; c l o s e a l l ; c l e a r a l l ;
4 format longE ;
5 g l oba l A B C D G X Y N NJ
6
7 h=0.01; %Step−s i z e
8 logK=−2: .05 :4 ; %Frequency range 0 .001 to 1000
9 K=10.ˆ logK ;
10 x=0:h : 1 0 ; %Range o f x
11 NJ=length (x ) ;
12 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
13 aa=0.51023;
14 bb=−0.61592;
15 cc =(3/(1 .352) ˆ4) ˆ(1/3) ;
16
17 c 0=1; %Boundary cond i t i on f o r x=0
18 c e =0; %Boundary cond i t i on f o r x=end (NJ)
19 t o l =0; %Absolute t o l e r an c e
20
21 c on c r e a l=ze ro s ( l ength (x ) , l ength (K) ) ;
22 conc imag=ze ro s ( l ength (x ) , l ength (K) ) ;
23
24 %Def ine i n i t i a l guess
25 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
26 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
27 N=2;
28
29 f o r kk=1: l ength (K)
30 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ;
31 load ( fname ) ;
32 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
33
34 e r r o r =1;
35 jcount=0;
36 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
37 whi l e e r ror>=to l ;
38 X=ze ro s (N,N) ;
39 Y=X;
40
41 jcount=jcount+1;
42 f o r J=1:NJ ;
43 A=ze ro s (N,N) ;
44 B=A;
45 D=A;
46 %Boundary cond i t i on at J=1
47 i f J==1;
48 G(1)=conc (1 , J ) ; %Real equation , so BC at e l e c t r od e su r f a c e i s 0
49 B(1 , 1 )=−1;
50
51 G(2)=conc (2 , J ) ; %Imaginary equation , so BC at e l e c t r od e su r f a c e

i s 0
52 B(2 , 2 )=−1;
53
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54 e r r o r=abs (G(1) )+abs (G(2) ) ;
55
56 %Region between boundar ies
57 e l s e i f ( J<=(NJ−1) ) ;
58 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) . . .
59 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( r e a l ( theta0 ( J+1) )−r e a l ( theta0 (J−1) ) ) /2 ;
60 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
61 B(1 , 1 ) =2;
62 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
63 B(1 , 2 )=−hˆ2∗K(kk ) ;
64
65 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) . . .
66 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( imag ( theta0 ( J+1) )−imag ( theta0 (J−1) ) ) /2 ;
67 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
68 B(2 , 2 ) =2;
69 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
70 B(2 , 1 )=hˆ2∗K(kk ) ;
71
72 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
73
74 %Boundary cond i t i on at J=NJ
75 e l s e
76 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
77 B(1 , 1 )=−1;
78
79 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
80 B(2 , 2 )=−1;
81
82 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
83 end ;
84
85 band ( J )
86 end ;
87 conc=conc+C; %C comes from band ( J ) program
88
89 i f jcount>=jcountmax , break , end ;
90 end ;
91
92 theta1=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
93 dtheta1=gamma(4/3)∗(− theta1 (3 )+4∗ theta1 (2 )−3∗ theta1 (1 ) ) /(2∗h) ; %dtheta

accurate to hˆ2
94 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) ;
95
96 Zd=dtheta1 /( dtheta0 ˆ2) ; %turn ing theta in to Impedance
97
98 %s t r=s p r i n t f ( ’K = %.10e : Zd = %.10e + j %.10e ’ , K( kk ) , r e a l (Zd) , imag (Zd) ) ; d i sp

( s t r ) ;
99 %s t r=s p r i n t f ( ’ dtheta1 = %g ’ , dtheta1 ) ; d i sp ( s t r ) ;
100 s t r=s p r i n t f ( ’%.10e ’ , K( kk ) ) ; d i sp ( s t r ) ;
101 s t r=s p r i n t f ( ’%.10e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
102 s t r=s p r i n t f ( ’%.10e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
103
104 f i g u r e (1 )
105 p l o t (x , conc ( 1 , : ) , ’−r ’ )
106 hold on ;
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107 p l o t (x , conc ( 2 , : ) , ’−g ’ )
108 ax i s ( [ 0 2 −.4 1 ] ) ;
109 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
110 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
111 x l ab e l ( ’ l ength ’ ) ;
112 y l ab e l ( ’ theta ’ ) ;
113
114 f o r kkk=1: l ength (x )
115 c on c r e a l ( kkk , kk )=(conc (1 , kkk ) ) ;
116 conc imag ( kkk , kk )=(conc (2 , kkk ) ) ;
117 end
118
119 ZZd( kk )=Zd ;
120 Ktemp=K(kk ) ;
121 fname=s p r i n t f ( ’ the ta1 %i ’ , kk ) ;
122 save ( fname , ’ theta1 ’ , ’Ktemp ’ , ’h ’ ) ;
123 end
124
125 fname=s p r i n t f ( ’ f i r s t o r d e r %i . txt ’ ,NJ) ;
126 f i d = fopen ( fname , ’wt ’ ) ;
127 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
128 f o r kk=1: l ength (K) ;
129 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
130 end ;
131 f c l o s e ( f i d ) ;
132
133 f i g u r e (2 )
134 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
135 t i t l e ( ’ Nyquist p l o t ’ ) ;
136 x l ab e l ( ’ Real part o f Impedance ’ ) ;
137 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
138
139 f i g u r e (3 )
140 semi logx (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
141 semi logx (K, r e a l (ZZd) , ’−−b ’ ) ;
142 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
143 t i t l e ( ’ Impedance vs Frequency ’ ) ;
144 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
145 y l ab e l ( ’ Impedance ’ ) ;
146
147 realZZd=r e a l (ZZd) ’ ;
148 imagZZd=imag (ZZd) ’ ;
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Code C.3. Finite Schmidt Convection Diffusion Term 2 for an impinging jet electrode

1 %This problem so l v e s f o r the th i rd term o f the convect ive−d i f f u s i o n equat ion
with a f i n i t e schmidt number

2
3 c l c ; c l o s e a l l ; c l e a r a l l ;
4 format longE ;
5 g l oba l A B C D G X Y N NJ
6
7 h=0.01; %Step−s i z e
8 logK=−2: .05 :4 ; %Frequency range 0 .001 to 1000
9 K=10.ˆ logK ;
10 x=0:h : 1 0 ; %Range o f x
11 NJ=length (x ) ;
12 ZZd=ze ro s (1 , l ength (K) ) ; %Place ho lder f o r va lue s o f d i f f u s i o n impedance
13 aa=0.51023;
14 bb=−0.61592;
15 cc =(3/(1 .352) ˆ4) ˆ(1/3) ;
16
17 c 0=1; %Boundary cond i t i on f o r x=0
18 c e =0; %Boundary cond i t i on f o r x=end (NJ)
19 t o l =0; %Absolute t o l e r an c e
20
21 c on c r e a l=ze ro s ( l ength (x ) , l ength (K) ) ;
22 conc imag=ze ro s ( l ength (x ) , l ength (K) ) ;
23
24
25 %Def ine i n i t i a l guess
26 conc ( 1 , 1 :NJ) =0.5 ; %Conc(1 ,−) i s the r e a l component o f theta0
27 conc ( 2 , 1 :NJ) =0.5 ; %Conc(2 ,−) i s the imaginary component o f theta0
28 N=2;
29
30 f o r kk=1: l ength (K)
31 fname=s p r i n t f ( ’ the ta0 %i ’ , kk ) ; % load s o l u t i o n f o r Theta−0
32 load ( fname ) ;
33 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
34 fname=s p r i n t f ( ’ the ta1 %i ’ , kk ) ; % load s o l u t i o n f o r Theta−1
35 load ( fname ) ;
36 f l a g =0; i f ( abs (Ktemp−K(kk ) ) ˜=0) ; f l a g =3; qu i t ; end ;
37
38 e r r o r =1;
39 jcount=0;
40 jcountmax=4; %Number o f i t e r a t i o n s the program w i l l a l low to

converge
41 whi l e e r ror>=to l ;
42 X=ze ro s (N,N) ;
43 Y=X;
44
45 jcount=jcount+1;
46 f o r J=1:NJ ;
47 A=ze ro s (N,N) ;
48 B=A;
49 D=A;
50 %Boundary cond i t i on at J=1
51 i f J==1;
52 G(1)=conc (1 , J ) ; %Real equation , so BC at e l e c t r od e su r f a c e i s 0
53 B(1 , 1 )=−1;
54
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55 G(2)=conc (2 , J ) ; %Imaginary equation , so BC at e l e c t r od e su r f a c e
i s 0

56 B(2 , 2 )=−1;
57
58 e r r o r=abs (G(1) )+abs (G(2) ) ;
59
60 %Region between boundar ies
61 e l s e i f ( J<=(NJ−1) ) ;
62 G(1)=conc (1 , J+1)−2∗conc (1 , J )+conc (1 , J−1)+hˆ2∗K(kk ) ∗ conc (2 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (1 , J+1)−conc (1 , J−1) ) . . .
63 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( r e a l ( theta1 ( J+1) )−r e a l ( theta1 (J−1) ) ) /2 ;
64 A(1 , 1 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
65 B(1 , 1 ) =2;
66 D(1 , 1 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
67 B(1 , 2 )=−hˆ2∗K(kk ) ;
68
69 G(2)=conc (2 , J+1)−2∗conc (2 , J )+conc (2 , J−1)−hˆ2∗K(kk ) ∗ conc (1 , J ) +1.5∗hˆ3∗(

J−1)ˆ2∗( conc (2 , J+1)−conc (2 , J−1) ) . . .
70 −cc ∗(hˆ4) ∗ ( ( J−1)ˆ3) ∗( imag ( theta1 ( J+1) )−imag ( theta1 (J−1) ) ) /2 ;
71 A(2 , 2 )=−1+1.5∗hˆ3∗(J−1) ˆ2 ;
72 B(2 , 2 ) =2;
73 D(2 , 2 )=−1−1.5∗hˆ3∗(J−1) ˆ2 ;
74 B(2 , 1 )=hˆ2∗K(kk ) ;
75
76 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
77
78 %Boundary cond i t i on at J=NJ
79 e l s e
80 G(1)=conc (1 , J )−0; %BC at f a r away point i s always 0
81 B(1 , 1 )=−1;
82
83 G(2)=conc (2 , J )−0; %BC at f a r away point i s always 0
84 B(2 , 2 )=−1;
85
86 e r r o r=e r r o r+abs (G(1) )+abs (G(2) ) ;
87 end ;
88
89 band ( J )
90 end ;
91 conc=conc+C; %C comes from band ( J ) program
92
93 i f jcount>=jcountmax , break , end ;
94 end ;
95
96 theta2=complex ( conc ( 1 , : ) , conc ( 2 , : ) ) ; %Creat ing

theta from conc (1 ,−) and conc (2 ,−) va lue s
97 dtheta0=gamma(4/3)∗(− theta0 (3 )+4∗ theta0 (2 )−3∗ theta0 (1 ) ) /(2∗h) ;
98 dtheta1=gamma(4/3)∗(− theta1 (3 )+4∗ theta1 (2 )−3∗ theta1 (1 ) ) /(2∗h) ; %dtheta

accurate to hˆ2
99 dtheta2=gamma(4/3)∗(− theta2 (3 )+4∗ theta2 (2 )−3∗ theta2 (1 ) ) /(2∗h) ;
100
101 Zd=−(1/dtheta0 ) ∗ ( ( dtheta1 / dtheta0 )ˆ2−dtheta2 / dtheta0 ) ; %turn ing

theta in to Impedance
102 ZZd( kk )=Zd ;
103
104 s t r=s p r i n t f ( ’%.10e ’ , K( kk ) ) ; d i sp ( s t r ) ;
105 s t r=s p r i n t f ( ’%.10e ’ , r e a l (Zd) ) ; d i sp ( s t r ) ;
106 s t r=s p r i n t f ( ’%.10e ’ , imag (Zd) ) ; d i sp ( s t r ) ;
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107
108 f i g u r e (1 )
109 p l o t (x , conc ( 1 , : ) , ’−r ’ )
110 hold on ;
111 p l o t (x , conc ( 2 , : ) , ’−g ’ )
112 ax i s ( [ 0 2 −.4 1 ] ) ;
113 legend ( ’ t h e t a r ’ , ’ t h e t a i ’ ) ;
114 t i t l e ( ’ Dimens ion les s Concentrat ion away from Elec t rode Sur face ’ ) ;
115 x l ab e l ( ’ l ength ’ ) ;
116 y l ab e l ( ’ theta ’ ) ;
117
118 f o r kkk=1: l ength (x )
119 c on c r e a l ( kkk , kk )=(conc (1 , kkk ) ) ;
120 conc imag ( kkk , kk )=(conc (2 , kkk ) ) ;
121 end
122
123 end
124
125 fname=s p r i n t f ( ’ f i r s t o r d e r %i . txt ’ ,NJ) ;
126 f i d = fopen ( fname , ’wt ’ ) ;
127 f p r i n t f ( f i d , ’%14.6 e ; %14.6 e \n ’ , h , hˆ2) ;
128 f o r kk=1: l ength (K) ;
129 f p r i n t f ( f i d , ’%12.6 e ; %20.12 e ; %20.12 e ; \n ’ , K( kk ) , r e a l (ZZd( kk ) ) , imag (ZZd( kk ) )

) ;
130 end ;
131 f c l o s e ( f i d ) ;
132
133 f i g u r e (2 )
134 p l o t ( r e a l (ZZd) ,− imag (ZZd) , ’−ks ’ ) ; hold on ; ax i s equal ;
135 t i t l e ( ’ Nyquist p l o t ’ ) ;
136 x l ab e l ( ’ Real part o f Impedance ’ ) ;
137 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
138
139 f i g u r e (3 )
140 semi logx (K, −imag (ZZd) , ’−−k ’ ) ; hold on ;
141 semi logx (K, r e a l (ZZd) , ’−−b ’ ) ;
142 legend ( ’−Imaginary ’ , ’ Real ’ ) ;
143 t i t l e ( ’ Impedance vs Frequency ’ ) ;
144 x l ab e l ( ’ Dimens ion les s Frequency ’ ) ;
145 y l ab e l ( ’ Impedance ’ ) ;
146
147 realZZd=r e a l (ZZd) ’ ;
148 imagZZd=imag (ZZd) ’ ;
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APPENDIX D
CODES FOR CONVECTIVE DIFFUSION IMPEDANCE WITH HOMOGENEOUS

REACTION

This appendix contains the different FORTRAN codes that produced the results

for the solution of the convective-diffusion equation with homogeneous reaction. This

appendix also has the Matlab codes to plot the steady-state results, to plot a polarization

curve from the steady state results and a code to create the impedance from the results of

the oscillating FORTRAN code.

D.1 Input for Convective Diffusion Impedance with Homogeneous Reactions
Code

The following codes are the input files for the convective diffusion equation with

homogeneous reaction. The input files are broken into two files. The first input file has

all the input parameters except the input potential. The input code has the number of

species being solved, the total number of points, the number of points until the coupler,

the distance of the reaction region in cm, the distance of the inner layer in cm. The input

file also includes the rotation speed of the rotating disk, in RPM, and the kinematic

viscosity of the solution, in cm2/s. The rate constants in the input file are the equilibrium

rate of the homogeneous reaction, in mol/cm3, the backward rate of the homogeneous

reaction, in cm3/mol · s, the rate constant for the heterogeneous reaction of the reacting

species, and the tafel kinetics value for the heterogeneous reaction. The input file includes

the error allowed for the BIG values, which is discussed in section 2.2.2. And the end

of the input file has the specific values to describe each species in the system, including

diffusion coefficients in cm2/s, the charge, a character name, and the concentration value

in the bulk in mol/cm3. The second input file contain the potential, in volts, used in the

heterogeneous reaction. The potential is in it’s own input file to allow a polarization curve

to be calculated easier.
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1 4
2 12001
3 8001
4 0 .004
5 0 .024
6 2000 .
7 0 .01
8 1 .E−6
9 1 .E7
10 2 .E−12
11 19 .9
12 1 .E−12
13 1 .684E−5 0 . AB 0.01
14 1 .957E−5 −1. A− 0 .0001
15 1 .902E−5 +1. B+ 0.0001
16
17
18 C l i n e 1 i s the number o f s p e c i e s
19 C l i n e 2 i s NJ
20 C l i n e 3 i s KJ, number o f po in t s in the r e a c t i on
21 C l i n e 4 i s the d i s t anc e o f the inner r e a c t i on l ay e r in cm (5um)
22 C l i n e 5 i s the d i s t anc e o f the r e s t o f the inner l ay e r in cm (10um)
23 C l i n e 6 i s the r o t a t i on speed in rpm
24 C l i n e 7 i s the kinemat ic v i s c o s i t y , cmˆ2/ s
25 C l i n e 8 i s the equ i l i b r ium ra t e o f rxn , mol/cmˆ3
26 C l i n e 9 i s the backward ra t e o f r eac t i on , cmˆ3/(mol∗ s )
27 C l i n e 10 i s the ra t e constant f o r the f l u x o f the r e a c t i n g s p e c i e s
28 C l i n e 11 i s the t a f e l b va lue f o r the f l u x o f the r e a c t i n g s p e c i e s
29 C l i n e 12 i s the e r r o r a l lowed f o r the BIGs
30 C l i n e s 13−15 s p e c i f y va lue s used to de s c r i b e each s p e c i e s in the system

Code D.1. Input file for the Convective Diffusion with Homogeneous Reaction

1 −0.5
Code D.2. Potential input file for the Convective Diffusion with Homogeneous Reaction
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D.2 Steady-State Convective Diffusion Impedance with Homogeneous
Reactions Code

This section contains the steady-state FORTRAN codes used to solve the convective

diffusion equation with a homogeneous reaction. The mathematical workup for these

codes are in Chapter 4. The FORTRAN codes are followed by two Matlab codes. The first

Matlab code takes the output from the steady-state FORTRAN code and plots the data.

The second Matlab code creates a polarization curve by running the executable created

from the FORTRAN code for different input potentials.

The first section in the code, called CONVDIFF, is the main program, which outlines

the global variables and sets up calling files to save over as output files as well as calling

the input files. Then the subroutines that are called in the main program are all shown.

The subroutine VELOCITY creates the velocity profile for the code. It was necessary to

create the velocity profile using the two different mesh sizes, schematically shown in 4-3.

The VELOCITY subroutine also finds the exact value of the velocity at the half mesh

points on either side of the coupler, at J = KJ . The subroutine BC1 solves the boundary

condition at the electrode surface. The subroutines REACTION and INNER solve the

non–linear coupled differential equations using mesh sizes HH and H, respectively. The

subroutine COUPLER, sets the flux at KJ equal using two flux expression equations.

The mathematics behind the coupler are discussed in chapter 4 section ??. Finally the

subroutine BCNJ solves the boundary condition in the bulk. BAND and MATINV, in A,

are called in order to solve the steady-state solution.
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Code D.3. Steady State Convective Diffusion with Homogeneous Reaction Main Program

1 C Convective D i f f u s i on Equation with Homogeneous Reaction
2 C 3 s p e c i e s system
3 C SPECIES 1 = AB, SPECIES 2 = A−, SPECIES 3 = B+
4 C Spec i e s 3 i s the r e a c t i n g s p e c i e s
5 C This i s the steady s t a t e s o l u t i o n only
6 C I t should be ran p r i o r to cdh os . f o r
7 C The input f i l e i s the same f o r both
8
9 PROGRAM CONVDIFF
10 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
11 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
12 COMMON/NSN/ N, NJ
13 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
14 COMMON/BCI/ VEL1, FLUX
15 COMMON/VET/ VEL(100001) , Y1 , VELH12, VELHH12
16 COMMON/VETT/ VELNEARH(100001) ,VELFARH(100001) ,FVELH(100001)
17 COMMON/VEKK/ VELNEARHH(100001) ,VELFARHH(100001) ,FVELHH(100001)
18 COMMON/EXTRA/ Z(6) ,REF(6)
19 COMMON/BUL/ CBULK(6) , JCOUNT
20 COMMON/RTE/ rateb , e q u i l i b
21
22 CHARACTER REF∗6
23
24 102 FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)
25 103 FORMAT ( ’ Error=’ ,E16 . 6/ (1X, ’ Spec i e s=’ ,A6, 2X, ’C at E lec t rode=’ ,
26 1 E12 . 5 , 2X, ’C at Bulk=’ ,E12 . 5 ) )
27 104 FORMAT (A6)
28 105 FORMAT (E12 . 7 )
29 333 FORMAT (4x , ’AB’ 12x , ’A− ’ ,12x , ’B+’ , 12x , ’RXN’ )
30 300 FORMAT (20x , ’G(1) ’ 14x , ’G(2) ’ ,14x , ’G(3) ’ , 14x , ’RXN’ )
31 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
32 334 FORMAT (4(E25 .15 , 5X) )
33 302 FORMAT ( ’ I t e r a t i o n=’ I4 )
34 305 FORMAT (E20 .12 , 3X, E20 . 12 , 3X, E20 . 12 , 3X, E20 . 1 2 )
35
36 OPEN(UNIT=13, FILE=’ cdh out . txt ’ )
37 CLOSE(UNIT=13, STATUS=’DELETE’ )
38 OPEN(UNIT=13, FILE=’ cdh out . txt ’ )
39
40 OPEN(UNIT=16, FILE=’VEL. txt ’ )
41 CLOSE(UNIT=16, STATUS=’DELETE’ )
42 OPEN(UNIT=16, FILE=’VEL. txt ’ )
43
44 OPEN(12 ,FILE=’ cdh G out . txt ’ )
45 CLOSE(12 , STATUS=’DELETE’ )
46 OPEN(12 , FILE=’ cdh G out . txt ’ )
47 WRITE(12 ,300)
48
49 OPEN(UNIT=17, FILE=’VEL12 . txt ’ )
50 CLOSE(UNIT=17, STATUS=’DELETE’ )
51 OPEN(UNIT=17, FILE=’VEL12 . txt ’ )
52
53 OPEN(14 , f i l e=’ cdh in . txt ’ , s t a tu s=’ o ld ’ )
54 READ(14 ,∗ ) N,NJ ,KJ,Y1 ,Y2 ,RPM,ANU, equ i l i b , rateb ,AKB,BB,EBIG
55 READ(14 ,∗ ) (DIFF( I ) ,Z( I ) ,REF( I ) ,CBULK( I ) , I =1 ,(N−1) )
56
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57 OPEN(11 , f i l e=’ p o t e n t i a l i n . txt ’ , s t a tu s=’ o ld ’ )
58 READ(11 ,∗ ) V
59
60 C Constants
61 F=96487.
62 ROT=RPM∗2∗3.141592653589793/60
63 PRINT ∗ , ’ROT=’ , ROT
64 C H=(ANU/ROT) ∗ ∗ ( 1 . / 2 . ) ∗ ( 3 .∗DIFF(3) /(0 .51023∗ANU) ) ∗ ∗ ( 1 . / 3 . )
65 C 1 ∗1 .00E−3
66
67 PRINT ∗ , ’Y2=’ , Y2
68 H=Y2/(NJ−KJ)
69 PRINT ∗ , ’H=’ , H
70
71 PRINT ∗ , ’Y1=’ , Y1
72 HH=Y1/(KJ−1)
73 PRINT ∗ , ’HH=’ , HH
74
75 DELTA=(ANU/ROT) ∗ ∗ ( 1 . / 2 . ) ∗ ( 3 .∗DIFF(3) /(0 .51023∗ANU) ) ∗ ∗ ( 1 . / 3 . ) ∗5
76 PRINT ∗ , ’DELTA=’ , DELTA
77
78 OPEN(15 ,FILE=’ cdh s sva l u e s ou t . txt ’ )
79 CLOSE(15 , STATUS=’DELETE’ )
80 OPEN(15 , FILE=’ cdh s sva l u e s ou t . txt ’ )
81 337 FORMAT ( I2 / I7 / I7 /E15 .8/E15 .8/E15 .8/E15 .8/E15 .8/E15 .4/E15 .4/E15 . 4 )
82 wr i t e (15 ,337) N,NJ ,KJ,H,HH,RPM, ANU,DIFF(3) ,AKB,BB,V
83
84 c CALL THE SUBROUTINE TO CALCULATE THE VELOCITY
85 CALL VELOCITY (ROT, ANU)
86 OPEN(17 ,FILE=’VEL12 . txt ’ )
87 CLOSE(17 , STATUS=’DELETE’ )
88 OPEN(17 , FILE=’VEL12 . txt ’ )
89 338 FORMAT (E20 .13/E20 . 1 3 )
90 wr i t e (17 ,338) VELH12, VELHH12
91
92 C Create f l u x o f the r e a c t i n g s p e c i e s cons tant s
93 FLUX=−AKB∗exp(−BB∗V)/F/Z(3)
94 PRINT ∗ , ’FLUX=’ , FLUX
95
96 DO 21 J=1,NJ
97 DO 21 I=1,N−1
98 C( I , J )=0.0
99 21 CONC( I , J )=CBULK( I )
100 JCOUNT=0
101 TOL=1.E−15∗N∗NJ/1000
102 PRINT ∗ , ’TOL=’ , TOL
103 22 JCOUNT=JCOUNT+1
104 AMP=0.0
105 J=0
106 DO 23 I=1,N
107 DO 23 K=1,N
108 Y( I ,K)=0.0
109 23 X( I ,K)=0.0
110 24 J=J+1
111 DO 25 I=1,N
112 G( I )=0.0
113 DO 25 K=1,N
114 A( I ,K)=0.0
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115 B( I ,K)=0.0
116 25 D( I ,K)=0.0
117
118 IF ( J .EQ. 1 ) CALL BC1(J )
119 IF ( J .GT.1 .AND. J .LT.KJ) CALL REACTION(J )
120 IF ( J .EQ.KJ) CALL COUPLER(J )
121 IF ( J .GT.KJ .AND. J .LT.NJ) CALL INNER(J )
122 IF ( J .EQ.NJ) CALL BCNJ(J )
123 CALL BAND(J )
124
125 AMP=AMP+DABS(G(1) )+DABS(G(2) )+DABS(G(3) )+DABS(G(4) )
126
127 IF ( J .LT.NJ) GO TO 24
128
129 PRINT ∗ , ’ERROR=’ , AMP
130
131 DO 16 K=1,NJ
132 RXN(K)=RXN(K)+C(4 ,K)
133 DO 16 I=1,N−1
134 IF (C( I ,K) .LT.−0.999∗CONC( I ,K) ) C( I ,K)=−0.999∗CONC( I ,K)
135 IF (C( I ,K) .GT. 999 .∗CONC( I ,K) ) C( I ,K)= 999 .∗CONC( I ,K)
136 CONC( I ,K)=CONC( I ,K)+C( I ,K)
137 16 CONTINUE
138
139 WRITE(12 ,302) (JCOUNT)
140
141 c I f the e r r o r i s l e s s then the to l e rance , f i n i s h program
142 IF (DABS(AMP) .LT.DABS(TOL) ) GO TO 15
143
144 c I f the e r r o r i s g r e a t e r then to l e rance , do another i t e r a t i o n
145 33 IF (JCOUNT.LE. 1 9 ) GO TO 22
146 pr i n t 102
147
148 15 PRINT 103 , AMP, (REF( I ) ,CONC( I , 1 ) ,CONC( I ,NJ) , I=1,N−1)
149
150 PRINT ∗ , ’JCOUNT=’ ,JCOUNT
151
152 DO 19 J=1,NJ
153 BIG=RXN(J )
154 BIG2=1.0E−40
155 19 IF (ABS(BIG) .LE.BIG2) RXN(J )=0.0
156
157 DO 18 J=1,NJ
158 DO 18 I=1,N−1
159 BIG=CONC( I , J )
160 BIG2=1.0E−40
161 18 IF (ABS(BIG) .LE.BIG2) CONC( I , J )=0.0
162
163 WRITE(13 ,334) (CONC(1 , J ) ,CONC(2 , J ) ,CONC(3 , J ) ,RXN(J ) , J=1,NJ)
164
165 END PROGRAM CONVDIFF
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Code D.4. Steady-State Convective Diffusion with Homogeneous Reaction Subroutine to

Create the Velocity Profile

1 SUBROUTINE VELOCITY (ROT, ANU)
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/NSN/ N, NJ
4 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
5 COMMON/VET/ VEL(100001) , Y1 , VELH12, VELHH12
6 COMMON/VETT/ VELNEARH(100001) ,VELFARH(100001) ,FVELH(100001)
7 COMMON/VEKK/ VELNEARHH(100001) ,VELFARHH(100001) ,FVELHH(100001)
8 COMMON/BCI/ VEL1, FLUX
9
10 305 FORMAT (E20 .12 , 3X, E20 . 12 , 3X, E20 . 12 , 3X, E20 . 1 2 )
11
12 C Create a term f o r ( ro t /nu) ˆ(1/2)
13 ROTNU=(ROT/ANU) ∗ ∗ ( 1 . / 2 . )
14 PRINT ∗ , ’ROTNU=’ , ROTNU
15 c Create term f o r 2∗A/c , in term 2 o f expansion
16 FAR2=2∗0.92486353/0.88447411
17 c Create term f o r (Aˆ2+Bˆ2) /2∗ c ˆ2 , in term 3 o f expansion
18 FAR3=(0.92486353∗∗2.+1.20221175∗∗2.) / ( 2 .∗0 . 88447411∗∗3 . )
19 c Create term f o r A(Aˆ2+Bˆ2) /6∗ c ˆ5 , in term 4 o f expansion
20 FAR4=0.92486353∗(0 .92486353∗∗2.+1.20221175∗∗2.) /
21 1 (6 .∗0 . 88447411∗∗5 . )
22 C Create a term f o r ( ro t ∗nu) ˆ(1/2)
23 ROTNU2=(ROT∗ANU) ∗ ∗ ( 1 . / 2 . )
24
25
26 C CREATE VELOCITY PROFILE
27 DO 221 I=1,KJ
28 VELNEARHH( I )=−ROT∗ ∗ ( 3 . / 2 . ) ∗0.510232618867∗(HH∗( I−1) ) ∗∗2/ANU∗∗ ( . 5 )
29 1 +( (1 . /3 . ) ∗(HH∗( I−1) ) ∗∗3 .∗ROT∗∗2/ANU)
30 2 +((−0.615922014399/6.) ∗(HH∗( I−1) ) ∗∗4 .∗ROT∗∗ ( 2 . 5 ) /(ANU∗∗ ( 1 . 5 ) ) )
31 VELFARHH( I )=−ROTNU2∗0.88447411
32 1 +ROTNU2∗FAR2∗EXP(−0.88447411∗(HH∗( I−1) ) ∗ROTNU)
33 2 −ROTNU2∗FAR3∗EXP(−2∗0.88447411∗(HH∗( I−1) ) ∗ROTNU)
34 3 +ROTNU2∗FAR4∗EXP(−3∗0.88447411∗(HH∗( I−1) ) ∗ROTNU)
35 FVELHH( I )=1/(1+(EXP(−20∗ROTNU∗ ( ( (HH∗( I−1) ) −1.25∗(1/ROTNU) ) ) ) ) )
36 VEL( I )=((1−FVELHH( I ) ) ∗VELNEARHH( I ) )+(FVELHH( I ) ∗VELFARHH( I ) )
37 221 CONTINUE
38
39 VEL(1) =0.
40 VEL1=(0.5) ∗VEL(2)
41 C PRINT ∗ , ’VEL1= ’ , VEL1
42 WRITE(16 ,305) (VELNEARHH( I ) ,VELFARHH( I ) ,FVELHH( I ) ,VEL( I ) , I=1,KJ)
43
44 C CREATE VELOCITY PROFILE
45 DO 222 I =1 ,(NJ−KJ)+1
46 VELNEARH( I )=−ROT∗ ∗ ( 3 . / 2 . ) ∗0.510232618867∗(Y1+(H∗( I ) ) ) ∗∗2/ANU∗∗ ( . 5 )
47 1 +( (1 . /3 . ) ∗(Y1+(H∗( I ) ) ) ∗∗3 .∗ROT∗∗2/ANU)
48 2 +((−0.615922014399/6.) ∗(Y1+(H∗( I ) ) ) ∗∗4 .∗ROT∗∗ ( 2 . 5 ) /(ANU∗∗ ( 1 . 5 ) ) )
49 VELFARH( I )=−ROTNU2∗0.88447411
50 1 +ROTNU2∗FAR2∗EXP(−0.88447411∗(Y1+(H∗( I ) ) ) ∗ROTNU)
51 2 −ROTNU2∗FAR3∗EXP(−2∗0.88447411∗(Y1+(H∗( I ) ) ) ∗ROTNU)
52 3 +ROTNU2∗FAR4∗EXP(−3∗0.88447411∗(Y1+(H∗( I ) ) ) ∗ROTNU)
53 FVELH( I )=1/(1+(EXP(−20∗ROTNU∗ ( ( (Y1+(H∗( I ) ) ) −1.25∗(1/ROTNU) ) ) ) ) )
54 VEL(KJ+I )=((1−FVELH( I ) ) ∗VELNEARH( I ) )+(FVELH( I ) ∗VELFARH( I ) )
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55 222 CONTINUE
56
57 WRITE(16 ,305) (VELNEARH( I−KJ) ,VELFARH( I−KJ) ,FVELH( I−KJ) ,
58 1 VEL( I ) , I=KJ+1,NJ)
59
60 VELNEARHH12=−ROT∗ ∗ ( 3 . / 2 . ) ∗0.510232618867∗(HH∗(FLOAT(KJ) −1.5) ) ∗∗2
61 1 /ANU∗∗ ( . 5 )
62 1 +( (1 . /3 . ) ∗(HH∗(FLOAT(KJ) −1.5) ) ∗∗3 .∗ROT∗∗2/ANU)
63 2 +((−0.615922014399/6.) ∗(HH∗(FLOAT(KJ) −1.5) ) ∗∗4 .∗ROT∗∗ ( 2 . 5 ) /
64 3 (ANU∗∗ ( 1 . 5 ) ) )
65 VELFARHH12=−ROTNU2∗0.88447411
66 1 +ROTNU2∗FAR2∗EXP(−0.88447411∗(HH∗(FLOAT(KJ) −1.5) ) ∗ROTNU)
67 2 −ROTNU2∗FAR3∗EXP(−2∗0.88447411∗(HH∗(FLOAT(KJ) −1.5) ) ∗ROTNU)
68 3 +ROTNU2∗FAR4∗EXP(−3∗0.88447411∗(HH∗(FLOAT(KJ) −1.5) ) ∗ROTNU)
69 FVELHH12=1./(1.+(EXP(−20.∗ROTNU∗ ( ( (HH∗(FLOAT(KJ) −1.5) )−
70 1 1 .25∗ (1/ROTNU) ) ) ) ) )
71 VELHH12=((1.−FVELHH12) ∗VELNEARHH12)+(FVELHH12∗VELFARHH12)
72 VELHH122=(VEL(KJ)+VEL(KJ−1) ) /2 .
73 PRINT ∗ , ’VELHH122=’ , VELHH122
74 PRINT ∗ , ’HH∗(FLOAT(KJ)−1.5 ’ , HH∗(FLOAT(KJ) −1.5)
75
76 VELNEARH12=−ROT∗ ∗ ( 3 . / 2 . ) ∗ .510232618867∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗∗2/ANU∗∗ ( . 5 )
77 1 +( (1 . /3 . ) ∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗∗3 .∗ROT∗∗2/ANU)
78 2 +((−0.615922014399/6.) ∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗∗4 .∗ROT∗∗ ( 2 . 5 ) /
79 3 (ANU∗∗ ( 1 . 5 ) ) )
80 VELFARH12=−ROTNU2∗0.88447411
81 1 +ROTNU2∗FAR2∗EXP(−0.88447411∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗ROTNU)
82 2 −ROTNU2∗FAR3∗EXP(−2∗0.88447411∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗ROTNU)
83 3 +ROTNU2∗FAR4∗EXP(−3∗0.88447411∗(Y1+(H∗ ( 0 . 5 ) ) ) ∗ROTNU)
84 FVELH12=1/(1+(EXP(−20∗ROTNU∗ ( ( (Y1+(H∗ ( 0 . 5 ) ) ) −1.25∗(1/ROTNU) ) ) ) ) )
85 VELH12=((1−FVELH12) ∗VELNEARH12)+(FVELH12∗VELFARH12)
86 VELH122=(VEL(KJ)+VEL(KJ+1) ) /2 .
87 PRINT ∗ , ’VELH122=’ , VELH122
88 PRINT ∗ , ’Y1+(H∗ ( 0 . 5 ) ’ , Y1+(H∗ ( 0 . 5 ) )
89
90 PRINT ∗ , ’VELKJ=’ , VEL(KJ)
91
92 RETURN
93 END
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Code D.5. Steady-State Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE BC1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
4 COMMON/NSN/ N, NJ
5 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
6 COMMON/BCI/ VEL1, FLUX
7 COMMON/RTE/ rateb , e q u i l i b
8
9 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
10
11 C For AB non r e a c t i n g s p e c i e s
12 G(1) =2.∗DIFF(1) ∗(CONC(1 , J+1)−CONC(1 , J ) ) /HH∗∗2 .
13 1 −VEL1/HH∗(CONC(1 , J+1)−CONC(1 , J ) )
14 2 −(3.∗RXN(J )+RXN(J+1) ) /4 .
15 B(1 , 1 ) =2.∗DIFF(1) /HH∗∗2.−VEL1/HH
16 D(1 , 1 )=−2.∗DIFF(1) /HH∗∗2.+VEL1/HH
17 B(1 , 4 )=+0.75
18 D(1 , 4 )=+0.25
19
20 BIG=ABS(2 .∗DIFF(1) ∗(CONC(1 , J+1) ) /HH∗∗2 . )
21 BIG2=ABS(2 .∗DIFF(1) ∗CONC(1 , J ) /HH∗∗2 . )
22 IF (BIG2 .GT.BIG) BIG=BIG2
23 BIG3=ABS(VEL1/HH∗CONC(1 , J+1) )
24 IF (BIG3 .GT.BIG) BIG=BIG3
25 BIG4=ABS(VEL1/HH∗CONC(1 , J ) )
26 IF (BIG4 .GT.BIG) BIG=BIG4
27 IF (ABS(−3.∗RXN(J ) /4 . ) .GT.BIG) BIG=ABS(−3.∗RXN(J ) /4 . )
28 IF (ABS(−RXN(J+1) /4 . ) .GT.BIG) BIG=ABS(−RXN(J+1) /4 . )
29 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
30
31 C For A+ non r e a c t i n g s p e c i e s
32 G(2) =2.∗DIFF(2) ∗(CONC(2 , J+1)−CONC(2 , J ) ) /HH∗∗2 .
33 1 −VEL1/HH∗(CONC(2 , J+1)−CONC(2 , J ) )
34 2 +(3.∗RXN(J )+RXN(J+1) ) /4 .
35 B(2 , 2 ) =2.∗DIFF(2) /HH∗∗2.−VEL1/HH
36 D(2 , 2 )=−2.∗DIFF(2) /HH∗∗2.+VEL1/HH
37 B(2 , 4 )=−0.75
38 D(2 , 4 )=−0.25
39
40 BIG=ABS(2 .∗DIFF(2) ∗(CONC(2 , J+1) ) /HH∗∗2 . )
41 BIG2=ABS(2 .∗DIFF(2) ∗CONC(2 , J ) /HH∗∗2 . )
42 IF (BIG2 .GT.BIG) BIG=BIG2
43 BIG3=ABS(VEL1/HH∗CONC(2 , J+1) )
44 IF (BIG3 .GT.BIG) BIG=BIG3
45 BIG4=ABS(VEL1/HH∗CONC(2 , J ) )
46 IF (BIG4 .GT.BIG) BIG=BIG4
47 IF (ABS(−3.∗RXN(J ) /4 . ) .GT.BIG) BIG=ABS(−3.∗RXN(J ) /4 . )
48 IF (ABS(−RXN(J+1) /4 . ) .GT.BIG) BIG=ABS(−RXN(J+1) /4 . )
49 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
50
51 C For B− r e a c t i n g s p e c i e s
52 G(3) =2.∗DIFF(3) ∗(CONC(3 , J+1)−CONC(3 , J ) ) /HH∗∗2 .
53 1 −VEL1/HH∗(CONC(3 , J+1)−CONC(3 , J ) )
54 2 +FLUX∗CONC(3 , J ) /(HH/2 . )
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55 3 +(3.∗RXN(J )+RXN(J+1) ) /4 .
56 B(3 , 3 ) =2.∗DIFF(3) /HH∗∗2.−VEL1/HH−FLUX/(HH/2 . )
57 D(3 , 3 )=−2.∗DIFF(3) /HH∗∗2.+VEL1/HH
58 B(3 , 4 )=−0.75
59 D(3 , 4 )=−0.25
60
61 BIG=ABS(2 .∗DIFF(3) ∗(CONC(3 , J+1) ) /HH∗∗2 . )
62 BIG2=ABS(2 .∗DIFF(3) ∗CONC(3 , J ) /HH∗∗2 . )
63 IF (BIG2 .GT.BIG) BIG=BIG2
64 BIG3=ABS(VEL1/HH∗CONC(3 , J+1) )
65 IF (BIG3 .GT.BIG) BIG=BIG3
66 BIG4=ABS(VEL1/HH∗CONC(3 , J ) )
67 IF (BIG4 .GT.BIG) BIG=BIG4
68 BIG5=ABS(−FLUX∗CONC(3 , J ) /(HH/2 . ) )
69 IF (BIG5 .GT.BIG) BIG=BIG5
70 IF (ABS(−3.∗RXN(J ) /4 . ) .GT.BIG) BIG=ABS(−3.∗RXN(J ) /4 . )
71 IF (ABS(−RXN(J+1) /4 . ) .GT.BIG) BIG=ABS(−RXN(J+1) /4 . )
72 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
73
74 C For Reaction term
75 IF ( rateb .EQ. 0 ) GO TO 214
76 EPS=RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
77 IF (ABS(EPS) .GT. 0 . 2 ) GO TO 214
78
79 REM=LOG(1.+EPS)
80 IF (ABS(REM) .LT. 1 . 0E−09)REM=EPS∗(1.−EPS∗(.5−EPS∗(1./3.−EPS/4 . ) ) )
81
82 G(4)=LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) )−REM
83 B(4 , 1 )=−1./CONC(1 , J )
84 B(4 , 2 )=−((RXN(J ) /( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗∗2 . ) ) ∗
85 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(2 , J )
86 B(4 , 3 )=−((RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ∗∗2 . ) ) ∗
87 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(3 , J )
88 B(4 , 4 ) =1./( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗
89 1 (1.+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) )
90
91 BIG=ABS(REM)
92 BIG2=ABS(LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) ) )
93 IF (BIG2 .GT.BIG) BIG=BIG2
94 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
95 GO TO 212
96
97 214 G(4)=−RXN(J )+rateb ∗( e q u i l i b ∗CONC(1 , J )−CONC(2 , J ) ∗CONC(3 , J ) )
98 B(4 , 1 )=−rateb ∗ e q u i l i b
99 B(4 , 2 )=rateb ∗CONC(3 , J )
100 B(4 , 3 )=rateb ∗CONC(2 , J )
101 B(4 , 4 ) =1.
102
103 BIG=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
104 BIG2=ABS( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
105 IF (BIG2 .GT.BIG) BIG=BIG2
106 BIG3=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
107 IF (BIG3 .GT.BIG) BIG=BIG3
108 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
109 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
110 CONTINUE
111
112 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
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113 RETURN
114 END
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Code D.6. Steady State Convective Diffusion with Homogeneous Reaction Subroutine for

the Reaction Region

1 SUBROUTINE REACTION(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
4 COMMON/NSN/ N, NJ
5 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
6 COMMON/RTE/ rateb , e q u i l i b
7 COMMON/VET/ VEL(100001) , Y1 , VELH12, VELHH12
8 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
9
10 C For AB
11 G(1)=DIFF(1) ∗(CONC(1 , J+1)−2.∗CONC(1 , J )+CONC(1 , J−1) ) /HH∗∗2 .
12 1 −VEL(J ) ∗(CONC(1 , J+1)−CONC(1 , J−1) ) / ( 2 .∗HH)−RXN(J )
13 B(1 , 1 ) =2.∗DIFF(1) /HH∗∗2 .
14 D(1 , 1 )=−DIFF(1) /HH∗∗2.+VEL(J ) / (2 .∗HH)
15 A(1 , 1 )=−DIFF(1) /HH∗∗2.−VEL(J ) / (2 .∗HH)
16 B(1 , 4 )=+1.
17 BIG=ABS(DIFF(1) ∗CONC(1 , J+1)/HH∗∗2 . )
18 BIG2=ABS(−1.∗DIFF(1) ∗2 .∗CONC(1 , J ) /HH∗∗2 . )
19 IF (BIG2 .GT.BIG) BIG=BIG2
20 BIG3=ABS(DIFF(1) ∗CONC(1 , J−1)/HH∗∗2 . )
21 IF (BIG3 .GT.BIG) BIG=BIG3
22 BIG4=ABS(−1.∗VEL(J ) ∗CONC(1 , J+1) / (2 .∗HH) )
23 IF (BIG4 .GT.BIG) BIG=BIG4
24 BIG5=ABS(VEL(J ) ∗CONC(1 , J−1) / (2 .∗HH) )
25 IF (BIG5 .GT.BIG) BIG=BIG5
26 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
27 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
28
29 C For A−
30 G(2)=DIFF(2) ∗(CONC(2 , J+1)−2.∗CONC(2 , J )+CONC(2 , J−1) ) /HH∗∗2 .
31 1 −VEL(J ) ∗(CONC(2 , J+1)−CONC(2 , J−1) ) / ( 2 .∗HH)+RXN(J )
32 B(2 , 2 ) =2.∗DIFF(2) /HH∗∗2 .
33 D(2 , 2 )=−DIFF(2) /HH∗∗2.+VEL(J ) / (2 .∗HH)
34 A(2 , 2 )=−DIFF(2) /HH∗∗2.−VEL(J ) / (2 .∗HH)
35 B(2 , 4 )=−1.
36 BIG=ABS(DIFF(2) ∗CONC(2 , J+1)/HH∗∗2 . )
37 BIG2=ABS(−1.∗DIFF(2) ∗2 .∗CONC(2 , J ) /HH∗∗2 . )
38 IF (BIG2 .GT.BIG) BIG=BIG2
39 BIG3=ABS(DIFF(2) ∗CONC(2 , J−1)/HH∗∗2 . )
40 IF (BIG3 .GT.BIG) BIG=BIG3
41 BIG4=ABS(−1.∗VEL(J ) ∗CONC(2 , J+1) / (2 .∗HH) )
42 IF (BIG4 .GT.BIG) BIG=BIG4
43 BIG5=ABS(VEL(J ) ∗CONC(2 , J−1) / (2 .∗HH) )
44 IF (BIG5 .GT.BIG) BIG=BIG5
45 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
46 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
47
48 C For B− The r e a c t i n g s p e c i e s
49 G(3)=DIFF(3) ∗(CONC(3 , J+1)−2.∗CONC(3 , J )+CONC(3 , J−1) ) /HH∗∗2 .
50 1 −VEL(J ) ∗(CONC(3 , J+1)−CONC(3 , J−1) ) / ( 2 .∗HH)+RXN(J )
51 B(3 , 3 )=2∗DIFF(3) /HH∗∗2 .
52 D(3 , 3 )=−DIFF(3) /HH∗∗2.+VEL(J ) / (2 .∗HH)
53 A(3 , 3 )=−DIFF(3) /HH∗∗2.−VEL(J ) / (2 .∗HH)
54 B(3 , 4 )=−1.
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55 BIG=ABS(DIFF(3) ∗CONC(3 , J+1)/HH∗∗2 . )
56 BIG2=ABS(−1.∗DIFF(3) ∗2 .∗CONC(3 , J ) /HH∗∗2 . )
57 IF (BIG2 .GT.BIG) BIG=BIG2
58 BIG3=ABS(DIFF(3) ∗CONC(3 , J−1)/HH∗∗2 . )
59 IF (BIG3 .GT.BIG) BIG=BIG3
60 BIG4=ABS(−1.∗VEL(J ) ∗CONC(3 , J+1) / (2 .∗HH) )
61 IF (BIG4 .GT.BIG) BIG=BIG4
62 BIG5=ABS(VEL(J ) ∗CONC(3 , J−1) / (2 .∗HH) )
63 IF (BIG5 .GT.BIG) BIG=BIG5
64 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
65 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
66
67 C For Reaction term
68 IF ( rateb .EQ. 0 ) GO TO 210
69 EPS=RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
70 IF (ABS(EPS) .GT. 0 . 2 ) GO TO 210
71 REM=LOG(1.+EPS)
72 IF (ABS(REM) .LT. 1 . 0E−09)REM=EPS∗(1.−EPS∗(.5−EPS∗(1./3.−EPS/4 . ) ) )
73 G(4)=LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) )−REM
74 B(4 , 1 )=−1./CONC(1 , J )
75 B(4 , 2 )=−((RXN(J ) /( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗∗2 . ) ) ∗
76 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(2 , J )
77 B(4 , 3 )=−((RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ∗∗2 . ) ) ∗
78 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(3 , J )
79 B(4 , 4 ) =1./( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗
80 1 (1.+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) )
81 BIG=ABS(REM)
82 BIG2=ABS(LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) ) )
83 IF (BIG2 .GT.BIG) BIG=BIG2
84 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
85 GO TO 212
86
87 210 G(4)=−RXN(J )+rateb ∗( e q u i l i b ∗CONC(1 , J )−CONC(2 , J ) ∗CONC(3 , J ) )
88 B(4 , 1 )=−rateb ∗ e q u i l i b
89 B(4 , 2 )=rateb ∗CONC(3 , J )
90 B(4 , 3 )=rateb ∗CONC(2 , J )
91 B(4 , 4 ) =1.
92 BIG=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
93 BIG2=ABS( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
94 IF (BIG2 .GT.BIG) BIG=BIG2
95 BIG3=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
96 IF (BIG3 .GT.BIG) BIG=BIG3
97 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
98 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
99 CONTINUE
100
101 c SAVE G OUT DATA
102 212 DO 11 I=2 ,20
103 11 I f ( I .EQ. J ) WRITE(12 ,301) J , (G(K) ,K=1,N)
104 DO 12 I =100 ,120
105 12 I f ( I .EQ. J ) WRITE(12 ,301) J , (G(K) ,K=1,N)
106 IF ( J .EQ.KJ/2) THEN
107 WRITE(12 ,301) J , (G(K) ,K=1,N)
108 END IF
109 RETURN
110 END
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Code D.7. Steady State Convective Diffusion with Homogeneous Reaction Subroutine for

the Coupler

1 SUBROUTINE COUPLER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
4 COMMON/NSN/ N, NJ
5 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
6 COMMON/RTE/ rateb , e q u i l i b
7 COMMON/VET/ VEL(100001) , Y1 , VELH12, VELHH12
8
9 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
10
11 PRINT ∗ , ’VELH12=’ , VELH12
12 PRINT ∗ , ’VELHH12=’ , VELHH12
13
14 COEFF1H=DIFF(1) /(H)
15 COEFF1HH=DIFF(1) /(HH)
16 COEFF2H=DIFF(2) /(H)
17 COEFF2HH=DIFF(2) /(HH)
18 COEFF3H=DIFF(3) /(H)
19 COEFF3HH=DIFF(3) /(HH)
20
21 PRINT ∗ , ’AB H=’ , H
22 PRINT ∗ , ’AB HH=’ , HH
23 PRINT ∗ , ’ k j=’ , KJ
24
25 C For AB
26 G(1)=COEFF1H∗(CONC(1 , J+1)−CONC(1 , J ) )
27 1 −VELH12∗(CONC(1 , J+1)+CONC(1 , J ) ) /2 .
28 2 +(H/2 . ) ∗(CONC(1 , J+1)+3.∗CONC(1 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
29 3 −(H/2 . ) ∗(RXN(J+1)+3.∗RXN(J ) ) /4 .
30 4 −COEFF1HH∗(CONC(1 , J )−CONC(1 , J−1) )
31 5 +VELHH12∗(CONC(1 , J )+CONC(1 , J−1) ) /2 .
32 6 +(HH/2 . ) ∗(CONC(1 , J−1)+3.∗CONC(1 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
33 7 −(HH/2 . ) ∗(RXN(J−1)+3.∗RXN(J ) ) /4 .
34 B(1 , 1 )=COEFF1H+VELH12/2.−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
35 1 +COEFF1HH−VELHH12/2.−(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
36 D(1 , 1 )=−COEFF1H+VELH12/2.−(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
37 A(1 , 1 )=−COEFF1HH−VELHH12/2.−(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
38 B(1 , 4 )=(H/2 . ) ∗ ( 3 . / 4 . ) +(HH/2 . ) ∗ ( 3 . / 4 . )
39 D(1 , 4 )=(H/2 . ) ∗ ( 1 . / 4 . )
40 A(1 , 4 )=(HH/2 . ) ∗ ( 1 . / 4 . )
41
42 BIG=ABS(COEFF1H∗CONC(1 , J+1) )
43 BIG2=ABS(COEFF1H∗CONC(1 , J ) )
44 IF (BIG2 .GT.BIG) BIG=BIG2
45 BIG3=ABS(−COEFF1HH∗CONC(1 , J ) )
46 IF (BIG3 .GT.BIG) BIG=BIG3
47 BIG4=ABS(−COEFF1HH∗CONC(1 , J−1) )
48 IF (BIG4 .GT.BIG) BIG=BIG4
49 BIG5=ABS( (H/2 . ) ∗(RXN(J+1) /4 . ) )
50 IF (BIG5 .GT.BIG) BIG=BIG5
51 BIG6=ABS( (H/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
52 IF (BIG6 .GT.BIG) BIG=BIG6
53 BIG7=ABS( (HH/2 . ) ∗(RXN(J−1) / 4 . ) )
54 IF (BIG7 .GT.BIG) BIG=BIG7
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55 BIG8=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
56 IF (BIG8 .GT.BIG) BIG=BIG8
57 BIG9=ABS(VELH12∗(CONC(1 , J ) ) / 2 . )
58 IF (BIG9 .GT.BIG) BIG=BIG9
59 BIG10=ABS(VELH12∗(CONC(1 , J+1) ) / 2 . )
60 IF (BIG10 .GT.BIG) BIG=BIG10
61 BIG11=ABS(VELHH12∗(CONC(1 , J−1) ) / 2 . )
62 IF (BIG11 .GT.BIG) BIG=BIG11
63 BIG12=ABS(VELHH12∗(CONC(1 , J ) ) / 2 . )
64 IF (BIG12 .GT.BIG) BIG=BIG12
65 BIG13=ABS( (H/2 . ) ∗CONC(1 , J+1) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . ) )
66 IF (BIG12 .GT.BIG) BIG=BIG13
67 BIG14=ABS( (H/2 . ) ∗3 . / 4 .∗CONC(1 , J ) ∗(VELH12−VEL(J ) ) /(H/2 . ) )
68 IF (BIG12 .GT.BIG) BIG=BIG14
69 BIG15=ABS( (HH/2 . ) ∗CONC(1 , J−1) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . ) )
70 IF (BIG12 .GT.BIG) BIG=BIG15
71 BIG16=ABS( (HH/2 . ) ∗3 . / 4 .∗CONC(1 , J ) ∗(VEL(J )−VELHH12) /(HH/2 . ) )
72 IF (BIG12 .GT.BIG) BIG=BIG16
73 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
74
75 PRINT ∗ , ’A H=’ , H
76 PRINT ∗ , ’A HH=’ , HH
77
78 C For A−
79 G(2)=COEFF2H∗(CONC(2 , J+1)−CONC(2 , J ) )
80 1 −VELH12∗(CONC(2 , J+1)+CONC(2 , J ) ) /2 .
81 2 +(H/2 . ) ∗(CONC(2 , J+1)+3.∗CONC(2 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
82 3 +(H/2 . ) ∗(RXN(J+1)+3.∗RXN(J ) ) /4 .
83 4 −COEFF2HH∗(CONC(2 , J )−CONC(2 , J−1) )
84 5 +VELHH12∗(CONC(2 , J )+CONC(2 , J−1) ) /2 .
85 6 +(HH/2 . ) ∗(CONC(2 , J−1)+3.∗CONC(2 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
86 7 +(HH/2 . ) ∗(RXN(J−1)+3.∗RXN(J ) ) /4 .
87 B(2 , 2 )=COEFF2H+VELH12/2.−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
88 1 +COEFF2HH−VELHH12/2.−(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
89 D(2 , 2 )=−COEFF2H+VELH12/2.−(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
90 A(2 , 2 )=−COEFF2HH−VELHH12/2.−(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
91 B(2 , 4 )=−(H/2 . ) ∗ ( 3 . / 4 . )−(HH/2 . ) ∗ ( 3 . / 4 . )
92 D(2 , 4 )=−(H/2 . ) ∗ ( 1 . / 4 . )
93 A(2 , 4 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
94
95 BIG=ABS(COEFF2H∗CONC(2 , J+1) )
96 BIG2=ABS(COEFF2H∗CONC(2 , J ) )
97 IF (BIG2 .GT.BIG) BIG=BIG2
98 BIG3=ABS(−COEFF2HH∗CONC(2 , J ) )
99 IF (BIG3 .GT.BIG) BIG=BIG3
100 BIG4=ABS(−COEFF2HH∗CONC(2 , J−1) )
101 IF (BIG4 .GT.BIG) BIG=BIG4
102 BIG5=ABS( (H/2 . ) ∗(RXN(J+1) /4 . ) )
103 IF (BIG5 .GT.BIG) BIG=BIG5
104 BIG6=ABS( (H/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
105 IF (BIG6 .GT.BIG) BIG=BIG6
106 BIG7=ABS( (HH/2 . ) ∗(RXN(J−1) / 4 . ) )
107 IF (BIG7 .GT.BIG) BIG=BIG7
108 BIG8=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
109 IF (BIG8 .GT.BIG) BIG=BIG8
110 BIG9=ABS(VELH12∗(CONC(2 , J ) ) / 2 . )
111 IF (BIG9 .GT.BIG) BIG=BIG9
112 BIG10=ABS(VELH12∗(CONC(2 , J+1) ) / 2 . )
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113 IF (BIG10 .GT.BIG) BIG=BIG10
114 BIG11=ABS(VELHH12∗(CONC(2 , J−1) ) / 2 . )
115 IF (BIG11 .GT.BIG) BIG=BIG11
116 BIG12=ABS(VELHH12∗(CONC(2 , J ) ) / 2 . )
117 IF (BIG12 .GT.BIG) BIG=BIG12
118 BIG13=ABS( (H/2 . ) /4 .∗CONC(2 , J+1)∗(VELH12−VEL(J ) ) /(H/2 . ) )
119 IF (BIG12 .GT.BIG) BIG=BIG13
120 BIG14=ABS( (H/2 . ) ∗3 . / 4 .∗CONC(2 , J ) ∗(VELH12−VEL(J ) ) /(H/2 . ) )
121 IF (BIG12 .GT.BIG) BIG=BIG14
122 BIG15=ABS( (HH/2 . ) /4 .∗CONC(2 , J−1)∗(VEL(J )−VELHH12) /(HH/2 . ) )
123 IF (BIG12 .GT.BIG) BIG=BIG15
124 BIG16=ABS( (HH/2 . ) ∗3 . / 4 .∗CONC(2 , J ) ∗(VEL(J )−VELHH12) /(HH/2 . ) )
125 IF (BIG12 .GT.BIG) BIG=BIG16
126 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
127
128 PRINT ∗ , ’B H=’ , H
129 PRINT ∗ , ’B HH=’ , HH
130
131 PRINT ∗ , ’COEFF3H=’ , COEFF3H
132 PRINT ∗ , ’COEFF3HH=’ , COEFF3HH
133 PRINT ∗ , ’DIFF(3)=’ , DIFF(3)
134
135 C For B− The r e a c t i n g s p e c i e s
136 G(3)=COEFF3H∗(CONC(3 , J+1)−CONC(3 , J ) )
137 1 −VELH12∗(CONC(3 , J+1)+CONC(3 , J ) ) /2 .
138 2 +(H/2 . ) ∗(CONC(3 , J+1)+3.∗CONC(3 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
139 3 +(H/2 . ) ∗(RXN(J+1)+3.∗RXN(J ) ) /4 .
140 4 −COEFF3HH∗(CONC(3 , J )−CONC(3 , J−1) )
141 5 +VELHH12∗(CONC(3 , J )+CONC(3 , J−1) ) /2 .
142 6 +(HH/2 . ) ∗(CONC(3 , J−1)+3.∗CONC(3 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
143 7 +(HH/2 . ) ∗(RXN(J−1)+3.∗RXN(J ) ) /4 .
144 B(3 , 3 )=COEFF3H+VELH12/2.−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
145 1 +COEFF3HH−VELHH12/2.−(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
146 D(3 , 3 )=−COEFF3H+VELH12/2.−(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
147 A(3 , 3 )=−COEFF3HH−VELHH12/2.−(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
148 B(3 , 4 )=−(H/2 . ) ∗ ( 3 . / 4 . )−(HH/2 . ) ∗ ( 3 . / 4 . )
149 D(3 , 4 )=−(H/2 . ) ∗ ( 1 . / 4 . )
150 A(3 , 4 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
151
152 BIG=ABS(COEFF3H∗CONC(3 , J+1) )
153 BIG2=ABS(COEFF3H∗CONC(3 , J ) )
154 IF (BIG2 .GT.BIG) BIG=BIG2
155 BIG3=ABS(−COEFF3HH∗CONC(3 , J ) )
156 IF (BIG3 .GT.BIG) BIG=BIG3
157 BIG4=ABS(−COEFF3HH∗CONC(3 , J−1) )
158 IF (BIG4 .GT.BIG) BIG=BIG4
159 BIG5=ABS( (H/2 . ) ∗(RXN(J+1) /4 . ) )
160 IF (BIG5 .GT.BIG) BIG=BIG5
161 BIG6=ABS( (H/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
162 IF (BIG6 .GT.BIG) BIG=BIG6
163 BIG7=ABS( (HH/2 . ) ∗(RXN(J−1) / 4 . ) )
164 IF (BIG7 .GT.BIG) BIG=BIG7
165 BIG8=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(J ) ) / 4 . )
166 IF (BIG8 .GT.BIG) BIG=BIG8
167 BIG9=ABS(VELH12∗(CONC(3 , J ) ) / 2 . )
168 IF (BIG9 .GT.BIG) BIG=BIG9
169 BIG10=ABS(VELH12∗(CONC(3 , J+1) ) / 2 . )
170 IF (BIG10 .GT.BIG) BIG=BIG10
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171 BIG11=ABS(VELHH12∗(CONC(3 , J−1) ) / 2 . )
172 IF (BIG11 .GT.BIG) BIG=BIG11
173 BIG12=ABS(VELHH12∗(CONC(3 , J ) ) / 2 . )
174 IF (BIG12 .GT.BIG) BIG=BIG12
175 BIG13=ABS( (H/2 . ) /4 .∗CONC(3 , J+1)∗(VELH12−VEL(J ) ) /(H/2 . ) )
176 IF (BIG12 .GT.BIG) BIG=BIG13
177 BIG14=ABS( (H/2 . ) ∗3 . / 4 .∗CONC(3 , J ) ∗(VELH12−VEL(J ) ) /(H/2 . ) )
178 IF (BIG12 .GT.BIG) BIG=BIG14
179 BIG15=ABS( (HH/2 . ) /4 .∗CONC(3 , J−1)∗(VEL(J )−VELHH12) /(HH/2 . ) )
180 IF (BIG12 .GT.BIG) BIG=BIG15
181 BIG16=ABS( (HH/2 . ) ∗3 . / 4 .∗CONC(3 , J ) ∗(VEL(J )−VELHH12) /(HH/2 . ) )
182 IF (BIG12 .GT.BIG) BIG=BIG16
183 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
184
185 C For Reaction term
186 IF ( rateb .EQ. 0 ) GO TO 210
187 EPS=RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
188 IF (ABS(EPS) .GT. 0 . 2 ) GO TO 210
189
190 REM=LOG(1.+EPS)
191 IF (ABS(REM) .LT. 1 . 0E−09)REM=EPS∗(1.−EPS∗(.5−EPS∗(1./3.−EPS/4 . ) ) )
192
193 G(4)=LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) )−REM
194 B(4 , 1 )=−1./CONC(1 , J )
195 B(4 , 2 )=−((RXN(J ) /( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗∗2 . ) ) ∗
196 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(2 , J )
197 B(4 , 3 )=−((RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ∗∗2 . ) ) ∗
198 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(3 , J )
199 B(4 , 4 ) =1./( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗
200 1 (1.+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) )
201
202 BIG=ABS(REM)
203 BIG2=ABS(LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) ) )
204 IF (BIG2 .GT.BIG) BIG=BIG2
205 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
206 GO TO 212
207
208 210 G(4)=−RXN(J )+rateb ∗( e q u i l i b ∗CONC(1 , J )−CONC(2 , J ) ∗CONC(3 , J ) )
209 B(4 , 1 )=−rateb ∗ e q u i l i b
210 B(4 , 2 )=rateb ∗CONC(3 , J )
211 B(4 , 3 )=rateb ∗CONC(2 , J )
212 B(4 , 4 ) =1.
213
214 BIG=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
215 BIG2=ABS( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
216 IF (BIG2 .GT.BIG) BIG=BIG2
217 BIG3=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
218 IF (BIG3 .GT.BIG) BIG=BIG3
219 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
220 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
221 CONTINUE
222
223 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
224 RETURN
225 END
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Code D.8. Steady State Convective Diffusion with Homogeneous Reaction Subroutine for

the Inner Region

1 SUBROUTINE INNER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
4 COMMON/NSN/ N, NJ
5 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
6 COMMON/VET/ VEL(100001) , Y1 , VELH12, VELHH12
7 COMMON/RTE/ rateb , e q u i l i b
8
9 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
10 C For AB
11 G(1)=DIFF(1) ∗(CONC(1 , J+1)−2.∗CONC(1 , J )+CONC(1 , J−1) ) /H∗∗2 .
12 1 −VEL(J ) ∗(CONC(1 , J+1)−CONC(1 , J−1) ) / ( 2 .∗H)−RXN(J )
13 B(1 , 1 )=2∗DIFF(1) /H∗∗2
14 D(1 , 1 )=−DIFF(1) /H∗∗2+VEL(J ) / (2 .∗H)
15 A(1 , 1 )=−DIFF(1) /H∗∗2−VEL(J ) / (2 .∗H)
16 B(1 , 4 )=+1.
17
18 BIG=ABS(DIFF(1) ∗CONC(1 , J+1)/H∗∗2 . )
19 BIG2=ABS(−1.∗DIFF(1) ∗2 .∗CONC(1 , J ) /H∗∗2 . )
20 IF (BIG2 .GT.BIG) BIG=BIG2
21 BIG3=ABS(DIFF(1) ∗CONC(1 , J−1)/H∗∗2 . )
22 IF (BIG3 .GT.BIG) BIG=BIG3
23 BIG4=ABS(−1.∗VEL(J ) ∗CONC(1 , J+1) / (2 .∗H) )
24 IF (BIG4 .GT.BIG) BIG=BIG4
25 BIG5=ABS(VEL(J ) ∗CONC(1 , J−1) / (2 .∗H) )
26 IF (BIG5 .GT.BIG) BIG=BIG5
27 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
28
29 C For A−
30 G(2)=DIFF(2) ∗(CONC(2 , J+1)−2.∗CONC(2 , J )+CONC(2 , J−1) ) /H∗∗2 .
31 1 −VEL(J ) ∗(CONC(2 , J+1)−CONC(2 , J−1) ) / ( 2 .∗H)+RXN(J )
32 B(2 , 2 )=2∗DIFF(2) /H∗∗2
33 D(2 , 2 )=−DIFF(2) /H∗∗2+VEL(J ) / (2 .∗H)
34 A(2 , 2 )=−DIFF(2) /H∗∗2−VEL(J ) / (2 .∗H)
35 B(2 , 4 )=−1.
36
37 BIG=ABS(DIFF(2) ∗CONC(2 , J+1)/H∗∗2 . )
38 BIG2=ABS(−1.∗DIFF(2) ∗2 .∗CONC(2 , J ) /H∗∗2 . )
39 IF (BIG2 .GT.BIG) BIG=BIG2
40 BIG3=ABS(DIFF(2) ∗CONC(2 , J−1)/H∗∗2 . )
41 IF (BIG3 .GT.BIG) BIG=BIG3
42 BIG4=ABS(−1.∗VEL(J ) ∗CONC(2 , J+1) / (2 .∗H) )
43 IF (BIG4 .GT.BIG) BIG=BIG4
44 BIG5=ABS(VEL(J ) ∗CONC(2 , J−1) / (2 .∗H) )
45 IF (BIG5 .GT.BIG) BIG=BIG5
46 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
47
48 C For B− The r e a c t i n g s p e c i e s
49 G(3)=DIFF(3) ∗(CONC(3 , J+1)−2∗CONC(3 , J )+CONC(3 , J−1) ) /H∗∗2
50 1 −VEL(J ) ∗(CONC(3 , J+1)−CONC(3 , J−1) ) / ( 2 .∗H)+RXN(J )
51 B(3 , 3 )=2∗DIFF(3) /H∗∗2
52 D(3 , 3 )=−DIFF(3) /H∗∗2+VEL(J ) / (2 .∗H)
53 A(3 , 3 )=−DIFF(3) /H∗∗2−VEL(J ) / (2 .∗H)
54 B(3 , 4 )=−1.
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55
56 BIG=ABS(DIFF(3) ∗CONC(3 , J+1)/H∗∗2 . )
57 BIG2=ABS(−1.∗DIFF(3) ∗2 .∗CONC(3 , J ) /H∗∗2 . )
58 IF (BIG2 .GT.BIG) BIG=BIG2
59 BIG3=ABS(DIFF(3) ∗CONC(3 , J−1)/H∗∗2 . )
60 IF (BIG3 .GT.BIG) BIG=BIG3
61 BIG4=ABS(−1.∗VEL(J ) ∗CONC(3 , J+1) / (2 .∗H) )
62 IF (BIG4 .GT.BIG) BIG=BIG4
63 BIG5=ABS(VEL(J ) ∗CONC(3 , J−1) / (2 .∗H) )
64 IF (BIG5 .GT.BIG) BIG=BIG5
65 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
66
67 C For Reaction term
68 IF ( rateb .EQ. 0 ) GO TO 210
69 EPS=RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
70 C PRINT ∗ , ’EPS2= ’ , EPS
71 IF (ABS(EPS) .GT. 0 . 2 ) GO TO 210
72 REM=LOG(1.+EPS)
73 C PRINT ∗ , ’REM2= ’ , REM
74 IF (ABS(REM) .LT. 1 . 0E−09)REM=EPS∗(1.−EPS∗(.5−EPS∗(1./3.−EPS/4 . ) ) )
75 G(4)=LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) )−REM
76 B(4 , 1 )=−1./CONC(1 , J )
77 B(4 , 2 )=−((RXN(J ) /( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗∗2 . ) ) ∗
78 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(2 , J )
79 B(4 , 3 )=−((RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ∗∗2 . ) ) ∗
80 1 (1 . / (1 .+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1./CONC(3 , J )
81 B(4 , 4 ) =1./( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗
82 1 (1.+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) )
83
84 BIG=ABS(REM)
85 BIG2=ABS(LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) ) )
86 IF (BIG2 .GT.BIG) BIG=BIG2
87 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
88 GO TO 209
89
90 210 G(4)=−RXN(J )+rateb ∗( e q u i l i b ∗CONC(1 , J )−CONC(2 , J ) ∗CONC(3 , J ) )
91 B(4 , 1 )=−rateb ∗ e q u i l i b
92 B(4 , 2 )=rateb ∗CONC(3 , J )
93 B(4 , 3 )=rateb ∗CONC(2 , J )
94 B(4 , 4 ) =1.
95
96 BIG=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
97 BIG2=ABS( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
98 IF (BIG2 .GT.BIG) BIG=BIG2
99 BIG3=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
100 IF (BIG3 .GT.BIG) BIG=BIG3
101 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
102 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
103 CONTINUE
104
105 209 IF ( J .EQ. 2 ) THEN
106 WRITE(12 ,301) J , (G(K) ,K=1,N)
107 ELSE IF (J .EQ. 3 ) THEN
108 WRITE(12 ,301) J , (G(K) ,K=1,N)
109 ELSE IF (J .EQ. (NJ−1) ) THEN
110 WRITE(12 ,301) J , (G(K) ,K=1,N)
111 END IF
112 RETURN

172



113 END
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Code D.9. Steady State Convective Diffusion with Homogeneous Reaction Subroutine for

the Bulk Boundary Condition

1 SUBROUTINE BCNJ(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(4 ,4 ) ,B(4 , 4 ) ,C(4 ,100001) ,D(4 , 9 ) ,G(4) ,X(4 , 4 ) ,Y(4 , 4 )
4 COMMON/NSN/ N, NJ
5 COMMON/VAR/ CONC(3 ,100001) ,RXN(100001) ,DIFF(3) ,H,EBIG, IJ ,KJ,HH
6 COMMON/BUL/ CBULK(6) , JCOUNT
7 COMMON/RTE/ rateb , e q u i l i b
8 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
9
10 29 DO 14 I=1,N−1
11 G( I )=CBULK( I )−CONC( I , J )
12 14 B( I , I ) =1.0
13 DO 121 I=1,N−1
14 IF (ABS(CONC( I , J ) ) .GT.BIG) BIG=ABS(CONC( I , J ) )
15 121 IF (ABS(G( I ) ) .LT.BIG∗EBIG) G( I )=0
16
17 C For Reaction term
18 IF ( rateb .EQ. 0 ) GO TO 207
19 EPS=RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
20 IF (ABS(EPS) .GT. 0 . 2 ) GO TO 207
21 REM=LOG(1.+EPS)
22 IF (ABS(REM) .LT. 1 . 0E−09)REM=EPS∗(1.−EPS∗(.5−EPS∗(1./3.−EPS/4 . ) ) )
23 G(4)=LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) )−REM
24 B(4 , 1 )=−1./CONC(1 , J )
25 B(4 , 2 )=−((RXN(J ) /( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗∗2) ) ∗
26 1 (1/(1+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1/CONC(2 , J )
27 B(4 , 3 )=−((RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ∗∗2) ) ∗
28 1 (1/(1+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) ) )+1/CONC(3 , J )
29 B(4 , 4 ) =1./( rateb ∗CONC(3 , J ) ∗CONC(2 , J ) ∗
30 1 (1.+RXN(J ) /( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) ) ) )
31 BIG=ABS(REM)
32 BIG2=ABS(LOG( e qu i l i b ∗CONC(1 , J ) /CONC(2 , J ) /CONC(3 , J ) ) )
33 IF (BIG2 .GT.BIG) BIG=BIG2
34 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
35 GO TO 206
36
37 207 G(4)=−RXN(J )+rateb ∗( e q u i l i b ∗CONC(1 , J )−CONC(2 , J ) ∗CONC(3 , J ) )
38 B(4 , 1 )=−rateb ∗ e q u i l i b
39 B(4 , 2 )=rateb ∗CONC(3 , J )
40 B(4 , 3 )=rateb ∗CONC(2 , J )
41 B(4 , 4 ) =1.
42 BIG=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
43 BIG2=ABS( rateb ∗CONC(2 , J ) ∗CONC(3 , J ) )
44 IF (BIG2 .GT.BIG) BIG=BIG2
45 BIG3=ABS( rateb ∗ e q u i l i b ∗CONC(1 , J ) )
46 IF (BIG3 .GT.BIG) BIG=BIG3
47 IF (ABS(RXN(J ) ) .GT.BIG) BIG=ABS(RXN(J ) )
48 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
49
50 CONTINUE
51 206 WRITE(12 ,301) J , (G(K) ,K=1,N)
52 PRINT ∗ , ’ITERATION=’ , JCOUNT
53 RETURN
54 END
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Code D.10. Matlab code to plot results from steady-state solutions

1 %Steady State
2 c l c ; c l o s e a l l ; c l e a r a l l ;
3 format longE ;
4
5 %Read constant va lue s used in the Fortran code
6 M = dlmread ( ’ cdh s sva l u e s ou t . txt ’ ) ;
7
8 N=M(1) ;
9 NJ=M(2) ;
10 KJ=M(3) ;
11 H=M(4) ;
12 HH=M(5) ;
13 RPM=M(6) ;
14 ANU=M(7) ;
15 Dif fB=M(8) ;
16 AKB=M(9) ;
17 BB=M(10) ;
18 POT=M(11) ;
19
20 ROT=RPM∗2∗3.141592653589793/60;
21
22 %Read the v e l o c i t y p r o f i l e s t u f f
23 V = dlmread ( ’VEL. txt ’ ) ;
24
25 %Read the steady s t a t e va lue s f o r CB
26 Bss1 = dlmread ( ’ cdh out . txt ’ ) ;
27 Bss=Bss1 ( : , 3 ) ;
28
29 %Other cons tant s
30 F=96487;
31 alpha=0.51023∗ROTˆ ( 3 . / 2 . ) /ANUˆ (0 . 5 ) ;
32
33 %Create r a t e s
34 ee=−BB∗POT;
35 i=−Bss (1 ) ∗AKB∗exp ( ee ) ;
36
37 i 2=−F∗DiffB ∗((−Bss (3 )+4∗Bss (2 )−3∗Bss (1 ) ) /(2∗H) ) ;
38
39 %Create y va lue s f o r p l o t t i n g
40 y=ze ro s (NJ , 1 ) ;
41
42 f a r=HH∗(KJ−1) ;
43 y1=0:HH: f a r ;
44
45 f a r 1=H∗(NJ−KJ) ;
46 y2=y1 (KJ) :H: y1 (KJ)+fa r1 ;
47
48 f o r i =1:KJ−1
49 y ( i )=y1 ( i ) ;
50 end
51 f o r i=KJ:NJ
52 y ( i )=y2 ( i−KJ+1) ;
53 end
54
55 f i g u r e (1 ) %Plot v e l o c i t y
56 p l o t (y ,V( : , 1 ) , ’−b ’ ) ; hold on ;
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57 p l o t (y ,V( : , 2 ) , ’−k ’ ) ;
58 p l o t (y ,V( : , 4 ) , ’−r ’ ) ;
59 %ax i s ( [ 0 y (2 ) ∗10 −1.25 0 . 2 5 ] ) ;
60 t i t l e ( ’ Ve loc i ty P r o f i l e f o r H ’ ) ;
61 x l ab e l ( ’ Length , cm ’ ) ;
62 y l ab e l ( ’ Ve loc i ty , cm/ s ’ ) ;
63
64
65 f i g u r e (3 )
66 p l o t (y , Bss1 ( : , 3 ) , ’−r ’ ) ; hold on ;
67 %ax i s ( [ 0 H∗4000 0 10 .05 e−5]) ;
68 t i t l e ( ’ Steady State Concentrat ion o f B+ away from Elec t rode Sur face ’ ) ;
69 x l ab e l ( ’ Length , cm ’ ) ;
70 y l ab e l ( ’ Concentration , moles /cm3 ’ ) ;
71
72 f i g u r e (4 )
73 p l o t (y , Bss1 ( : , 1 ) , ’−b ’ ) ; hold on ;
74 %p lo t (y , Bss1 ( : , 2 ) , ’−g ’ ) ; hold on ;
75 %ax i s ( [ 0 H∗4000 0 10 .05 e−5]) ;
76 t i t l e ( ’AB Steady State Concentrat ion away from Elec t rode Sur face ’ ) ;
77 x l ab e l ( ’ Length , cm ’ ) ;
78 y l ab e l ( ’ Concentration , moles /cm3 ’ ) ;
79
80 f i g u r e (6 )
81 %p lo t (y , Bss1 ( : , 1 ) , ’−b ’ ) ; hold on ;
82 p l o t (y , Bss1 ( : , 2 ) , ’−g ’ ) ; hold on ;
83 %ax i s ( [ 0 H∗4000 0 10 .05 e−5]) ;
84 t i t l e ( ’A− Steady State Concentrat ion away from Elec t rode Sur face ’ ) ;
85 x l ab e l ( ’ Length , cm ’ ) ;
86 y l ab e l ( ’ Concentration , moles /cm3 ’ ) ;
87
88 f i g u r e (5 )
89 p l o t (y , Bss1 ( : , 4 ) , ’−k ’ ) ; hold on ;
90 t i t l e ( ’ Reaction term away from Elec t rode Sur face ’ ) ;
91 x l ab e l ( ’ Length , cm ’ ) ;
92 y l ab e l ( ’ Rate o f Reaction ’ ) ;
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Code D.11. Matlab code to create and plot polarization curve

1 c l c ; c l o s e a l l ; c l e a r a l l ;
2 format longE ;
3
4 h=0.05; %Step−s i z e
5 V=−2.5:h : −1 . ; %Poten t i a l range
6 Current=length (V) ; %Current to be saved
7
8 f o r k=1: l ength (V) ;
9 f i l e ID = fopen ( ’ p o t e n t i a l i n . txt ’ , ’w ’ ) ;
10 f p r i n t f ( f i l e ID , ’%8.3 f ’ ,V(k ) ) ;
11
12 %Run the executab l e
13 system ( ’ cdh ss . exe ’ )
14 pause ( 0 . 0 1 ) %in seconds
15
16 %Read constant va lue s used in the Fortran code
17 M = dlmread ( ’ cdh s sva l u e s ou t . txt ’ ) ;
18
19 N=M(1) ;
20 NJ=M(2) ;
21 KJ=M(3) ;
22 H=M(4) ;
23 HH=M(5) ;
24 RPM=M(6) ;
25 ANU=M(7) ;
26 Dif fB=M(8) ;
27 AKB=M(9) ;
28 BB=M(10) ;
29 POT=M(11) ;
30
31 ROT=RPM∗2∗3.141592653589793/60;
32
33 %Read the steady s t a t e va lue s f o r CB
34 Bss1 = dlmread ( ’ cdh out . txt ’ ) ;
35 Bss=Bss1 ( : , 3 ) ;
36
37 %Other cons tant s
38 F=96487;
39 alpha=0.51023∗ROTˆ ( 3 . / 2 . ) /ANUˆ (0 . 5 ) ;
40
41 %Create r a t e s
42 ee=−BB∗POT;
43 i=−Bss (1 ) ∗AKB∗exp ( ee ) ;
44
45 i 2=−F∗DiffB ∗((−Bss (3 )+4∗Bss (2 )−3∗Bss (1 ) ) /(2∗H) ) ;
46
47 %Save cur rent name
48 Current ( k )=i ;
49 end
50
51 f i g u r e (1 )
52 p l o t (V, Current , ’−. b ’ ) ; hold on ;
53 t i t l e ( ’ Po l a r i z a t i on Curve ’ ) ;
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D.3 Oscillating Convective Diffusion Impedance with Homogeneous
Reactions Code

This section contains the oscillating FORTRAN codes used to solve the convective

diffusion equation with a homogeneous reaction. It reads the steady-state input file

in order to solve for the oscillating concentrations. The mathematical workup for

these codes are in Chapter 4. The FORTRAN codes are followed a Matlab code that

reads the oscillating concentration of the reacting species and creates the dimensionless

diffusion-impedance.

The first section in the code, called CONVDIFFOSCILLATING, is the main program,

which outlines the global variables and sets up calling files to save over as output files as

well as calling the input files. Then the subroutines that are called in the main program

are all shown. They are the same titled subroutines as the steady state.
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Code D.12. Oscillating Convective Diffusion with Homogeneous Reaction Main Program

1 C Convective D i f f u s i on Equation with Homogeneous Reaction
2 C 3 s p e c i e s system
3 C SPECIES 1 = AB, SPECIES 2 = A−, SPECIES 3 = B+
4 C Spec i e s 3 i s the r e a c t i n g s p e c i e s
5 C This i s the unsteady s t a t e s o l u t i o n that w i l l ev en tua l l y l ead to
6 c the impedance !
7
8 C This should be ran a f t e r cdh ss . f o r
9 C The input f i l e i s the same f o r both o f the se
10
11 PROGRAM CONVDIFFOSCILLATING
12 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
13 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
14 COMMON/NST/ N, NJ
15 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
16 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
17 COMMON/BCI/ VEL1, FLUX, omega
18 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
19 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
20 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
21 COMMON/VEL12/ VELH12, VELHH12
22 CHARACTER REF∗6
23
24 102 FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)
25 103 FORMAT ( ’ Error=’ ,E16 . 6/ (1X, ’ Spec i e s=’ ,A6, 2X, ’Conc at E lec t rode=’ ,
26 1 E12 . 5 , 2X, ’Conc at Bulk=’ ,E12 . 5 ) )
27 334 FORMAT (4(E25 .15 , 5X) )
28 305 FORMAT (E20 .12 , 3X, E20 . 12 , 3X, E20 . 12 , 3X, E20 . 1 2 )
29 335 FORMAT (8(E25 .15 , 5X) )
30 336 FORMAT (1000(E25 . 15 , 1X) )
31 339 FORMAT (1000(E25 . 15 , 1X) )
32 301 FORMAT (5x , ’ J=’ I5 , 8E18 . 9 )
33 302 FORMAT ( ’ I t e r a t i o n=’ I4 )
34
35 C Read input va lue s used in steady s t a t e
36 open (10 , f i l e=’ cdh in . txt ’ , s t a tu s=’ o ld ’ )
37 read (10 ,∗ ) N,NJ ,KJ,Y1 ,Y2 ,RPM,ANU, equ i l i b , rateb ,AKB,BB,EBIG
38 read (10 ,∗ ) (DIFF( I ) ,Z( I ) ,REF( I ) ,CBULK( I ) , I =1 ,(N−1) )
39
40 open (18 , f i l e=’ p o t e n t i a l i n . txt ’ , s t a tu s=’ o ld ’ )
41 read (18 ,∗ ) V
42
43 C Read steady s t a t e va lue s from prev ious f i l e
44 OPEN(UNIT=11, FILE=’ cdh out . txt ’ )
45 READ(11 ,334) (CONCSS(1 , I ) ,CONCSS(2 , I ) ,CONCSS(3 , I ) ,RXNSS( I ) , I=1,NJ)
46
47 C Read v e l o c i t y va lue s from prev ious f i l e
48 OPEN(UNIT=12, FILE=’VEL. txt ’ )
49 READ(12 ,305) (VELNEAR( I ) ,VELFAR( I ) ,FVEL( I ) ,VEL( I ) , I=1,NJ)
50
51 OPEN(UNIT=13, FILE=’ cdh os out . txt ’ )
52 CLOSE(UNIT=13, STATUS=’DELETE’ )
53 OPEN(UNIT=13, FILE=’ cdh os out . txt ’ )
54
55 OPEN(14 ,FILE=’ cdh G out . txt ’ )
56 CLOSE(14 , STATUS=’DELETE’ )
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57 OPEN(14 , FILE=’ cdh G out . txt ’ )
58
59 OPEN(15 ,FILE=’ cdh B out . txt ’ )
60 CLOSE(15 , STATUS=’DELETE’ )
61 OPEN(15 , FILE=’ cdh B out . txt ’ )
62
63 OPEN(16 ,FILE=’ cdh va lue s out . txt ’ )
64 CLOSE(16 , STATUS=’DELETE’ )
65 OPEN(16 , FILE=’ cdh va lue s out . txt ’ )
66
67 OPEN(17 ,FILE=’ k va lu e s ou t . txt ’ )
68 CLOSE(17 , STATUS=’DELETE’ )
69 OPEN(17 , FILE=’ k va lu e s ou t . txt ’ )
70
71 C Constants
72 F=96487.
73 ROT=RPM∗2∗3.141592653589793/60
74
75 PRINT ∗ , ’Y2=’ , Y2
76 H=Y2/(NJ−KJ)
77 PRINT ∗ , ’H=’ , H
78
79 PRINT ∗ , ’Y1=’ , Y1
80 HH=Y1/(KJ−1)
81 PRINT ∗ , ’HH=’ , HH
82
83 C Create f l u x o f the r e a c t i n g s p e c i e s cons tant s
84 FLUX=−AKB∗exp(−BB∗V)/F/Z(3)
85 PRINT ∗ , ’FLUX=’ , FLUX
86
87 C Create charge t r a n s f e r r e s i s t a n c e
88 RTB=1/(AKB∗BB∗CONCSS(3 , 1 ) ∗EXP(−BB∗V) )
89 PRINT ∗ , ’ Charge Trans fe r Res i s tance=’ , RTB
90
91 C Create de l t a
92 de l t a =(3.∗DIFF(3) / .51023/ANU) ∗ ∗ ( 1 . / 3 . ) ∗(ANU/ROT) ∗ ∗ ( 1 . / 2 . )
93
94 N=2∗N
95 PRINT ∗ , ’N=’ , N
96 337 FORMAT ( I2 / I7 / I7 /E15 .8/E15 .8/E15 .8/E15 .8/E15 .8/E15 .8/E15 .8/
97 1 E15 .8/E15 .8/E15 . 8 )
98 wr i t e (16 ,337) N,NJ ,KJ,H,HH,V,AKB,BB,RTB,DIFF(3) , de l ta ,ROT,ANU
99
100 VEL1=0.25∗VEL(2)
101
102 C The number o f po in t s f o r f requency
103 NPTS=241
104 PRINT ∗ , ’NPTS=’ , NPTS
105
106 c Create range f o r the d imens i on l e s s f requency
107 DO 261 I=1,NPTS
108 FREQ( I ) =10.∗∗(−5.+0.05∗( I −1.) )
109 261 WRITE (17 ,339) , FREQ( I )
110
111
112 C c The number o f po in t s f o r f requency
113 C NPTS=13
114 C PRINT ∗ , ’NPTS= ’ , NPTS
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115 C
116 C c Create range f o r the d imens i on l e s s f requency
117 C DO 261 I=1,NPTS
118 C FREQ( I ) =10.∗∗(−3.+0.5∗( I −1.) )
119 C 261 WRITE (17 ,339) , FREQ( I )
120
121 DO 19 nf=1,NPTS
122 c DO 19 nf=1,3
123
124 PRINT ∗ , ’FREQ(NF)=’ , FREQ(NF)
125 omega=FREQ(NF) ∗DIFF(3) /( de l t a ) ∗∗2
126
127 PRINT ∗ , ’ omega=’ , omega
128 340 FORMAT (E12 . 6 )
129 wr i t e (17 ,340) , omega
130
131 C Star t ac tua l code
132 DO 20 J=1,NJ
133 DO 20 I=1,N
134 20 C( I , J )=0.0
135 DO 21 J=1,NJ
136 DO 21 K=1,2
137 C1(K, J )=0.0
138 C2(K, J )=0.0
139 C3(K, J )=0.0
140 21 RXN(K, J )=0.0
141 JCOUNT=0
142 TOL=1.E−10∗N∗NJ
143 22 JCOUNT=JCOUNT+1
144 AMP=0.0
145 J=0
146 DO 23 I=1,N
147 DO 23 K=1,N
148 Y( I ,K)=0.0
149 23 X( I ,K)=0.0
150 24 J=J+1
151 DO 25 I=1,N
152 G( I )=0.0
153 DO 25 K=1,N
154 A( I ,K)=0.0
155 B( I ,K)=0.0
156 25 D( I ,K)=0.0
157
158 IF ( J .EQ. 1 ) CALL BC1(J )
159 IF ( J .GT. 1 . AND. J .LT.KJ) CALL REACTION(J )
160 IF ( J .EQ.KJ) CALL COUPLER(J )
161 IF ( J .GT.KJ .AND. J .LT.NJ) CALL INNER(J )
162 IF ( J .EQ.NJ) CALL BCNJ(J )
163 CALL BAND(J )
164
165 AMP=DABS(G(1) )+DABS(G(2) )+DABS(G(3) )+DABS(G(4) )+DABS(G(5) )
166 1 +DABS(G(6) )+DABS(G(7) )+DABS(G(8) )
167
168 IF ( J .LT.NJ) GO TO 24
169
170 PRINT ∗ , ’ERROR=’ , AMP
171
172 DO 16 K=1,NJ
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173 DO 16 I=1,2
174 C1( I ,K)=C1( I ,K)+C( I ,K)
175 C2( I ,K)=C2( I ,K)+C( I+2,K)
176 C3( I ,K)=C3( I ,K)+C( I+4,K)
177 RXN( I ,K)=RXN( I ,K)+C( I+6,K)
178 16 CONTINUE
179
180 WRITE(14 ,302) (JCOUNT)
181
182 IF (DABS(AMP) .LT.DABS(TOL) ) GO TO 15
183
184 IF (JCOUNT.LE. 4 ) GO TO 22
185 pr i n t 102
186
187 15 CONTINUE
188 PRINT ∗ , ’JCOUNT=’ ,JCOUNT
189
190 PRINT ∗ , ’ n f1=’ , nf
191
192 DO 18 I=1,2
193 DO 18 J=1,NJ
194 BIG=C3( I , J )
195 BIG2=1.0E−40
196 18 IF (ABS(BIG) .LE.BIG2) C3( I , J )=0.0
197
198 WRITE(13 ,335) (C1(1 , J ) ,C1(2 , J ) ,C2(1 , J ) ,C2(2 , J ) ,C3(1 , J ) ,C3(2 , J ) ,
199 1 RXN(1 , J ) ,RXN(2 , J ) , J=1,NJ)
200
201 DO 19 J=1,NJ
202 CB(2∗ nf−1,J )=C3(1 , J )
203 19 CB(2∗ nf , J )=C3(2 , J )
204
205 c f o r some reason nf i s one g r e a t e r then nece s sa ry
206 PRINT ∗ , ’ n f2=’ , nf
207
208 C DO 17 I=1 ,2∗nf−2
209 nf=nf−1
210 DO 17 J=1,NJ
211 17 WRITE(15 ,336) (CB( I , J ) , I =1 ,2∗ nf )
212
213 338 FORMAT ( I5 )
214 wr i t e (16 ,338) nf
215
216
217 XI=(ROT/ANU) ∗∗ ( 0 . 5 ) ∗(3∗DIFF(3) / .51023/ANU) ∗∗(−1./3 . )
218 PRINT ∗ , ’XI/Y=’ , XI
219 PRINT ∗ , ’ d e l t a=’ , d e l t a
220 PRINT ∗ , ’ROT=’ , ROT
221 PRINT ∗ , ’ANU=’ , ANU
222 PRINT ∗ , ’DIFF(3)=’ , DIFF(3)
223
224 END PROGRAM CONVDIFFOSCILLATING
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Code D.13. Oscillating Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE BC1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
4 COMMON/NST/ N, NJ
5 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
6 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
7 COMMON/BCI/ VEL1, FLUX, omega
8 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
9 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
10 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
11
12 301 FORMAT (5x , ’ J=’ I5 , 16E15 . 6 )
13
14 C For AB non r e a c t i n g s p e c i e s
15 G(1)=omega ∗ ( 3 .∗C1(1 , J )+C1(1 , J+1) ) /4 .
16 1 +2.∗DIFF(1) ∗(C1(1 , J+1)−C1(1 , J ) ) /HH∗∗2 .
17 1 −VEL1∗(C1(1 , J+1)−C1(1 , J ) ) /HH
18 2 −(3.∗RXN(1 , J )+RXN(1 , J+1) ) /4 .
19 B(1 , 1 )=−omega ∗3 ./4 .+2 .∗DIFF(1) /HH∗∗2.−VEL1∗HH
20 D(1 , 1 )=−omega ∗1./4 .−2.∗DIFF(1) /HH∗∗2.+VEL1∗HH
21 B(1 , 7 ) =+3./4.
22 D(1 , 7 ) =+1./4.
23
24 G(2)=−omega ∗ ( 3 .∗C1(2 , J )+C1(2 , J+1) ) /4 .
25 1 +2.∗DIFF(1) ∗(C1(2 , J+1)−C1(2 , J ) ) /HH∗∗2 .
26 2 −VEL1∗(C1(2 , J+1)−C1(2 , J ) ) /HH
27 3 −(3.∗RXN(2 , J )+RXN(2 , J+1) ) /4 .
28 B(2 , 2 )=omega ∗3 ./4 .+2 .∗DIFF(1) /HH∗∗2.−VEL1∗HH
29 D(2 , 2 )=omega ∗1./4 .−2.∗DIFF(1) /HH∗∗2.+VEL1∗HH
30 B(2 , 8 ) =+3./4.
31 D(2 , 8 ) =+1./4.
32
33 C For A+ non r e a c t i n g s p e c i e s
34 G(3)=omega ∗ ( 3 .∗C2(2 , J )+C2(2 , J+1) ) /4 .
35 1 +2.∗DIFF(2) ∗(C2(1 , J+1)−C2(1 , J ) ) /HH∗∗2 .
36 1 −VEL1∗(C2(1 , J+1)−C2(1 , J ) ) /HH
37 2 +(3.∗RXN(2 , J )+RXN(2 , J+1) ) /4 .
38 B(3 , 3 )=−omega ∗3 ./4 .+2 .∗DIFF(2) /HH∗∗2.−VEL1∗HH
39 D(3 , 3 )=−omega ∗1./4 .−2.∗DIFF(2) /HH∗∗2.+VEL1∗HH
40 B(3 , 7 ) =−3./4.
41 D(3 , 7 ) =−1./4.
42
43 G(4)=−omega ∗ ( 3 .∗C2(2 , J )+C2(2 , J+1) ) /4 .
44 1 +2.∗DIFF(2) ∗(C2(2 , J+1)−C2(2 , J ) ) /HH∗∗2 .
45 2 −VEL1∗(C2(2 , J+1)−C2(2 , J ) ) /HH
46 3 +(3.∗RXN(2 , J )+RXN(2 , J+1) ) /4 .
47 B(4 , 4 )=omega ∗3 ./4 .+2 .∗DIFF(2) /HH∗∗2.−VEL1∗HH
48 D(4 , 4 )=omega ∗1./4 .−2.∗DIFF(2) /HH∗∗2.+VEL1∗HH
49 B(4 , 8 ) =−3./4.
50 D(4 , 8 ) =−1./4.
51
52 C For B− r e a c t i n g s p e c i e s
53 G(5)=1−C3(1 , J )
54 B(5 , 5 ) =1.
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55
56 G(6)=C3(2 , J )
57 B(6 , 6 )=−1.
58
59 C For Reaction term
60 G(7)=−RXN(1 , J )+rateb ∗ e q u i l i b ∗C1(1 , J )−rateb ∗CONCSS(2 , J ) ∗C3(1 , J )
61 1 −rateb ∗CONCSS(3 , J ) ∗C2(1 , J )
62 B(7 , 1 )=−rateb ∗ e q u i l i b
63 B(7 , 3 )=rateb ∗CONCSS(3 , J )
64 B(7 , 5 )=rateb ∗CONCSS(2 , J )
65 B(7 , 7 )=+1.
66
67 G(8)=−RXN(2 , J )+rateb ∗ e q u i l i b ∗C1(2 , J )−rateb ∗CONCSS(2 , J ) ∗C3(2 , J )
68 1 −rateb ∗CONCSS(3 , J ) ∗C2(2 , J )
69 B(8 , 2 )=−rateb ∗ e q u i l i b
70 B(8 , 4 )=rateb ∗CONCSS(3 , J )
71 B(8 , 6 )=rateb ∗CONCSS(2 , J )
72 B(8 , 8 )=+1.
73
74 WRITE(14 ,301) J , (G(K) ,K=1,N)
75
76 RETURN
77 END
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Code D.14. Oscillating Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE REACTION(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
4 COMMON/NST/ N, NJ
5 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
6 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
7 COMMON/BCI/ VEL1, FLUX, omega
8 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
9 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
10 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
11
12 301 FORMAT (5x , ’ J=’ I5 , 16E15 . 6 )
13
14 C For AB
15 G(1)=omega∗C1(2 , J )
16 1 +DIFF(1) ∗(C1(1 , J+1)−2.∗C1(1 , J )+C1(1 , J−1) ) /HH∗∗2 .
17 2 −VEL(J ) ∗(C1(1 , J+1)−C1(1 , J−1) ) / ( 2 .∗HH)
18 3 −RXN(1 , J )
19 B(1 , 1 ) =2.∗DIFF(1) /HH∗∗2 .
20 A(1 , 1 )=−DIFF(1) /HH∗∗2.−VEL(J ) / (2 .∗HH)
21 D(1 , 1 )=−DIFF(1) /HH∗∗2.+VEL(J ) / (2 .∗HH)
22 B(1 , 2 )=−omega
23 B(1 , 7 )=+1.
24
25 G(2)=−omega∗C1(1 , J )
26 1 +DIFF(1) ∗(C1(2 , J+1)−2.∗C1(2 , J )+C1(2 , J−1) ) /HH∗∗2 .
27 2 −VEL(J ) ∗(C1(2 , J+1)−C1(2 , J−1) ) / ( 2 .∗HH)
28 3 −RXN(2 , J )
29 B(2 , 2 ) =2.∗DIFF(1) /HH∗∗2 .
30 A(2 , 2 )=−DIFF(1) /HH∗∗2.−VEL(J ) / (2 .∗HH)
31 D(2 , 2 )=−DIFF(1) /HH∗∗2.+VEL(J ) / (2 .∗HH)
32 B(2 , 1 )=omega
33 B(2 , 8 )=+1.
34
35 C For A−
36 G(3)=omega∗C2(2 , J )+DIFF(2) ∗(C2(1 , J+1)−2.∗C2(1 , J )+C2(1 , J−1) ) /HH∗∗2 .
37 1 −VEL(J ) ∗(C2(1 , J+1)−C2(1 , J−1) ) / ( 2 .∗HH)+RXN(1 , J )
38 B(3 , 3 ) =2.∗DIFF(2) /HH∗∗2 .
39 A(3 , 3 )=−DIFF(2) /HH∗∗2.−VEL(J ) / (2 .∗HH)
40 D(3 , 3 )=−DIFF(2) /HH∗∗2.+VEL(J ) / (2 .∗HH)
41 B(3 , 4 )=−omega
42 B(3 , 7 )=−1.
43
44 G(4)=−omega∗C2(1 , J )+DIFF(2) ∗(C2(2 , J+1)−2.∗C2(2 , J )+C2(2 , J−1) ) /HH∗∗2 .
45 1 −VEL(J ) ∗(C2(2 , J+1)−C2(2 , J−1) ) / ( 2 .∗HH)+RXN(2 , J )
46 B(4 , 4 ) =2.∗DIFF(2) /HH∗∗2 .
47 A(4 , 4 )=−DIFF(2) /HH∗∗2.−VEL(J ) / (2 .∗HH)
48 D(4 , 4 )=−DIFF(2) /HH∗∗2.+VEL(J ) / (2 .∗HH)
49 B(4 , 3 )=omega
50 B(4 , 8 )=−1.
51
52 C For B+
53 G(5)=omega∗C3(2 , J )−DIFF(3) ∗(C3(1 , J+1)−2.∗C3(1 , J )+C3(1 , J−1) ) /HH∗∗2 .
54 1 −VEL(J ) ∗(C3(1 , J+1)−C3(1 , J−1) ) / ( 2 .∗HH)+RXN(1 , J )
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55 B(5 , 5 ) =2.∗DIFF(3) /HH∗∗2 .
56 A(5 , 5 )=−DIFF(3) /HH∗∗2.−VEL(J ) / (2 .∗HH)
57 D(5 , 5 )=−DIFF(3) /HH∗∗2.+VEL(J ) / (2 .∗HH)
58 B(5 , 6 )=−omega
59 B(5 , 7 )=−1.
60
61 G(6)=−omega∗C3(1 , J )−DIFF(3) ∗(C3(2 , J+1)−2.∗C3(2 , J )+C3(2 , J−1) ) /HH∗∗2 .
62 1 −VEL(J ) ∗(C3(2 , J+1)−C3(2 , J−1) ) / ( 2 .∗HH)+RXN(2 , J )
63 B(6 , 6 ) =2.∗DIFF(3) /HH∗∗2 .
64 A(6 , 6 )=−DIFF(3) /HH∗∗2.−VEL(J ) / (2 .∗HH)
65 D(6 , 6 )=−DIFF(3) /HH∗∗2.+VEL(J ) / (2 .∗HH)
66 B(6 , 5 )=omega
67 B(6 , 8 )=−1.
68
69 C For Reaction term
70 G(7)=−RXN(1 , J )+rateb ∗ e q u i l i b ∗C1(1 , J )−rateb ∗CONCSS(2 , J ) ∗C3(1 , J )
71 1 −rateb ∗CONCSS(3 , J ) ∗C2(1 , J )
72 B(7 , 1 )=−rateb ∗ e q u i l i b
73 B(7 , 3 )=rateb ∗CONCSS(3 , J )
74 B(7 , 5 )=rateb ∗CONCSS(2 , J )
75 B(7 , 7 )=+1.
76
77 G(8)=−RXN(2 , J )+rateb ∗ e q u i l i b ∗C1(2 , J )−rateb ∗CONCSS(2 , J ) ∗C3(2 , J )
78 1 −rateb ∗CONCSS(3 , J ) ∗C2(2 , J )
79 B(8 , 2 )=−rateb ∗ e q u i l i b
80 B(8 , 4 )=rateb ∗CONCSS(3 , J )
81 B(8 , 6 )=rateb ∗CONCSS(2 , J )
82 B(8 , 8 )=+1.
83
84 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
85
86 RETURN
87 END
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Code D.15. Oscillating Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE COUPLER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
4 COMMON/NST/ N, NJ
5 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
6 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
7 COMMON/BCI/ VEL1, FLUX, omega
8 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
9 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
10 COMMON/VEL12/ VELH12, VELHH12
11 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
12 301 FORMAT (5x , ’ J=’ I5 , 8E15 . 6 )
13
14 C For AB, r e a l
15 G(1)=HH/2∗omega∗(C1(2 , J+1)+3.∗C1(2 , J ) ) /4 .
16 1 +H/2∗omega∗(C1(2 , J−1)+3.∗C1(2 , J ) ) /4 .
17 2 +DIFF(1) /H∗(C1(1 , J+1)−C1(1 , J ) )
18 3 −DIFF(1) /HH∗(C1(1 , J )−C1(1 , J−1) )
19 4 −VELH12∗(C1(1 , J+1)+C1(1 , J ) ) /2 .
20 5 +VELHH12∗(C1(1 , J )+C1(1 , J−1) ) /2 .
21 6 +(H/2 . ) ∗(C1(1 , J+1)+3.∗C1(1 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
22 7 +(HH/2 . ) ∗(C1(1 , J−1)+3.∗C1(1 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
23 8 −(H/2 . ) ∗(RXN(1 , J+1)+3.∗RXN(1 , J ) ) /4 .
24 9 −(HH/2 . ) ∗(RXN(1 , J−1)+3.∗RXN(1 , J ) ) /4 .
25 B(1 , 1 )=DIFF(1) /H+DIFF(1) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
26 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
27 D(1 , 1 )=−DIFF(1) /H+(VEL(J )+VEL(J+1) ) /4 .
28 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
29 A(1 , 1 )=−DIFF(1) /HH−(VEL(J )+VEL(J−1) ) /4 .
30 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
31 B(1 , 2 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
32 D(1 , 2 )=−HH/2∗omega ∗ ( 1 . / 4 . )
33 A(1 , 2 )=−H/2∗omega ∗ ( 1 . / 4 . )
34 B(1 , 7 )=(H/2 . ) ∗3 ./4 .+(HH/2 . ) ∗ ( 1 . / 4 . )
35 D(1 , 7 )=(H/2 . ) ∗3 . / 4 .
36 A(1 , 7 )=(HH/2 . ) ∗ ( 1 . / 4 . )
37 C For AB, imaginary
38 G(2)=−HH/2∗omega∗(C1(1 , J+1)+3.∗C1(1 , J ) ) /4 .
39 1 −H/2∗omega∗(C1(1 , J−1)+3.∗C1(1 , J ) ) /4 .
40 2 +DIFF(1) /H∗(C1(2 , J+1)−C1(2 , J ) )
41 3 −DIFF(1) /HH∗(C1(2 , J )−C1(2 , J−1) )
42 4 −(VEL(J )+VEL(J+1) ) /2 .∗ (C1(2 , J+1)+C1(2 , J ) ) /2 .
43 5 +(VEL(J )+VEL(J−1) ) /2 .∗ (C1(2 , J )+C1(2 , J−1) ) /2 .
44 6 +(H/2 . ) ∗(C1(2 , J+1)+3.∗C1(2 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
45 7 +(HH/2 . ) ∗(C1(2 , J−1)+3.∗C1(2 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
46 8 −(H/2 . ) ∗(RXN(2 , J+1)+3.∗RXN(2 , J ) ) /4 .
47 9 −(HH/2 . ) ∗(RXN(2 , J−1)+3.∗RXN(2 , J ) ) /4 .
48 B(2 , 2 )=DIFF(1) /H+DIFF(1) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
49 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
50 D(2 , 2 )=−DIFF(1) /H+(VEL(J )+VEL(J+1) ) /4 .
51 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
52 A(2 , 2 )=−DIFF(1) /HH−(VEL(J )+VEL(J−1) ) /4 .
53 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
54 B(2 , 1 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
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55 D(2 , 1 )=+HH/2∗omega ∗ ( 1 . / 4 . )
56 A(2 , 1 )=+H/2∗omega ∗ ( 1 . / 4 . )
57 B(2 , 8 )=(H/2 . ) ∗3 ./4 .+(HH/2 . ) ∗ ( 1 . / 4 . )
58 D(2 , 8 )=(H/2 . ) ∗3 . / 4 .
59 A(2 , 8 )=(HH/2 . ) ∗ ( 1 . / 4 . )
60
61 C For A−, r e a l
62 G(3)=HH/2∗omega∗(C2(2 , J+1)+3.∗C2(2 , J ) ) /4 .
63 1 +H/2∗omega∗(C2(2 , J−1)+3.∗C2(2 , J ) ) /4 .
64 2 +DIFF(2) /H∗(C2(1 , J+1)−C2(1 , J ) )
65 3 −DIFF(2) /HH∗(C2(1 , J )−C2(1 , J−1) )
66 4 −(VEL(J )+VEL(J+1) ) /2 .∗ (C2(1 , J+1)+C2(1 , J ) ) /2 .
67 5 +(VEL(J )+VEL(J−1) ) /2 .∗ (C2(1 , J )+C2(1 , J−1) ) /2 .
68 6 +(H/2 . ) ∗(C2(1 , J+1)+3.∗C2(1 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
69 7 +(HH/2 . ) ∗(C2(1 , J−1)+3.∗C2(1 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
70 8 +(H/2 . ) ∗(RXN(1 , J+1)+3.∗RXN(1 , J ) ) /4 .
71 9 +(HH/2 . ) ∗(RXN(1 , J−1)+3.∗RXN(1 , J ) ) /4 .
72 B(3 , 3 )=DIFF(2) /H+DIFF(2) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
73 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
74 D(3 , 3 )=−DIFF(2) /H+(VEL(J )+VEL(J+1) ) /4 .
75 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
76 A(3 , 3 )=−DIFF(2) /HH−(VEL(J )+VEL(J−1) ) /4 .
77 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
78 B(3 , 4 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
79 D(3 , 4 )=−HH/2∗omega ∗ ( 1 . / 4 . )
80 A(3 , 4 )=−H/2∗omega ∗ ( 1 . / 4 . )
81 B(3 , 7 )=−(H/2 . ) ∗3./4.−(HH/2 . ) ∗ ( 1 . / 4 . )
82 D(3 , 7 )=−(H/2 . ) ∗3 . / 4 .
83 A(3 , 7 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
84 C For A−, imaginary
85 G(4)=−HH/2∗omega∗(C2(1 , J+1)+3.∗C2(1 , J ) ) /4 .
86 1 −H/2∗omega∗(C2(1 , J−1)+3.∗C2(1 , J ) ) /4 .
87 2 +DIFF(2) /H∗(C2(2 , J+1)−C2(2 , J ) )
88 3 −DIFF(2) /HH∗(C2(2 , J )−C2(2 , J−1) )
89 4 −(VEL(J )+VEL(J+1) ) /2 .∗ (C2(2 , J+1)+C2(2 , J ) ) /2 .
90 5 +(VEL(J )+VEL(J−1) ) /2 .∗ (C2(2 , J )+C2(2 , J−1) ) /2 .
91 6 +(H/2 . ) ∗(C2(2 , J+1)+3.∗C2(2 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
92 7 +(HH/2 . ) ∗(C2(2 , J−1)+3.∗C2(2 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
93 8 +(H/2 . ) ∗(RXN(2 , J+1)+3.∗RXN(2 , J ) ) /4 .
94 9 +(HH/2 . ) ∗(RXN(2 , J−1)+3.∗RXN(2 , J ) ) /4 .
95 B(4 , 4 )=DIFF(2) /H+DIFF(2) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
96 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
97 D(4 , 4 )=−DIFF(2) /H+(VEL(J )+VEL(J+1) ) /4 .
98 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
99 A(4 , 4 )=−DIFF(2) /HH−(VEL(J )+VEL(J−1) ) /4 .
100 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
101 B(4 , 3 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
102 D(4 , 3 )=+HH/2∗omega ∗ ( 1 . / 4 . )
103 A(4 , 3 )=+H/2∗omega ∗ ( 1 . / 4 . )
104 B(4 , 8 )=−(H/2 . ) ∗3./4.−(HH/2 . ) ∗ ( 1 . / 4 . )
105 D(4 , 8 )=−(H/2 . ) ∗3 . / 4 .
106 A(4 , 8 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
107
108 C For B+, r e a l
109 G(5)=HH/2∗omega∗(C3(2 , J+1)+3.∗C3(2 , J ) ) /4 .
110 1 +H/2∗omega∗(C3(2 , J−1)+3.∗C3(2 , J ) ) /4 .
111 2 +DIFF(3) /H∗(C3(1 , J+1)−C3(1 , J ) )
112 3 −DIFF(3) /HH∗(C3(1 , J )−C3(1 , J−1) )
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113 4 −(VEL(J )+VEL(J+1) ) /2 .∗ (C3(1 , J+1)+C3(1 , J ) ) /2 .
114 5 +(VEL(J )+VEL(J−1) ) /2 .∗ (C3(1 , J )+C3(1 , J−1) ) /2 .
115 6 +(H/2 . ) ∗(C3(1 , J+1)+3.∗C3(1 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
116 7 +(HH/2 . ) ∗(C3(1 , J−1)+3.∗C3(1 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
117 8 +(H/2 . ) ∗(RXN(1 , J+1)+3.∗RXN(1 , J ) ) /4 .
118 9 +(HH/2 . ) ∗(RXN(1 , J−1)+3.∗RXN(1 , J ) ) /4 .
119 B(5 , 5 )=DIFF(3) /H+DIFF(3) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
120 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
121 D(5 , 5 )=−DIFF(3) /H+(VEL(J )+VEL(J+1) ) /4 .
122 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
123 A(5 , 5 )=−DIFF(3) /HH−(VEL(J )+VEL(J−1) ) /4 .
124 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
125 B(5 , 6 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
126 D(5 , 6 )=−HH/2∗omega ∗ ( 1 . / 4 . )
127 A(5 , 6 )=−H/2∗omega ∗ ( 1 . / 4 . )
128 B(5 , 7 )=−(H/2 . ) ∗3./4.−(HH/2 . ) ∗ ( 1 . / 4 . )
129 D(5 , 7 )=−(H/2 . ) ∗3 . / 4 .
130 A(5 , 7 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
131 C For B+, imaginary
132 G(6)=−HH/2∗omega∗(C3(1 , J+1)+3.∗C3(1 , J ) ) /4 .
133 1 −H/2∗omega∗(C3(1 , J−1)+3.∗C3(1 , J ) ) /4 .
134 2 +DIFF(3) /H∗(C3(2 , J+1)−C3(2 , J ) )
135 3 −DIFF(3) /HH∗(C3(2 , J )−C(2 , J−1) )
136 4 −(VEL(J )+VEL(J+1) ) /2 .∗ (C3(2 , J+1)+C3(2 , J ) ) /2 .
137 5 +(VEL(J )+VEL(J−1) ) /2 .∗ (C3(2 , J )+C3(2 , J−1) ) /2 .
138 6 +(H/2 . ) ∗(C3(2 , J+1)+3.∗C3(2 , J ) ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
139 7 +(HH/2 . ) ∗(C3(2 , J−1)+3.∗C3(2 , J ) ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
140 8 +(H/2 . ) ∗(RXN(2 , J+1)+3.∗RXN(2 , J ) ) /4 .
141 9 +(HH/2 . ) ∗(RXN(2 , J−1)+3.∗RXN(2 , J ) ) /4 .
142 B(6 , 6 )=DIFF(3) /H+DIFF(3) /HH−(H/2 . ) ∗ 3 . / 4 . ∗ (VELH12−VEL(J ) ) /(H/2 . )
143 1 −(HH/2 . ) ∗ 3 . / 4 . ∗ (VEL(J )−VELHH12) /(HH/2 . )
144 D(6 , 6 )=−DIFF(3) /H+(VEL(J )+VEL(J+1) ) /4 .
145 1 −(H/2 . ) /4 .∗ (VELH12−VEL(J ) ) /(H/2 . )
146 A(6 , 6 )=−DIFF(3) /HH−(VEL(J )+VEL(J−1) ) /4 .
147 1 −(HH/2 . ) /4 .∗ (VEL(J )−VELHH12) /(HH/2 . )
148 B(6 , 5 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
149 D(6 , 5 )=+HH/2∗omega ∗ ( 1 . / 4 . )
150 A(6 , 5 )=+H/2∗omega ∗ ( 1 . / 4 . )
151 B(6 , 8 )=−(H/2 . ) ∗3./4.−(HH/2 . ) ∗ ( 1 . / 4 . )
152 D(6 , 8 )=−(H/2 . ) ∗3 . / 4 .
153 A(6 , 8 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
154
155 C For Reaction term
156 G(7)=−RXN(1 , J )+rateb ∗ e q u i l i b ∗C1(1 , J )−rateb ∗CONCSS(2 , J ) ∗C3(1 , J )
157 1 −rateb ∗CONCSS(3 , J ) ∗C2(1 , J )
158 B(7 , 1 )=−rateb ∗ e q u i l i b
159 B(7 , 3 )=rateb ∗CONCSS(3 , J )
160 B(7 , 5 )=rateb ∗CONCSS(2 , J )
161 B(7 , 7 )=+1.
162 G(8)=−RXN(2 , J )+rateb ∗ e q u i l i b ∗C1(2 , J )−rateb ∗CONCSS(2 , J ) ∗C3(2 , J )
163 1 −rateb ∗CONCSS(3 , J ) ∗C2(2 , J )
164 B(8 , 2 )=−rateb ∗ e q u i l i b
165 B(8 , 4 )=rateb ∗CONCSS(3 , J )
166 B(8 , 6 )=rateb ∗CONCSS(2 , J )
167 B(8 , 8 )=+1.
168 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
169 RETURN
170 END
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Code D.16. Oscillating Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE INNER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
4 COMMON/NST/ N, NJ
5 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
6 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
7 COMMON/BCI/ VEL1, FLUX, omega
8 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
9 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
10 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
11
12 301 FORMAT (5x , ’ J=’ I5 , 16E15 . 6 )
13
14 C For AB
15 G(1)=omega∗C1(2 , J )
16 1 +DIFF(1) ∗(C1(1 , J+1)−2.∗C1(1 , J )+C1(1 , J−1) ) /H∗∗2 .
17 2 −VEL(J ) ∗(C1(1 , J+1)−C1(1 , J−1) ) / ( 2 .∗H)
18 3 −RXN(1 , J )
19 B(1 , 1 ) =2.∗DIFF(1) /H∗∗2 .
20 A(1 , 1 )=−DIFF(1) /H∗∗2.−VEL(J ) / (2 .∗H)
21 D(1 , 1 )=−DIFF(1) /H∗∗2.+VEL(J ) / (2 .∗H)
22 B(1 , 2 )=−omega
23 B(1 , 7 )=+1.
24
25 G(2)=−omega∗C1(1 , J )
26 1 +DIFF(1) ∗(C1(2 , J+1)−2.∗C1(2 , J )+C1(2 , J−1) ) /H∗∗2 .
27 2 −VEL(J ) ∗(C1(2 , J+1)−C1(2 , J−1) ) / ( 2 .∗H)
28 3 −RXN(2 , J )
29 B(2 , 2 ) =2.∗DIFF(1) /H∗∗2 .
30 A(2 , 2 )=−DIFF(1) /H∗∗2.−VEL(J ) / (2 .∗H)
31 D(2 , 2 )=−DIFF(1) /H∗∗2.+VEL(J ) / (2 .∗H)
32 B(2 , 1 )=omega
33 B(2 , 8 )=+1.
34
35 C For A−
36 G(3)=omega∗C2(2 , J )+DIFF(2) ∗(C2(1 , J+1)−2.∗C2(1 , J )+C2(1 , J−1) ) /H∗∗2 .
37 1 −VEL(J ) ∗(C2(1 , J+1)−C2(1 , J−1) ) / ( 2 .∗H)+RXN(1 , J )
38 B(3 , 3 ) =2.∗DIFF(2) /H∗∗2 .
39 A(3 , 3 )=−DIFF(2) /H∗∗2.−VEL(J ) / (2 .∗H)
40 D(3 , 3 )=−DIFF(2) /H∗∗2.+VEL(J ) / (2 .∗H)
41 B(3 , 4 )=−omega
42 B(3 , 7 )=−1.
43
44 G(4)=−omega∗C2(1 , J )+DIFF(2) ∗(C2(2 , J+1)−2.∗C2(2 , J )+C2(2 , J−1) ) /H∗∗2 .
45 1 −VEL(J ) ∗(C2(2 , J+1)−C2(2 , J−1) ) / ( 2 .∗H)+RXN(2 , J )
46 B(4 , 4 ) =2.∗DIFF(2) /H∗∗2 .
47 A(4 , 4 )=−DIFF(2) /H∗∗2.−VEL(J ) / (2 .∗H)
48 D(4 , 4 )=−DIFF(2) /H∗∗2.+VEL(J ) / (2 .∗H)
49 B(4 , 3 )=omega
50 B(4 , 8 )=−1.
51
52 C For B+
53 G(5)=omega∗C3(2 , J )−DIFF(3) ∗(C3(1 , J+1)−2.∗C3(1 , J )+C3(1 , J−1) ) /H∗∗2 .
54 1 −VEL(J ) ∗(C3(1 , J+1)−C3(1 , J−1) ) / ( 2 .∗H)+RXN(1 , J )
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55 B(5 , 5 ) =2.∗DIFF(3) /H∗∗2 .
56 A(5 , 5 )=−DIFF(3) /H∗∗2.−VEL(J ) / (2 .∗H)
57 D(5 , 5 )=−DIFF(3) /H∗∗2.+VEL(J ) / (2 .∗H)
58 B(5 , 6 )=−omega
59 B(5 , 7 )=−1.
60
61 G(6)=−omega∗C3(1 , J )−DIFF(3) ∗(C3(2 , J+1)−2.∗C3(2 , J )+C3(2 , J−1) ) /H∗∗2 .
62 1 −VEL(J ) ∗(C3(2 , J+1)−C3(2 , J−1) ) / ( 2 .∗H)+RXN(2 , J )
63 B(6 , 6 ) =2.∗DIFF(3) /H∗∗2 .
64 A(6 , 6 )=−DIFF(3) /H∗∗2.−VEL(J ) / (2 .∗H)
65 D(6 , 6 )=−DIFF(3) /H∗∗2.+VEL(J ) / (2 .∗H)
66 B(6 , 5 )=omega
67 B(6 , 8 )=−1.
68
69 C For Reaction term
70 G(7)=−RXN(1 , J )+rateb ∗ e q u i l i b ∗C1(1 , J )−rateb ∗CONCSS(2 , J ) ∗C3(1 , J )
71 1 −rateb ∗CONCSS(3 , J ) ∗C2(1 , J )
72 B(7 , 1 )=−rateb ∗ e q u i l i b
73 B(7 , 3 )=rateb ∗CONCSS(3 , J )
74 B(7 , 5 )=rateb ∗CONCSS(2 , J )
75 B(7 , 7 )=+1.
76
77 G(8)=−RXN(2 , J )+rateb ∗ e q u i l i b ∗C1(2 , J )−rateb ∗CONCSS(2 , J ) ∗C3(2 , J )
78 1 −rateb ∗CONCSS(3 , J ) ∗C2(2 , J )
79 B(8 , 2 )=−rateb ∗ e q u i l i b
80 B(8 , 4 )=rateb ∗CONCSS(3 , J )
81 B(8 , 6 )=rateb ∗CONCSS(2 , J )
82 B(8 , 8 )=+1.
83
84 IF ( J .EQ.KJ/2) THEN
85 WRITE(14 ,301) J , (G(K) ,K=1,N)
86 ELSE IF (J .EQ. (NJ−2) ) THEN
87 WRITE(14 ,301) J , (G(K) ,K=1,N)
88 ELSE IF (J .EQ. (NJ−1) ) THEN
89 WRITE(14 ,301) J , (G(K) ,K=1,N)
90 END IF
91
92 RETURN
93 END
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Code D.17. Oscillating Convective Diffusion with Homogeneous Reaction Subroutine for

the Electrode Boundary Condition

1 SUBROUTINE BCNJ(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(8 , 8 ) ,B(8 , 8 ) ,C(8 ,100001) ,D(8 ,17 ) ,G(8) ,X(8 , 8 ) ,Y(8 , 8 )
4 COMMON/NST/ N, NJ
5 COMMON/CON/ C1(2 ,100001) ,C2(2 ,100001) ,C3(2 ,100001) ,RXN(2 ,100001)
6 COMMON/RTE/ rateb , e qu i l i b ,H,EBIG,HH,KJ
7 COMMON/BCI/ VEL1, FLUX, omega
8 COMMON/CAR/ CONCSS(3 ,100001) ,CBULK(3) ,DIFF(3) ,Z(3 ) ,REF(3)
9 COMMON/VAR/ RXNSS(100001) ,VELNEAR(100001) ,VELFAR(100001)
10 COMMON/FRE/ CB(2010 ,100001) , FREQ(100001) ,VEL(100001) ,FVEL(100001)
11
12 301 FORMAT (5x , ’ J=’ I5 , 16E15 . 6 )
13
14 C For AB non r e a c t i n g s p e c i e s
15 29 G(1)=C1(1 , J )
16 B(1 , 1 )=−1.
17
18 G(2)=C1(2 , J )
19 B(2 , 2 )=−1.
20
21 C For A+ non r e a c t i n g s p e c i e s
22 G(3)=C2(1 , J )
23 B(3 , 3 )=−1.
24
25 G(4)=C2(2 , J )
26 B(4 , 4 )=−1.
27
28 C For B− r e a c t i n g s p e c i e s
29 G(5)=C3(1 , J )
30 B(5 , 5 )=−1.
31
32 G(6)=C3(2 , J )
33 B(6 , 6 )=−1.
34
35 C For Reaction term
36 G(7)=−RXN(1 , J )+rateb ∗ e q u i l i b ∗C1(1 , J )−rateb ∗CONCSS(2 , J ) ∗C3(1 , J )
37 1 −rateb ∗CONCSS(3 , J ) ∗C2(1 , J )
38 B(7 , 1 )=−rateb ∗ e q u i l i b
39 B(7 , 3 )=rateb ∗CONCSS(3 , J )
40 B(7 , 5 )=rateb ∗CONCSS(2 , J )
41 B(7 , 7 )=+1.
42
43 G(8)=−RXN(2 , J )+rateb ∗ e q u i l i b ∗C1(2 , J )−rateb ∗CONCSS(2 , J ) ∗C3(2 , J )
44 1 −rateb ∗CONCSS(3 , J ) ∗C2(2 , J )
45 B(8 , 2 )=−rateb ∗ e q u i l i b
46 B(8 , 4 )=rateb ∗CONCSS(3 , J )
47 B(8 , 6 )=rateb ∗CONCSS(2 , J )
48 B(8 , 8 )=+1.
49
50 WRITE(12 ,301) J , (G(K) ,K=1,N)
51
52 RETURN
53 END
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Code D.18. Matlab code to create and plot polarization curve

1 %In s e r t i n g concent ra t i on data from Fortran
2 c l c ; c l o s e a l l ; c l e a r a l l ;
3 format longE ;
4
5 %Read the unsteady s t a t e data at each f requency
6 B = dlmread ( ’ cdh B out . txt ’ ) ;
7
8 %Read constant va lue s used in the Fortran code
9 M = dlmread ( ’ cdh va lue s out . txt ’ ) ;
10
11 N=M(1) ;
12 NJ=M(2) ;
13 KJ=M(3) ;
14 H=M(4) ;
15 HH=M(5) ;
16 V=M(6) ;
17 AKB=M(7) ;
18 BB=M(8) ;
19 RTB=M(9) ;
20 Dif fB=M(10) ;
21 de l t a=M(11) ;
22 ro t=M(12) ;
23 anu=M(13) ;
24 nf=M(14) ;
25
26 %Read frequency points , Kw=omega , KK=K
27 K = dlmread ( ’ k va lu e s ou t . txt ’ ) ;
28 K=K’ ;
29 f o r n=1: nf
30 Kw(n)=K(n+nf ) ;
31 KK(n)=K(n) ;
32 end
33
34 de l tan=gamma(4/3) ∗ de l t a ;
35
36 %Read the steady s t a t e va lue s f o r CB
37 Bss1 = dlmread ( ’ cdh out . txt ’ ) ;
38 Bss=Bss1 ( : , 3 ) ;
39
40 %Other cons tant s
41 F=96487;
42
43 %Create y va lue s f o r p l o t t i n g
44 y=ze ro s (NJ , 1 ) ;
45
46 f a r=HH∗(KJ−1) ;
47 y1=0:HH: f a r ;
48
49 f a r 1=H∗(NJ−KJ) ;
50 y2=y1 (KJ) :H: y1 (KJ)+fa r1 ;
51
52 f o r i =1:KJ−1
53 y ( i )=y1 ( i ) ;
54 end
55 f o r i=KJ:NJ
56 y ( i )=y2 ( i−KJ+1) ;
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57 end
58
59 %Create complex numbers from unsteady s t a t e data
60 CB=ze ro s (NJ , nf ) ;
61 f o r n=1: nf
62 f o r i =1:NJ
63 CB( i , n )=complex (B( i , 2∗n−1) ,B( i , 2∗n) ) ;
64 end
65 end
66
67 %Calcu la te the impedance
68 Zdfront=(RTB∗AKB∗exp(−BB∗V) ) /(F∗DiffB ) ;
69
70 Zd=ze ro s (1 , nf ) ;
71 f o r i =1: nf
72 Zd( i )=(−CB(1 , i ) /((−CB(3 , i )+4∗CB(2 , i )−3∗CB(1 , i ) ) /(2∗H) ) ) / de l tan ;
73 end
74
75 f i g u r e (1 )
76 p l o t ( r e a l (Zd) ,− imag (Zd) , ’−k ’ ) ; hold on ; ax i s equal ;
77 t i t l e ( ’ Nyquist p l o t ’ ) ;
78 x l ab e l ( ’ Real part o f Impedance ’ ) ;
79 y l ab e l ( ’ Imaginary part o f Impedance ’ ) ;
80 r e a l=r e a l (Zd) ;
81 imag=imag (Zd) ;
82
83 f i g u r e (2 )
84 l o g l o g (Kw,− imag , ’−k ’ ) ; hold on ;
85
86 f i g u r e (3 )
87 l o g l o g (Kw, rea l , ’−k ’ ) ; hold on ;
88
89 impedance=ze ro s ( nf , 2 ) ;
90 impedance ( : , 1 )=rea l ’ ;
91 impedance ( : , 2 )=imag ’ ;
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APPENDIX E
CODES FOR CONTINUOUS GLUCOSE MONITOR

This appendix contains the different FORTRAN codes that produced the results

for the solution of the convective-diffusion equation with homogeneous reaction. This

appendix also has the Matlab codes to plot the steady-state results, to plot a polarization

curve from the steady state results and a code to create the impedance from the results of

the oscillating FORTRAN code.

E.1 Input files for the Continuous Glucose Monitor

The following codes are the input files for the continuous glucose monitor. The input

code has the number of species being solved, the total number of points, the number of

points until the first coupler, the number of points until the second coupler, the distance

of the reaction region in cm, the distance of the inner layer in cm, and the distance in the

GLM layer in cm. The rate constants in the input file are the equilibrium rates of two

reactions and the forward rate of reaction for two reversible reactions and two irreversible

reactions and the rate constant for the heterogeneous reaction of the reacting species,

and the tafel kinetics value for the heterogeneous reaction. The input file includes the

error allowed for the BIG values, which is discussed in section 2.2.2. And the end of the

input file has the specific values to describe each species in the system, including diffusion

coefficients in cm2/s, the charge, a character name, and the concentration value in the

bulk in mol/cm3.
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Code E.1. Input file for the Continuous Glucose Monitor Code

1 12
2 40001
3 39001
4 29001
5 0 .0004
6 0 .0003
7 0 .0015
8 0 .8
9 0 .42
10 0 .169
11 0 .32
12 0 .11
13 0 .0176
14 1 .E8
15 10 .
16 1 .E9
17 1 .E8
18 10 .
19 1 .E9
20 1 .
21 37 .42
22 1 .E−14
23 7 .2E−6 GL 5.55075E−6
24 0 . GOx .5E−3
25 7 .2E−6 GA 1 .E−20
26 0 . GOx2 . 5E−3
27 2 .46E−5 O2 3.125E−9
28 1 .83E−5 H2O2 1 .E−20
29 0 . CX−GOX2 .5E−3
30 0 . CX−GOX .5E−3
31
32 C l i n e 1 i s the number o f s p e c i e s
33 C l i n e 2 i s the number o f po ints , NJ
34 C l i n e 3 i s the po int where the domains s p l i t , va lue o f IJ
35 C l i n e 4 i s the po int where the r e a c t i on l ay e r i s , va lue o f KJ
36 C l i n e 5 i s the d i s t anc e o f the inner r e a c t i on l a t e r in cm (1um)
37 C l i n e 6 i s the d i s t anc e o f the inner GOx l ay e r in cm (6 um)
38 C l i n e 7 i s the d i s t anc e o f the outer GLM laye r in cm (15 um)
39 C l i n e 8 i s the po ro s i t y f a c t o r o f the inner l ay e r and r e a c t i on l ay e r
40 C l i n e 9 i s the po ro s i t y f a c t o r o f the outer l a y e r f o r smal l s p e c i e s
41 C l i n e 10 i s the po ro s i t y f a c t o r o f the outer l a y e r f o r l a r g e s p e c i e s
42 C l i n e 11 i s the s o l u b i l i t y c o e f f i c i e n t o f H2O2
43 C l i n e 12 i s the s o l u b i l i t y c o e f f i c i e n t o f O2
44 c l i n e 13 i s the s o l u b i l i t y c o e f f i c i e n t o f Glucose
45 C l i n e 14 i s the r a t e f 1 o f rxn1 , mol/cmˆ3
46 C l i n e 15 i s the e qu i l i b 1 o f rxn1 , cmˆ3/(mol∗ s )
47 C l i n e 16 i s the r a t e f 2 o f rxn2 , mol/cmˆ3
48 C l i n e 17 i s the r a t e f 3 o f rxn3 , mol/cmˆ3
49 C l i n e 18 i s the e qu i l i b 3 o f rxn3 , cmˆ3/(mol∗ s )
50 C l i n e 19 i s the r a t e f 3 o f rxn4 , mol/cmˆ3
51 C l i n e 20 i s p o t e n t i a l
52 C l i n e 21 i s the ra t e constant (K) f o r the f l u x o f the r e a c t i n g spe c i e s , A

/cm2 cm3/mol
53 C l i n e 22 i s the t a f e l b va lue f o r the f l u x o f the r e a c t i n g s p e c i e s
54 C l i n e 23 i s the e r r o r a l lowed f o r the BIGs
55 C l i n e s 24−31 s p e c i f y va lue s used to de s c r i b e each s p e c i e s in the system
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E.2 Steady-State Continuous Glucose Monitor Code

This section contains the steady-state FORTRAN codes used to solve the continuous

glucose monitor. The mathematical workup for these codes are in Chapter 5. The

FORTRAN codes are followed by a code. The Matlab code takes the output from the

steady-state FORTRAN code and plots the data.
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Code E.2. Steady-State Continuous Glucose Monitor Main Program

1 C Convective D i f f u s i on Equation with Homogeneous Reaction
2 C Enzyme k i n e t i c s added
3 C 8 s p e c i e s system
4 C SPECIES 1 = glucose , SPECIES 2 = GOx−FAD, SPECIES 3 = Gluconic ac id
5 C SPECIES 4 = GOx−FADH2, SPECIES 5 = O2, SPECIES 6 = H2O2
6 C SPECIES 7 = GOx−FADH2−GA, SPECIES 8 = GOx−FAD−H2O2
7 C Spec i e s 6 i s the r e a c t i n g s p e c i e s
8 C This i s the steady s t a t e s o l u t i o n only
9 C I t should be ran p r i o r to cdhgox os . f o r
10 C The input f i l e i s the same f o r both
11 C This v e r s i on o f the code i s r e v e r s i b l e normal k i n e t i c s f o r r e a c t i o n s 1

and 3
12 C React ions 2 and 4 are i r r e v e r s i b l e
13
14 PROGRAM CONVDIFF
15 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
16 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
17 1 ,Y(12 ,12)
18 COMMON/NSN/ N, NJ
19 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
20 COMMON/VARR/ HHH, KJ
21 COMMON/POR/ POR1,POR2,PORGLU
22 COMMON/BCI/ FLUX
23 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
24 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
25 COMMON/EXTRA/ REF(8)
26 CHARACTER REF∗8
27
28 102 FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)
29 103 FORMAT ( ’ Error=’ ,E16 . 6/ (1X, ’ Spec i e s=’ ,A6, 2X, ’C at E lec t rode=’ ,
30 1 E12 . 5 , 2X, ’C at Bulk=’ ,E12 . 5 ) )
31 300 FORMAT (18x , ’ Glucose ’ 14x , ’GOx ’ ,14x , ’GA’ ,14x , ’GOx2 ’ ,14x , ’O2 ’ ,14x ,
32 1 ’H2O2 ’ ,14x , ’CX−GOx2 ’ ,14x , ’CX−GOx ’ ,14x , ’RXN1 ’ ,14x , ’RXN2 ’ ,14x ,
33 1 ’RXN3 ’ ,14x , ’RXN4 ’ )
34 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
35 334 FORMAT (12(E25 . 15 , 5X) )
36 302 FORMAT ( ’ I t e r a t i o n=’ I4 )
37
38 OPEN(UNIT=13, FILE=’ cdhgox out . txt ’ )
39 CLOSE(UNIT=13, STATUS=’DELETE’ )
40 OPEN(UNIT=13, FILE=’ cdhgox out . txt ’ )
41
42 OPEN(12 ,FILE=’ cdhgox G out . txt ’ )
43 CLOSE(12 , STATUS=’DELETE’ )
44 OPEN(12 , FILE=’ cdhgox G out . txt ’ )
45 WRITE(12 ,300)
46
47 open (14 , f i l e=’ cdhgox in . txt ’ , s t a tu s=’ o ld ’ )
48 106 FORMAT ( I2 / I7 / I7 /E15 .4/E15 .4/E15 .4/E15 .4/E15 .4/E15 .4/E15 .4/E15 . 4
49 1 /E15 .4/E15 .4/E15 .4/E15 .4/E15 .4/E15 . 4 )
50 p r i n t ∗ , ’ does t h i s work ’
51 read (14 ,∗ ) N,NJ , IJ ,KJ,Y1 ,Y2 ,Y3 ,POR1,POR2,POR3,PARH2O2,PAR02,
52 1 PARGLUCOSE, ra t e f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4 ,
53 2 AKB,BB,EBIG
54 read (14 ,∗ ) (DIFF( I ) ,REF( I ) ,CBULK( I ) , I =1 ,(N−4) )
55 POR1=POR1∗∗ ( 1 . 5 )
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56 POR2=POR2∗∗ ( 1 . 5 )
57 PORGLU=POR3∗∗ ( 1 . 5 )
58 open (16 , f i l e=’ po t in . txt ’ , s t a tu s=’ o ld ’ )
59 read (16 ,∗ ) V
60
61 open (16 , f i l e=’ O2 in . txt ’ , s t a tu s=’ o ld ’ )
62 305 FORMAT (E25 . 5 )
63 read (16 ,305) CBULK(5)
64
65 C Constants
66 F=96487.
67
68 c THIS IS SPACING FOR OUTER LAYER, BCNJ
69 H=Y3/(NJ−IJ )
70 PRINT ∗ , ’H=’ , H
71 PRINT ∗ , ’Y3=’ , Y3
72 PRINT ∗ , ’NJ−IJ=’ , NJ−IJ
73
74 c THIS IS SPACING FOR INNER LAYER
75 HH=(Y2) /( IJ−KJ)
76 PRINT ∗ , ’HH=’ , HH
77 PRINT ∗ , ’Y2=’ , Y2
78 PRINT ∗ , ’ IJ−KJ=’ , IJ−KJ
79
80 c THIS IS SPACING FOR REACTION LAYER
81 HHH=(Y1) /(KJ−1)
82 PRINT ∗ , ’Y1=’ , Y1
83 PRINT ∗ , ’KJ−1= ’ , KJ−1
84 PRINT ∗ , ’HHH=’ , HHH
85
86 OPEN(15 ,FILE=’ cdhgox s sva lue s out . txt ’ )
87 CLOSE(15 , STATUS=’DELETE’ )
88 OPEN(15 , FILE=’ cdhgox s sva lue s out . txt ’ )
89 337 FORMAT ( I2 / I7 / I7 / I7 /E25 .15/E25 .15/E25 .15/E15 .8/E15 .8/E15 .4/E15 . 4
90 1 /E15 .4/E15 .4/E25 . 1 5 )
91 WRITE (15 ,337) N,NJ , IJ ,KJ,H,HH,HHH,DIFF(6) ,AKB,BB,V,POR1
92
93 C Create f l u x o f the r e a c t i n g s p e c i e s cons tant s
94 FLUX=−AKB∗exp (BB∗V)/F/2 .
95 PRINT ∗ , ’FLUX=’ , FLUX
96
97 c THIS IS THE MAIN PART OF THE PROGRAM
98 DO 21 J=1,NJ
99 RXN(1 , J ) =0.00001
100 RXN(2 , J ) =0.00001
101 RXN(3 , J ) =0.00001
102 RXN(4 , J ) =0.00001
103 DO 21 I=1,N−4
104 C( I , J )=0.0
105 21 CONC( I , J )=CBULK( I )
106 JCOUNT=0
107 TOL=1.E−10∗N∗NJ/1 .E8
108 PRINT ∗ , ’TOL=’ , TOL
109 22 JCOUNT=JCOUNT+1
110 AMP=0.0
111 J=0
112 DO 23 I=1,N
113 DO 23 K=1,N
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114 Y( I ,K)=0.0
115 23 X( I ,K)=0.0
116 24 J=J+1
117 DO 25 I=1,N
118 G( I )=0.0
119 DO 25 K=1,N
120 A( I ,K)=0.0
121 B( I ,K)=0.0
122 25 D( I ,K)=0.0
123
124 IF ( J .EQ. 1 ) CALL BC1(J )
125 IF ( J .GT.1 .AND. J .LT.KJ) CALL REACTION(J )
126 IF ( J .EQ.KJ) CALL COUPLER1(J )
127 IF ( J .GT.KJ .AND. J .LT. IJ ) CALL INNER(J )
128 IF ( J .EQ. IJ ) CALL COUPLER2(J )
129 IF ( J .GT. IJ .AND. J .LT.NJ) CALL OUTER(J )
130 IF ( J .EQ.NJ) CALL BCNJ(J )
131 CALL BAND(J )
132
133 AMP=AMP+DABS(G(1) )+DABS(G(2) )+DABS(G(3) )+DABS(G(4) )+DABS(G(5) )
134 1 +DABS(G(6) )+DABS(G(7) )+DABS(G(8) )+DABS(G(9) )+DABS(G(10) )
135 2 +DABS(G(11) )+DABS(G(12) )
136
137 IF ( J .LT.NJ) GO TO 24
138
139 PRINT ∗ , ’ERROR=’ , AMP
140
141 DO 16 K=1,NJ
142 RXN(1 ,K)=RXN(1 ,K)+C(9 ,K)
143 RXN(2 ,K)=RXN(2 ,K)+C(10 ,K)
144 RXN(3 ,K)=RXN(3 ,K)+C(11 ,K)
145 RXN(4 ,K)=RXN(4 ,K)+C(12 ,K)
146 DO 16 I=1,N−4
147 IF (C( I ,K) .LT.−0.999∗CONC( I ,K) ) C( I ,K)=−0.999∗CONC( I ,K)
148 IF (C( I ,K) .GT. 999 .∗CONC( I ,K) ) C( I ,K)= 999 .∗CONC( I ,K)
149 CONC( I ,K)=CONC( I ,K)+C( I ,K)
150 16 CONTINUE
151
152 WRITE(12 ,302) (JCOUNT)
153
154 c I f the e r r o r i s l e s s then the to l e rance , f i n i s h program
155 IF (DABS(AMP) .LT.DABS(TOL) ) GO TO 15
156
157 c I f the e r r o r i s g r e a t e r then to l e rance , do another i t e r a t i o n
158 33 IF (JCOUNT.LE. 1 9 ) GO TO 22
159 pr i n t 102
160
161 15 PRINT 103 , AMP, (REF( I ) ,CONC( I , 1 ) ,CONC( I ,NJ) , I=1,N−4)
162
163 PRINT ∗ , ’JCOUNT=’ ,JCOUNT
164
165 WRITE(13 ,334) (CONC(1 , J ) ,CONC(2 , J ) ,CONC(3 , J ) ,CONC(4 , J ) ,CONC(5 , J ) ,
166 1 CONC(6 , J ) ,CONC(7 , J ) ,CONC(8 , J ) ,RXN(1 , J ) ,RXN(2 , J ) ,RXN(3 , J ) ,
167 2 RXN(4 , J ) , J=1,NJ)
168
169 C WRITE(13 ,334) (CONC(1 , J ) ,CONC(2 , J ) ,CONC(3 , J ) ,CONC(4 , J ) ,CONC(5 , J ) ,
170 C 1 CONC(6 , J ) ,CONC(7 , J ) ,CONC(8 , J ) , J=1,NJ)
171
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172 END PROGRAM CONVDIFF
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Code E.3. Steady-State Continuous Glucose Monitor for the Electrode Boundary

Condition

1 SUBROUTINE BC1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/VARR/ HHH, KJ
8 COMMON/POR/ POR1,POR2,PORGLU
9 COMMON/BCI/ FLUX
10 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
11 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
12
13 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
14
15 C For Glucose , be ing consumed only
16 G(1) =2.∗POR1∗DIFF(1) ∗(CONC(1 , J+1)−CONC(1 , J ) ) /HHH∗∗2 .
17 2 −(3.∗RXN(1 , J )+RXN(1 , J+1) ) /4 .
18 B(1 , 1 ) =2.∗POR1∗DIFF(1) /HHH∗∗2 .
19 D(1 , 1 )=−2.∗POR1∗DIFF(1) /HHH∗∗2 .
20 B(1 , 9 )=+0.75
21 D(1 , 9 )=+0.25
22
23 BIG=ABS(2 .∗POR1∗DIFF(1) ∗(CONC(1 , J+1) ) /HHH∗∗2 . )
24 BIG2=ABS(2 .∗POR1∗DIFF(1) ∗(−CONC(1 , J ) ) /HHH∗∗2 . )
25 IF (BIG2 .GT.BIG) BIG=BIG2
26 IF (ABS(−3.∗RXN(1 , J ) / 4 . ) .GT.BIG) BIG=ABS(−3.∗RXN(1 , J ) / 4 . )
27 IF (ABS(−RXN(1 , J+1) /4 . ) .GT.BIG) BIG=ABS(−RXN(1 , J+1) /4 . )
28 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
29
30 C For GOx, enzyme
31 G(2)=−RXN(1 , J )+RXN(4 , J )
32 B(2 , 9 )=+1
33 B(2 ,12 )=−1
34
35 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
36 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
37 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
38
39 C For Gluconic Acid , be ing produced only
40 G(3) =2.∗POR1∗DIFF(3) ∗(CONC(3 , J+1)−CONC(3 , J ) ) /HHH∗∗2 .
41 2 +(3∗RXN(2 , J )+RXN(2 , J+1) ) /4 .
42 B(3 , 3 ) =2.∗POR1∗DIFF(3) /HHH∗∗2 .
43 D(3 , 3 )=−2.∗POR1∗DIFF(3) /HHH∗∗2 .
44 B(3 ,10 )=−0.75
45 D(3 ,10 )=−0.25
46
47 BIG=ABS(2 .∗POR1∗DIFF(3) ∗(CONC(3 , J+1) ) /HHH∗∗2 . )
48 BIG2=ABS(2 .∗POR1∗DIFF(3) ∗(−CONC(3 , J ) ) /HHH∗∗2 . )
49 IF (BIG2 .GT.BIG) BIG=BIG2
50 IF (ABS(3 .∗RXN(2 , J ) / 4 . ) .GT.BIG) BIG=ABS(3 .∗RXN(2 , J ) / 4 . )
51 IF (ABS(RXN(2 , J+1) /4 . ) .GT.BIG) BIG=ABS(RXN(2 , J+1) /4 . )
52 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
53
54 C For GOx2, enzyme

202



55 G(4)=CBULK(2)+CBULK(4)+CBULK(7)+CBULK(8)−CONC(2 , J )−CONC(4 , J )
56 1 −CONC(7 , J )−CONC(8 , J )
57 B(4 , 2 )=+1.
58 B(4 , 4 )=+1.
59 B(4 , 7 )=+1.
60 B(4 , 8 )=+1.
61
62 BIG=ABS(CBULK(2) )
63 IF (ABS(CBULK(4) ) .GT.BIG) BIG=ABS(CBULK(4) )
64 IF (ABS(CBULK(7) ) .GT.BIG) BIG=ABS(CBULK(7) )
65 IF (ABS(CBULK(8) ) .GT.BIG) BIG=ABS(CBULK(8) )
66 IF (ABS(CONC(2 , J ) ) .GT.BIG) BIG=ABS(CONC(2 , J ) )
67 IF (ABS(CONC(4 , J ) ) .GT.BIG) BIG=ABS(CONC(4 , J ) )
68 IF (ABS(CONC(7 , J ) ) .GT.BIG) BIG=ABS(CONC(7 , J ) )
69 IF (ABS(CONC(8 , J ) ) .GT.BIG) BIG=ABS(CONC(8 , J ) )
70 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
71
72 C For O2, being consumed only
73 G(5) =2.∗POR1∗DIFF(5) ∗(CONC(5 , J+1)−CONC(5 , J ) ) /HHH∗∗2 .
74 1 −FLUX∗CONC(6 , J ) /(HHH/2 . )
75 2 −(3.∗RXN(3 , J )+RXN(3 , J+1) ) /4 .
76 B(5 , 5 ) =2.∗POR1∗DIFF(5) /HHH∗∗2 .
77 D(5 , 5 )=−2.∗POR1∗DIFF(5) /HHH∗∗2 .
78 B(5 ,11 )=+0.75
79 D(5 ,11 )=+0.25
80 B(5 , 6 )=+FLUX/(HHH/2 . )
81
82 BIG=ABS(2 .∗POR1∗DIFF(5) ∗(CONC(5 , J+1) ) /HHH∗∗2 . )
83 BIG2=ABS(2 .∗POR1∗DIFF(5) ∗(−CONC(5 , J ) ) /HHH∗∗2 . )
84 IF (BIG2 .GT.BIG) BIG=BIG2
85 IF (ABS(−3.∗RXN(3 , J ) / 4 . ) .GT.BIG) BIG=ABS(−3.∗RXN(3 , J ) / 4 . )
86 IF (ABS(−RXN(3 , J+1) /4 . ) .GT.BIG) BIG=ABS(−RXN(3 , J+1) /4 . )
87 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
88
89 C For H2O2, r e a c t i n g s p e c i e s
90 G(6) =2.∗POR1∗DIFF(6) ∗(CONC(6 , J+1)−CONC(6 , J ) ) /HHH∗∗2 .
91 2 +FLUX∗CONC(6 , J ) /(HHH/2 . )
92 3 +(3.∗RXN(4 , J )+RXN(4 , J+1) ) /4 .
93 B(6 , 6 ) =2.∗POR1∗DIFF(6) /HHH∗∗2−FLUX/(HHH/2 . )
94 D(6 , 6 )=−2.∗POR1∗DIFF(6) /HHH∗∗2
95 B(6 ,12 )=−0.75
96 D(6 ,12 )=−0.25
97
98 BIG=ABS(2 .∗POR1∗DIFF(6) ∗(CONC(6 , J+1) ) /HHH∗∗2 . )
99 BIG2=ABS(2 .∗POR1∗DIFF(6) ∗(−CONC(6 , J ) ) /HHH∗∗2 . )
100 IF (BIG2 .GT.BIG) BIG=BIG2
101 IF (ABS(3 .∗RXN(4 , J ) / 4 . ) .GT.BIG) BIG=ABS(3 .∗RXN(4 , J ) / 4 . )
102 IF (ABS(RXN(4 , J+1) /4 . ) .GT.BIG) BIG=ABS(RXN(4 , J+1) /4 . )
103 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
104
105 C For CX−GOx2, enzyme
106 G(7)=RXN(1 , J )−RXN(2 , J )
107 B(7 , 9 )=−1.
108 B(7 ,10 ) =1.
109
110 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
111 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
112 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
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113
114 C For CX−GOx, enzyme
115 G(8)=RXN(3 , J )−RXN(4 , J )
116 B(8 ,11 )=−1.
117 B(8 ,12 ) =1.
118
119 IF (ABS(RXN(3 , J ) ) .GT.BIG) BIG=ABS(RXN(3 , J ) )
120 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
121 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
122
123 C REACTION1
124 214 G(9)=−RXN(1 , J )+r a t e f 1 ∗(CONC(1 , J ) ∗CONC(2 , J )−(CONC(7 , J ) / e qu i l i b 1 ) )
125 B(9 , 1 )=−r a t e f 1 ∗CONC(2 , J )
126 B(9 , 2 )=−r a t e f 1 ∗CONC(1 , J )
127 B(9 , 7 )=r a t e f 1 / e qu i l i b 1
128 B(9 , 9 )=+1.
129
130 BIG=ABS(RXN(1 , J ) )
131 BIG2=ABS( r a t e f 1 ∗CONC(1 , J ) ∗CONC(2 , J ) )
132 IF (BIG2 .GT.BIG) BIG=BIG2
133 BIG3=ABS( r a t e f 1 ∗(CONC(7 , J ) / e qu i l i b 1 ) )
134 IF (BIG3 .GT.BIG) BIG=BIG3
135 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
136
137 C REACTION2
138 215 G(10)=−RXN(2 , J )+r a t e f 2 ∗CONC(7 , J )
139 B(10 ,7 )=−r a t e f 2
140 B(10 ,10)=+1.
141
142 BIG=ABS(RXN(2 , J ) )
143 BIG2=ABS( r a t e f 2 ∗CONC(7 , J ) )
144 IF (BIG2 .GT.BIG) BIG=BIG2
145 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
146
147 C REACTION3
148 216 G(11)=−RXN(3 , J )+r a t e f 3 ∗(CONC(4 , J ) ∗CONC(5 , J )−(CONC(8 , J ) / e qu i l i b 3 ) )
149 B(11 ,4 )=−r a t e f 3 ∗CONC(5 , J )
150 B(11 ,5 )=−r a t e f 3 ∗CONC(4 , J )
151 B(11 ,8 )=r a t e f 3 / e qu i l i b 3
152 B(11 ,11)=+1.
153
154 BIG=ABS(RXN(3 , J ) )
155 BIG2=ABS( r a t e f 3 ∗CONC(4 , J ) ∗CONC(5 , J ) )
156 IF (BIG2 .GT.BIG) BIG=BIG2
157 BIG3=ABS( r a t e f 3 ∗(CONC(8 , J ) / e qu i l i b 3 ) )
158 IF (BIG3 .GT.BIG) BIG=BIG3
159 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
160
161 C REACTION4
162 217 G(12)=−RXN(4 , J )+r a t e f 4 ∗CONC(8 , J )
163 B(12 ,8 )=−r a t e f 4
164 B(12 ,12)=+1.
165 BIG=ABS(RXN(4 , J ) )
166 BIG2=ABS( r a t e f 4 ∗CONC(8 , J ) )
167 IF (BIG2 .GT.BIG) BIG=BIG2
168 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
169 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
170 RETURN
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171 END
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Code E.4. Steady-State Continuous Glucose Monitor Subroutine for the Reaction Region

1 SUBROUTINE REACTION(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/VARR/ HHH, KJ
8 COMMON/POR/ POR1,POR2,PORGLU
9 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
10 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
11
12 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
13
14 C For Glucose , be ing consumed only
15 G(1)=POR1∗DIFF(1) ∗(CONC(1 , J+1)−2.∗CONC(1 , J )+CONC(1 , J−1) ) /HHH∗∗2 .
16 2 −RXN(1 , J )
17 B(1 , 1 ) =2.∗POR1∗DIFF(1) /HHH∗∗2 .
18 D(1 , 1 )=−POR1∗DIFF(1) /HHH∗∗2 .
19 A(1 , 1 )=−POR1∗DIFF(1) /HHH∗∗2 .
20 B(1 , 9 )=+1.
21
22 BIG=ABS(POR1∗DIFF(1) ∗(CONC(1 , J+1) ) /HHH∗∗2 . )
23 BIG2=ABS(POR1∗DIFF(1) ∗(−2.∗CONC(1 , J ) ) /HHH∗∗2 . )
24 IF (BIG2 .GT.BIG) BIG=BIG2
25 BIG3=ABS(POR1∗DIFF(1) ∗(CONC(1 , J−1) ) /HHH∗∗2 . )
26 IF (BIG3 .GT.BIG) BIG=BIG3
27 IF (ABS(−RXN(1 , J ) ) .GT.BIG) BIG=ABS(−RXN(1 , J ) )
28 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
29
30 C For GOx, enzyme
31 G(2)=−RXN(1 , J )+RXN(4 , J )
32 B(2 , 9 )=+1
33 B(2 ,12 )=−1
34
35 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
36 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
37 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
38
39 C For Gluconic Acid , be ing produced only
40 G(3)=POR1∗DIFF(3) ∗(CONC(3 , J+1)−2.∗CONC(3 , J )+CONC(3 , J−1) ) /HHH∗∗2 .
41 2 +RXN(2 , J )
42 B(3 , 3 ) =2.∗POR1∗DIFF(3) /HHH∗∗2 .
43 D(3 , 3 )=−POR1∗DIFF(3) /HHH∗∗2 .
44 A(3 , 3 )=−POR1∗DIFF(3) /HHH∗∗2 .
45 B(3 ,10 )=−1.
46
47 BIG=ABS(POR1∗DIFF(3) ∗(CONC(3 , J+1) ) /HHH∗∗2 . )
48 BIG2=ABS(POR1∗DIFF(3) ∗(−2.∗CONC(3 , J ) ) /HHH∗∗2 . )
49 IF (BIG2 .GT.BIG) BIG=BIG2
50 BIG3=ABS(POR1∗DIFF(3) ∗(CONC(3 , J−1) ) /HHH∗∗2 . )
51 IF (BIG3 .GT.BIG) BIG=BIG3
52 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
53 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
54
55 C For GOx2, enzyme
56 G(4)=CBULK(2)+CBULK(4)+CBULK(7)+CBULK(8)−CONC(2 , J )−CONC(4 , J )
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57 1 −CONC(7 , J )−CONC(8 , J )
58 B(4 , 2 )=+1.
59 B(4 , 4 )=+1.
60 B(4 , 7 )=+1.
61 B(4 , 8 )=+1.
62
63 BIG=ABS(CBULK(2) )
64 IF (ABS(CBULK(4) ) .GT.BIG) BIG=ABS(CBULK(4) )
65 IF (ABS(CBULK(7) ) .GT.BIG) BIG=ABS(CBULK(7) )
66 IF (ABS(CBULK(8) ) .GT.BIG) BIG=ABS(CBULK(8) )
67 IF (ABS(CONC(2 , J ) ) .GT.BIG) BIG=ABS(CONC(2 , J ) )
68 IF (ABS(CONC(4 , J ) ) .GT.BIG) BIG=ABS(CONC(4 , J ) )
69 IF (ABS(CONC(7 , J ) ) .GT.BIG) BIG=ABS(CONC(7 , J ) )
70 IF (ABS(CONC(8 , J ) ) .GT.BIG) BIG=ABS(CONC(8 , J ) )
71 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
72
73 C For O2, being consumed only
74 G(5)=POR1∗DIFF(5) ∗(CONC(5 , J+1)−2.∗CONC(5 , J )+CONC(5 , J−1) ) /HHH∗∗2 .
75 2 −RXN(3 , J )
76 B(5 , 5 ) =2.∗POR1∗DIFF(5) /HHH∗∗2 .
77 D(5 , 5 )=−POR1∗DIFF(5) /HHH∗∗2 .
78 A(5 , 5 )=−POR1∗DIFF(5) /HHH∗∗2 .
79 B(5 ,11 )=+1.
80
81 BIG=ABS(POR1∗DIFF(5) ∗(CONC(5 , J+1) ) /HHH∗∗2 . )
82 BIG2=ABS(POR1∗DIFF(5) ∗(−2.∗CONC(5 , J ) ) /HHH∗∗2 . )
83 IF (BIG2 .GT.BIG) BIG=BIG2
84 BIG3=ABS(POR1∗DIFF(5) ∗(CONC(5 , J−1) ) /HHH∗∗2 . )
85 IF (BIG3 .GT.BIG) BIG=BIG3
86 IF (ABS(−RXN(3 , J ) ) .GT.BIG) BIG=ABS(−RXN(3 , J ) )
87 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
88
89 C For H2O2, r e a c t i n g s p e c i e s
90 G(6)=POR1∗DIFF(6) ∗(CONC(6 , J+1)−2.∗CONC(6 , J )+CONC(6 , J−1) ) /HHH∗∗2 .
91 2 +RXN(4 , J )
92 B(6 , 6 ) =2.∗POR1∗DIFF(6) /HHH∗∗2 .
93 D(6 , 6 )=−POR1∗DIFF(6) /HHH∗∗2 .
94 A(6 , 6 )=−POR1∗DIFF(6) /HHH∗∗2 .
95 B(6 ,12 )=−1.
96
97 BIG=ABS(POR1∗DIFF(6) ∗(CONC(6 , J+1) ) /HHH∗∗2 . )
98 BIG2=ABS(POR1∗DIFF(6) ∗(−2.∗CONC(6 , J ) ) /HHH∗∗2 . )
99 IF (BIG2 .GT.BIG) BIG=BIG2
100 BIG3=ABS(POR1∗DIFF(6) ∗(CONC(6 , J−1) ) /HHH∗∗2 . )
101 IF (BIG3 .GT.BIG) BIG=BIG3
102 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
103 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
104
105 C For CX−GOx2, enzyme
106 G(7)=RXN(1 , J )−RXN(2 , J )
107 B(7 , 9 )=−1.
108 B(7 ,10 ) =1.
109
110 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
111 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
112 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
113
114 C For CX−GOx, enzyme
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115 G(8)=RXN(3 , J )−RXN(4 , J )
116 B(8 ,11 )=−1.
117 B(8 ,12 ) =1.
118
119 IF (ABS(RXN(3 , J ) ) .GT.BIG) BIG=ABS(RXN(3 , J ) )
120 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
121 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
122
123
124 C REACTION1
125 214 G(9)=−RXN(1 , J )+r a t e f 1 ∗(CONC(1 , J ) ∗CONC(2 , J )−(CONC(7 , J ) / e qu i l i b 1 ) )
126 B(9 , 1 )=−r a t e f 1 ∗CONC(2 , J )
127 B(9 , 2 )=−r a t e f 1 ∗CONC(1 , J )
128 B(9 , 7 )=r a t e f 1 / e qu i l i b 1
129 B(9 , 9 )=+1.
130
131 BIG=ABS(RXN(1 , J ) )
132 BIG2=ABS( r a t e f 1 ∗CONC(1 , J ) ∗CONC(2 , J ) )
133 IF (BIG2 .GT.BIG) BIG=BIG2
134 BIG3=ABS( r a t e f 1 ∗(CONC(7 , J ) / e qu i l i b 1 ) )
135 IF (BIG3 .GT.BIG) BIG=BIG3
136 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
137
138 C REACTION2
139 215 G(10)=−RXN(2 , J )+r a t e f 2 ∗CONC(7 , J )
140 B(10 ,7 )=−r a t e f 2
141 B(10 ,10)=+1.
142
143 BIG=ABS(RXN(2 , J ) )
144 BIG2=ABS( r a t e f 2 ∗CONC(7 , J ) )
145 IF (BIG2 .GT.BIG) BIG=BIG2
146 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
147
148 C REACTION3
149 216 G(11)=−RXN(3 , J )+r a t e f 3 ∗(CONC(4 , J ) ∗CONC(5 , J )−(CONC(8 , J ) / e qu i l i b 3 ) )
150 B(11 ,4 )=−r a t e f 3 ∗CONC(5 , J )
151 B(11 ,5 )=−r a t e f 3 ∗CONC(4 , J )
152 B(11 ,8 )=r a t e f 3 / e qu i l i b 3
153 B(11 ,11)=+1.
154
155 BIG=ABS(RXN(3 , J ) )
156 BIG2=ABS( r a t e f 3 ∗CONC(4 , J ) ∗CONC(5 , J ) )
157 IF (BIG2 .GT.BIG) BIG=BIG2
158 BIG3=ABS( r a t e f 3 ∗(CONC(8 , J ) / e qu i l i b 3 ) )
159 IF (BIG3 .GT.BIG) BIG=BIG3
160 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
161
162 C REACTION4
163 217 G(12)=−RXN(4 , J )+r a t e f 4 ∗CONC(8 , J )
164 B(12 ,8 )=−r a t e f 4
165 B(12 ,12)=+1.
166
167 BIG=ABS(RXN(4 , J ) )
168 BIG2=ABS( r a t e f 4 ∗CONC(8 , J ) )
169 IF (BIG2 .GT.BIG) BIG=BIG2
170 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
171
172 c SAVE G OUT DATA
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173 212 DO 11 I=2 ,13
174 11 I f ( I .EQ. J ) WRITE(12 ,301) J , (G(K) ,K=1,N)
175 IF ( J .EQ.KJ/2) THEN
176 WRITE(12 ,301) J , (G(K) ,K=1,N)
177 ELSE IF (J .EQ. (KJ−1) ) THEN
178 WRITE(12 ,301) J , (G(K) ,K=1,N)
179 ELSE IF (J .EQ. (KJ−2) ) THEN
180 WRITE(12 ,301) J , (G(K) ,K=1,N)
181 ELSE IF (J .EQ. (KJ−3) ) THEN
182 WRITE(12 ,301) J , (G(K) ,K=1,N)
183 END IF
184
185 RETURN
186 END
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Code E.5. Steady-State Continuous Glucose Monitor Subroutine for the First Coupler

1 SUBROUTINE COUPLER1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/VARR/ HHH, KJ
8 COMMON/POR/ POR1,POR2,PORGLU
9 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
10 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
11
12 C DIMENSION COEFF1, COEFF3, COEFF5, COEFF6
13
14 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
15
16 COEFF1HH=POR1∗DIFF(1) /(HH)
17 COEFF1HHH=POR1∗DIFF(1) /(HHH)
18 COEFF3HH=POR1∗DIFF(3) /(HH)
19 COEFF3HHH=POR1∗DIFF(3) /(HHH)
20 COEFF5HH=POR1∗DIFF(5) /(HH)
21 COEFF5HHH=POR1∗DIFF(5) /(HHH)
22 COEFF6HH=POR1∗DIFF(6) /(HH)
23 COEFF6HHH=POR1∗DIFF(6) /(HHH)
24
25 C For Glucose , be ing consumed only
26 G(1)=COEFF1HH∗(CONC(1 ,KJ+1)−CONC(1 ,KJ) )
27 1 −COEFF1HHH∗(CONC(1 ,KJ)−CONC(1 ,KJ−1) )
28 2 −(HH/2 . ) ∗(RXN(1 , J+1)+3.∗RXN(1 , J ) ) /4 .
29 3 −(HHH/2 . ) ∗(RXN(1 , J−1)+3.∗RXN(1 , J ) ) /4 .
30 B(1 , 1 )=COEFF1HH+COEFF1HHH
31 D(1 , 1 )=−COEFF1HH
32 A(1 , 1 )=−COEFF1HHH
33 B(1 , 9 )=+(HH/2 . ) ∗ ( 3 . / 4 . ) +(HHH/2 . ) ∗ ( 3 . / 4 . )
34 D(1 , 9 )=+(HH/2 . ) ∗ ( 1 . / 4 . )
35 A(1 , 9 )=+(HHH/2 . ) ∗ ( 1 . / 4 . )
36
37 BIG=ABS(COEFF1HH∗CONC(1 ,KJ+1) )
38 BIG2=ABS(COEFF1HH∗CONC(1 ,KJ) )
39 IF (BIG2 .GT.BIG) BIG=BIG2
40 BIG3=ABS(−COEFF1HHH∗CONC(1 ,KJ) )
41 IF (BIG3 .GT.BIG) BIG=BIG3
42 BIG4=ABS(−COEFF1HHH∗CONC(1 ,KJ−1) )
43 IF (BIG4 .GT.BIG) BIG=BIG4
44 BIG5=ABS( (HH/2 . ) ∗(RXN(1 , J+1) /4 . ) )
45 IF (BIG5 .GT.BIG) BIG=BIG5
46 BIG6=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(1 , J ) ) / 4 . )
47 IF (BIG6 .GT.BIG) BIG=BIG6
48 BIG7=ABS( (HHH/2 . ) ∗(RXN(1 , J−1) / 4 . ) )
49 IF (BIG7 .GT.BIG) BIG=BIG7
50 BIG8=ABS( (HHH/2 . ) ∗ ( 3 .∗RXN(1 , J ) ) / 4 . )
51 IF (BIG8 .GT.BIG) BIG=BIG8
52 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
53
54 C For GOx, enzyme
55 G(2)=−RXN(1 ,KJ)+RXN(4 ,KJ)
56 B(2 , 9 )=+1.
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57 B(2 ,12 )=−1.
58
59 BIG=ABS(RXN(1 , J ) )
60 BIG2=ABS(RXN(4 , J ) )
61 IF (BIG2 .GT.BIG) BIG=BIG2
62 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
63
64 C For Gluconic Acid , be ing produced only
65 G(3)=COEFF3HH∗(CONC(3 ,KJ+1)−CONC(3 ,KJ) )
66 1 −COEFF3HHH∗(CONC(3 ,KJ)−CONC(3 ,KJ−1) )
67 2 +(HH/2 . ) ∗(RXN(2 , J+1)+3.∗RXN(2 , J ) ) /4 .
68 3 +(HHH/2 . ) ∗(RXN(2 , J−1)+3.∗RXN(2 , J ) ) /4 .
69 B(3 , 3 )=COEFF3HH+COEFF3HHH
70 D(3 , 3 )=−COEFF3HH
71 A(3 , 3 )=−COEFF3HHH
72 B(3 ,10 )=−(HH/2 . ) ∗ ( 3 . / 4 . ) +(HHH/2 . ) ∗ ( 3 . / 4 . )
73 D(3 ,10 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
74 A(3 ,10 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
75
76 BIG=ABS(COEFF3HH∗CONC(3 ,KJ+1) )
77 BIG2=ABS(COEFF3HH∗CONC(3 ,KJ) )
78 IF (BIG2 .GT.BIG) BIG=BIG2
79 BIG3=ABS(−COEFF3HHH∗CONC(3 ,KJ) )
80 IF (BIG3 .GT.BIG) BIG=BIG3
81 BIG4=ABS(−COEFF3HHH∗CONC(3 ,KJ−1) )
82 IF (BIG4 .GT.BIG) BIG=BIG4
83 BIG5=ABS( (HH/2 . ) ∗(RXN(2 , J+1) /4 . ) )
84 IF (BIG5 .GT.BIG) BIG=BIG5
85 BIG6=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(2 , J ) ) / 4 . )
86 IF (BIG6 .GT.BIG) BIG=BIG6
87 BIG7=ABS( (HHH/2 . ) ∗(RXN(2 , J−1) / 4 . ) )
88 IF (BIG7 .GT.BIG) BIG=BIG7
89 BIG8=ABS( (HHH/2 . ) ∗ ( 3 .∗RXN(2 , J ) ) / 4 . )
90 IF (BIG8 .GT.BIG) BIG=BIG8
91 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
92
93 C For GOx2, enzyme
94 G(4)=CBULK(2)+CBULK(4)+CBULK(7)+CBULK(8)−CONC(2 , J )−CONC(4 , J )
95 1 −CONC(7 , J )−CONC(8 , J )
96 B(4 , 2 )=+1.
97 B(4 , 4 )=+1.
98 B(4 , 7 )=+1.
99 B(4 , 8 )=+1.
100
101 BIG=ABS(CBULK(2) )
102 IF (ABS(CBULK(4) ) .GT.BIG) BIG=ABS(CBULK(4) )
103 IF (ABS(CBULK(7) ) .GT.BIG) BIG=ABS(CBULK(7) )
104 IF (ABS(CBULK(8) ) .GT.BIG) BIG=ABS(CBULK(8) )
105 IF (ABS(CONC(2 , J ) ) .GT.BIG) BIG=ABS(CONC(2 , J ) )
106 IF (ABS(CONC(4 , J ) ) .GT.BIG) BIG=ABS(CONC(4 , J ) )
107 IF (ABS(CONC(7 , J ) ) .GT.BIG) BIG=ABS(CONC(7 , J ) )
108 IF (ABS(CONC(8 , J ) ) .GT.BIG) BIG=ABS(CONC(8 , J ) )
109 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
110
111 C For O2, being consumed only
112 G(5)=COEFF5HH∗(CONC(5 ,KJ+1)−CONC(5 ,KJ) )
113 1 −COEFF5HHH∗(CONC(5 ,KJ)−CONC(5 ,KJ−1) )
114 2 −(HH/2 . ) ∗(RXN(3 , J+1)+3.∗RXN(3 , J ) ) /4 .
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115 3 −(HHH/2 . ) ∗(RXN(3 , J−1)+3.∗RXN(3 , J ) ) /4 .
116 B(5 , 5 )=COEFF5HH+COEFF5HHH
117 D(5 , 5 )=−COEFF5HH
118 A(5 , 5 )=−COEFF5HHH
119 B(5 ,11 )=+(HH/2 . ) ∗ ( 3 . / 4 . ) +(HHH/2 . ) ∗ ( 3 . / 4 . )
120 D(5 ,11 )=+(HH/2 . ) ∗ ( 1 . / 4 . )
121 A(5 ,11 )=+(HHH/2 . ) ∗ ( 1 . / 4 . )
122
123 BIG=ABS(COEFF5HH∗CONC(5 ,KJ+1) )
124 BIG2=ABS(COEFF5HH∗CONC(5 ,KJ) )
125 IF (BIG2 .GT.BIG) BIG=BIG2
126 BIG3=ABS(−COEFF5HHH∗CONC(5 ,KJ) )
127 IF (BIG3 .GT.BIG) BIG=BIG3
128 BIG4=ABS(−COEFF5HHH∗CONC(5 ,KJ−1) )
129 IF (BIG4 .GT.BIG) BIG=BIG4
130 BIG5=ABS( (HH/2 . ) ∗(RXN(3 , J+1) /4 . ) )
131 IF (BIG5 .GT.BIG) BIG=BIG5
132 BIG6=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(3 , J ) ) / 4 . )
133 IF (BIG6 .GT.BIG) BIG=BIG6
134 BIG7=ABS( (HHH/2 . ) ∗(RXN(3 , J−1) / 4 . ) )
135 IF (BIG7 .GT.BIG) BIG=BIG7
136 BIG8=ABS( (HHH/2 . ) ∗ ( 3 .∗RXN(3 , J ) ) / 4 . )
137 IF (BIG8 .GT.BIG) BIG=BIG8
138 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
139
140 C For H2O2, r e a c t i n g s p e c i e s
141 G(6)=COEFF6HH∗(CONC(6 ,KJ+1)−CONC(6 ,KJ) )
142 1 −COEFF6HHH∗(CONC(6 ,KJ)−CONC(6 ,KJ−1) )
143 2 +(HH/2 . ) ∗(RXN(4 , J+1)+3.∗RXN(4 , J ) ) /4 .
144 3 +(HHH/2 . ) ∗(RXN(4 , J−1)+3.∗RXN(4 , J ) ) /4 .
145 B(6 , 6 )=COEFF6HH+COEFF6HHH
146 D(6 , 6 )=−COEFF6HH
147 A(6 , 6 )=−COEFF6HHH
148 B(6 ,12 )=−(HH/2 . ) ∗ ( 3 . / 4 . ) +(HHH/2 . ) ∗ ( 3 . / 4 . )
149 D(6 ,12 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
150 A(6 ,12 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
151
152 BIG=ABS(COEFF6HH∗CONC(6 ,KJ+1) )
153 BIG2=ABS(COEFF16HH∗CONC(6 ,KJ) )
154 IF (BIG2 .GT.BIG) BIG=BIG2
155 BIG3=ABS(−COEFF6HHH∗CONC(6 ,KJ) )
156 IF (BIG3 .GT.BIG) BIG=BIG3
157 BIG4=ABS(−COEFF6HHH∗CONC(6 ,KJ−1) )
158 IF (BIG4 .GT.BIG) BIG=BIG4
159 BIG5=ABS( (HH/2 . ) ∗(RXN(4 , J+1) /4 . ) )
160 IF (BIG5 .GT.BIG) BIG=BIG5
161 BIG6=ABS( (HH/2 . ) ∗ ( 3 .∗RXN(4 , J ) ) / 4 . )
162 IF (BIG6 .GT.BIG) BIG=BIG6
163 BIG7=ABS( (HHH/2 . ) ∗(RXN(4 , J−1) / 4 . ) )
164 IF (BIG7 .GT.BIG) BIG=BIG7
165 BIG8=ABS( (HHH/2 . ) ∗ ( 3 .∗RXN(4 , J ) ) / 4 . )
166 IF (BIG8 .GT.BIG) BIG=BIG8
167 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
168
169 C For CX−GOx2, enzyme
170 G(7)=RXN(1 , J )−RXN(2 , J )
171 B(7 , 9 )=−1.
172 B(7 ,10 ) =1.
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173
174 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
175 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
176 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
177
178 C For CX−GOx, enzyme
179 G(8)=RXN(3 , J )−RXN(4 , J )
180 B(8 ,11 )=−1.
181 B(8 ,12 ) =1.
182
183 IF (ABS(RXN(3 , J ) ) .GT.BIG) BIG=ABS(RXN(3 , J ) )
184 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
185 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
186
187
188 C REACTION1
189 214 G(9)=−RXN(1 , J )+r a t e f 1 ∗(CONC(1 , J ) ∗CONC(2 , J )−(CONC(7 , J ) / e qu i l i b 1 ) )
190 B(9 , 1 )=−r a t e f 1 ∗CONC(2 , J )
191 B(9 , 2 )=−r a t e f 1 ∗CONC(1 , J )
192 B(9 , 7 )=r a t e f 1 / e qu i l i b 1
193 B(9 , 9 )=+1.
194
195 BIG=ABS(RXN(1 , J ) )
196 BIG2=ABS( r a t e f 1 ∗CONC(1 , J ) ∗CONC(2 , J ) )
197 IF (BIG2 .GT.BIG) BIG=BIG2
198 BIG3=ABS( r a t e f 1 ∗(CONC(7 , J ) / e qu i l i b 1 ) )
199 IF (BIG3 .GT.BIG) BIG=BIG3
200 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
201
202 C REACTION2
203 215 G(10)=−RXN(2 , J )+r a t e f 2 ∗CONC(7 , J )
204 B(10 ,7 )=−r a t e f 2
205 B(10 ,10)=+1.
206
207 BIG=ABS(RXN(2 , J ) )
208 BIG2=ABS( r a t e f 2 ∗CONC(7 , J ) )
209 IF (BIG2 .GT.BIG) BIG=BIG2
210 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
211
212 C REACTION3
213 216 G(11)=−RXN(3 , J )+r a t e f 3 ∗(CONC(4 , J ) ∗CONC(5 , J )−(CONC(8 , J ) / e qu i l i b 3 ) )
214 B(11 ,4 )=−r a t e f 3 ∗CONC(5 , J )
215 B(11 ,5 )=−r a t e f 3 ∗CONC(4 , J )
216 B(11 ,8 )=r a t e f 3 / e qu i l i b 3
217 B(11 ,11)=+1.
218
219 BIG=ABS(RXN(3 , J ) )
220 BIG2=ABS( r a t e f 3 ∗CONC(4 , J ) ∗CONC(5 , J ) )
221 IF (BIG2 .GT.BIG) BIG=BIG2
222 BIG3=ABS( r a t e f 3 ∗(CONC(8 , J ) / e qu i l i b 3 ) )
223 IF (BIG3 .GT.BIG) BIG=BIG3
224 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
225
226 C REACTION4
227 217 G(12)=−RXN(4 , J )+r a t e f 4 ∗CONC(8 , J )
228 B(12 ,8 )=−r a t e f 4
229 B(12 ,12)=+1.
230

213



231 BIG=ABS(RXN(4 , J ) )
232 BIG2=ABS( r a t e f 4 ∗CONC(8 , J ) )
233 IF (BIG2 .GT.BIG) BIG=BIG2
234 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
235
236 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
237 RETURN
238 END
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Code E.6. Steady-State Continuous Glucose Monitor Subroutine for the Inner Region

1 SUBROUTINE INNER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/POR/ POR1,POR2,PORGLU
8 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
9 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
10 COMMON/VARR/ HHH, KJ
11
12 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
13
14 C For Glucose , be ing consumed only
15 G(1)=POR1∗DIFF(1) ∗(CONC(1 , J+1)−2.∗CONC(1 , J )+CONC(1 , J−1) ) /HH∗∗2 .
16 2 −RXN(1 , J )
17 B(1 , 1 ) =2.∗POR1∗DIFF(1) /HH∗∗2 .
18 D(1 , 1 )=−POR1∗DIFF(1) /HH∗∗2 .
19 A(1 , 1 )=−POR1∗DIFF(1) /HH∗∗2 .
20 B(1 , 9 )=+1.
21
22 BIG=ABS(POR1∗DIFF(1) ∗(CONC(1 , J+1) ) /HH∗∗2 . )
23 BIG2=ABS(POR1∗DIFF(1) ∗(−2.∗CONC(1 , J ) ) /HH∗∗2 . )
24 IF (BIG2 .GT.BIG) BIG=BIG2
25 BIG3=ABS(POR1∗DIFF(1) ∗(CONC(1 , J−1) ) /HH∗∗2 . )
26 IF (BIG3 .GT.BIG) BIG=BIG3
27 IF (ABS(−RXN(1 , J ) ) .GT.BIG) BIG=ABS(−RXN(1 , J ) )
28 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
29
30 C For GOx, enzyme
31 G(2)=−RXN(1 , J )+RXN(4 , J )
32 B(2 , 9 )=+1.
33 B(2 ,12 )=−1.
34
35 BIG=ABS(RXN(1 , J ) )
36 BIG2=ABS(RXN(4 , J ) )
37 IF (BIG2 .GT.BIG) BIG=BIG2
38 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
39
40 C For Gluconic Acid , be ing produced only
41 G(3)=POR1∗DIFF(3) ∗(CONC(3 , J+1)−2.∗CONC(3 , J )+CONC(3 , J−1) ) /HH∗∗2 .
42 2 +RXN(2 , J )
43 B(3 , 3 ) =2.∗POR1∗DIFF(3) /HH∗∗2 .
44 D(3 , 3 )=−POR1∗DIFF(3) /HH∗∗2 .
45 A(3 , 3 )=−POR1∗DIFF(3) /HH∗∗2 .
46 B(3 ,10 )=−1.
47
48 BIG=ABS(POR1∗DIFF(3) ∗(CONC(3 , J+1) ) /HH∗∗2 . )
49 BIG2=ABS(POR1∗DIFF(3) ∗(−2.∗CONC(3 , J ) ) /HH∗∗2 . )
50 IF (BIG2 .GT.BIG) BIG=BIG2
51 BIG3=ABS(POR1∗DIFF(3) ∗(CONC(3 , J−1) ) /HH∗∗2 . )
52 IF (BIG3 .GT.BIG) BIG=BIG3
53 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
54 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
55
56 C For GOx2, enzyme
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57 G(4)=CBULK(2)+CBULK(4)+CBULK(7)+CBULK(8)−CONC(2 , J )−CONC(4 , J )
58 1 −CONC(7 , J )−CONC(8 , J )
59 B(4 , 2 )=+1.
60 B(4 , 4 )=+1.
61 B(4 , 7 )=+1.
62 B(4 , 8 )=+1.
63
64 BIG=ABS(CBULK(2) )
65 IF (ABS(CBULK(4) ) .GT.BIG) BIG=ABS(CBULK(4) )
66 IF (ABS(CBULK(7) ) .GT.BIG) BIG=ABS(CBULK(7) )
67 IF (ABS(CBULK(8) ) .GT.BIG) BIG=ABS(CBULK(8) )
68 IF (ABS(CONC(2 , J ) ) .GT.BIG) BIG=ABS(CONC(2 , J ) )
69 IF (ABS(CONC(4 , J ) ) .GT.BIG) BIG=ABS(CONC(4 , J ) )
70 IF (ABS(CONC(7 , J ) ) .GT.BIG) BIG=ABS(CONC(7 , J ) )
71 IF (ABS(CONC(8 , J ) ) .GT.BIG) BIG=ABS(CONC(8 , J ) )
72 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
73
74 C For O2, being consumed only
75 G(5)=POR1∗DIFF(5) ∗(CONC(5 , J+1)−2.∗CONC(5 , J )+CONC(5 , J−1) ) /HH∗∗2 .
76 2 −RXN(3 , J )
77 B(5 , 5 ) =2.∗POR1∗DIFF(5) /HH∗∗2 .
78 D(5 , 5 )=−POR1∗DIFF(5) /HH∗∗2 .
79 A(5 , 5 )=−POR1∗DIFF(5) /HH∗∗2 .
80 B(5 ,11 )=+1.
81
82 BIG=ABS(POR1∗DIFF(5) ∗(CONC(5 , J+1) ) /HH∗∗2 . )
83 BIG2=ABS(POR1∗DIFF(5) ∗(−2.∗CONC(5 , J ) ) /HH∗∗2 . )
84 IF (BIG2 .GT.BIG) BIG=BIG2
85 BIG3=ABS(POR1∗DIFF(5) ∗(CONC(5 , J−1) ) /HH∗∗2 . )
86 IF (BIG3 .GT.BIG) BIG=BIG3
87 IF (ABS(−RXN(3 , J ) ) .GT.BIG) BIG=ABS(−RXN(3 , J ) )
88 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
89
90 C For H2O2, r e a c t i n g s p e c i e s
91 G(6)=POR1∗DIFF(6) ∗(CONC(6 , J+1)−2.∗CONC(6 , J )+CONC(6 , J−1) ) /HH∗∗2 .
92 2 +RXN(4 , J )
93 B(6 , 6 ) =2.∗POR1∗DIFF(6) /HH∗∗2 .
94 D(6 , 6 )=−POR1∗DIFF(6) /HH∗∗2 .
95 A(6 , 6 )=−POR1∗DIFF(6) /HH∗∗2 .
96 B(6 ,12 )=−1.
97
98 BIG=ABS(POR1∗DIFF(6) ∗(CONC(6 , J+1) ) /HH∗∗2 . )
99 BIG2=ABS(POR1∗DIFF(6) ∗(−2.∗CONC(6 , J ) ) /HH∗∗2 . )
100 IF (BIG2 .GT.BIG) BIG=BIG2
101 BIG3=ABS(POR1∗DIFF(6) ∗(CONC(6 , J−1) ) /HH∗∗2 . )
102 IF (BIG3 .GT.BIG) BIG=BIG3
103 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
104 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
105
106 C For CX−GOx2, enzyme
107 G(7)=RXN(1 , J )−RXN(2 , J )
108 B(7 , 9 )=−1.
109 B(7 ,10 ) =1.
110
111 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
112 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
113 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
114
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115 C For CX−GOx, enzyme
116 G(8)=RXN(3 , J )−RXN(4 , J )
117 B(8 ,11 )=−1.
118 B(8 ,12 ) =1.
119
120 IF (ABS(RXN(3 , J ) ) .GT.BIG) BIG=ABS(RXN(3 , J ) )
121 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
122 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
123
124
125 C REACTION1
126 214 G(9)=−RXN(1 , J )+r a t e f 1 ∗(CONC(1 , J ) ∗CONC(2 , J )−(CONC(7 , J ) / e qu i l i b 1 ) )
127 B(9 , 1 )=−r a t e f 1 ∗CONC(2 , J )
128 B(9 , 2 )=−r a t e f 1 ∗CONC(1 , J )
129 B(9 , 7 )=r a t e f 1 / e qu i l i b 1
130 B(9 , 9 )=+1.
131
132 BIG=ABS(RXN(1 , J ) )
133 BIG2=ABS( r a t e f 1 ∗CONC(1 , J ) ∗CONC(2 , J ) )
134 IF (BIG2 .GT.BIG) BIG=BIG2
135 BIG3=ABS( r a t e f 1 ∗(CONC(7 , J ) / e qu i l i b 1 ) )
136 IF (BIG3 .GT.BIG) BIG=BIG3
137 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
138
139 C REACTION2
140 215 G(10)=−RXN(2 , J )+r a t e f 2 ∗CONC(7 , J )
141 B(10 ,7 )=−r a t e f 2
142 B(10 ,10)=+1.
143
144 BIG=ABS(RXN(2 , J ) )
145 BIG2=ABS( r a t e f 2 ∗CONC(7 , J ) )
146 IF (BIG2 .GT.BIG) BIG=BIG2
147 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
148
149 C REACTION3
150 216 G(11)=−RXN(3 , J )+r a t e f 3 ∗(CONC(4 , J ) ∗CONC(5 , J )−(CONC(8 , J ) / e qu i l i b 3 ) )
151 B(11 ,4 )=−r a t e f 3 ∗CONC(5 , J )
152 B(11 ,5 )=−r a t e f 3 ∗CONC(4 , J )
153 B(11 ,8 )=r a t e f 3 / e qu i l i b 3
154 B(11 ,11)=+1.
155
156 BIG=ABS(RXN(3 , J ) )
157 BIG2=ABS( r a t e f 3 ∗CONC(4 , J ) ∗CONC(5 , J ) )
158 IF (BIG2 .GT.BIG) BIG=BIG2
159 BIG3=ABS( r a t e f 3 ∗(CONC(8 , J ) / e qu i l i b 3 ) )
160 IF (BIG3 .GT.BIG) BIG=BIG3
161 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
162
163 C REACTION4
164 217 G(12)=−RXN(4 , J )+r a t e f 4 ∗CONC(8 , J )
165 B(12 ,8 )=−r a t e f 4
166 B(12 ,12)=+1.
167
168 BIG=ABS(RXN(4 , J ) )
169 BIG2=ABS( r a t e f 4 ∗CONC(8 , J ) )
170 IF (BIG2 .GT.BIG) BIG=BIG2
171 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
172
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173
174 c SAVE G OUT DATA
175 212 DO 11 I=2 ,13
176 11 I f ( I .EQ. J ) WRITE(12 ,301) J , (G(K) ,K=1,N)
177 IF ( J .EQ. IJ /2) THEN
178 WRITE(12 ,301) J , (G(K) ,K=1,N)
179 ELSE IF (J .EQ. (KJ+1) ) THEN
180 WRITE(12 ,301) J , (G(K) ,K=1,N)
181 ELSE IF (J .EQ. (KJ+2) ) THEN
182 WRITE(12 ,301) J , (G(K) ,K=1,N)
183 ELSE IF (J .EQ. (KJ+3) ) THEN
184 WRITE(12 ,301) J , (G(K) ,K=1,N)
185 ELSE IF (J .EQ. (KJ+4) ) THEN
186 WRITE(12 ,301) J , (G(K) ,K=1,N)
187 ELSE IF (J .EQ. ( IJ−1) ) THEN
188 WRITE(12 ,301) J , (G(K) ,K=1,N)
189 ELSE IF (J .EQ. ( IJ−2) ) THEN
190 WRITE(12 ,301) J , (G(K) ,K=1,N)
191 ELSE IF (J .EQ. ( IJ−3) ) THEN
192 WRITE(12 ,301) J , (G(K) ,K=1,N)
193 END IF
194
195 RETURN
196 END
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Code E.7. Steady-State Continuous Glucose Monitor Subroutine for the Second Coupler

1 SUBROUTINE COUPLER2(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/POR/ POR1,POR2,PORGLU
8 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
9 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
10
11 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
12
13 COEFF1H=2.∗PORGLU∗DIFF(1) /H/HH
14 COEFF1HH=2.∗POR1∗DIFF(1) /HH/HH
15 COEFF3H=2.∗PORGLU∗DIFF(3) /H/HH
16 COEFF3HH=2.∗POR1∗DIFF(3) /HH/HH
17 COEFF5H=2.∗POR2∗DIFF(5) /H/HH
18 COEFF5HH=2.∗POR1∗DIFF(5) /HH/HH
19 COEFF6H=2.∗POR2∗DIFF(6) /H/HH
20 COEFF6HH=2.∗POR1∗DIFF(6) /HH/HH
21
22 C For Glucose , be ing consumed only
23 G(1)=COEFF1H∗(CONC(1 , J+1)−CONC(1 , J ) )
24 1 −COEFF1HH∗(CONC(1 , J )−CONC(1 , J−1) )
25 2 −(RXN(1 , J−1)+3.∗RXN(1 , J ) ) /4 .
26 B(1 , 1 )=COEFF1H+COEFF1HH
27 D(1 , 1 )=−COEFF1H
28 A(1 , 1 )=−COEFF1HH
29 B(1 , 9 ) =3./4.
30 A(1 , 9 ) =1./4.
31
32 BIG=ABS(COEFF1H∗CONC(1 , IJ+1) )
33 BIG2=ABS(COEFF1H∗CONC(1 , IJ ) )
34 IF (BIG2 .GT.BIG) BIG=BIG2
35 BIG5=ABS(COEFF1HH∗CONC(1 , IJ ) )
36 IF (BIG5 .GT.BIG) BIG=BIG5
37 BIG6=ABS(COEFF1HH∗CONC(1 , IJ−1) )
38 IF (BIG6 .GT.BIG) BIG=BIG6
39 BIG7=ABS(3∗RXN(1 , J ) /4)
40 IF (BIG7 .GT.BIG) BIG=BIG7
41 BIG8=ABS(RXN(1 , J−1)/4)
42 IF (BIG8 .GT.BIG) BIG=BIG8
43 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
44
45 C For GOx, enzyme
46 G(2)=−RXN(1 , J )+RXN(4 , J )
47 B(2 , 9 )=+1.
48 B(2 ,12 )=−1.
49
50 BIG=ABS(RXN(1 , J ) )
51 BIG2=ABS(RXN(4 , J ) )
52 IF (BIG2 .GT.BIG) BIG=BIG2
53 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
54
55 C For Gluconic Acid , be ing produced only
56 G(3)=COEFF3H∗(CONC(3 , J+1)−CONC(3 , J ) )
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57 1 −COEFF3HH∗(CONC(3 , J )−CONC(3 , J−1) )
58 2 +(RXN(2 , J−1)+3.∗RXN(2 , J ) ) /4 .
59 B(3 , 3 )=COEFF3H+COEFF3HH
60 D(3 , 3 )=−COEFF3H
61 A(3 , 3 )=−COEFF3HH
62 B(3 ,10 ) =−3./4.
63 A(3 ,10 ) =−1./4.
64
65 BIG=ABS(COEFF3H∗CONC(3 , IJ+1) )
66 BIG2=ABS(COEFF3H∗CONC(3 , IJ ) )
67 IF (BIG2 .GT.BIG) BIG=BIG2
68 BIG5=ABS(COEFF3HH∗CONC(3 , IJ ) )
69 IF (BIG5 .GT.BIG) BIG=BIG5
70 BIG6=ABS(COEFF3HH∗CONC(3 , IJ−1) )
71 IF (BIG6 .GT.BIG) BIG=BIG6
72 BIG7=ABS(3∗RXN(2 , J ) /4)
73 IF (BIG7 .GT.BIG) BIG=BIG7
74 BIG8=ABS(RXN(2 , J−1)/4)
75 IF (BIG8 .GT.BIG) BIG=BIG8
76 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
77
78 C For GOx2, enzyme
79 G(4)=CBULK(2)+CBULK(4)+CBULK(7)+CBULK(8)−CONC(2 , J )−CONC(4 , J )
80 1 −CONC(7 , J )−CONC(8 , J )
81 B(4 , 2 )=+1.
82 B(4 , 4 )=+1.
83 B(4 , 7 )=+1.
84 B(4 , 8 )=+1.
85
86 BIG=ABS(CBULK(2) )
87 IF (ABS(CBULK(4) ) .GT.BIG) BIG=ABS(CBULK(4) )
88 IF (ABS(CBULK(7) ) .GT.BIG) BIG=ABS(CBULK(7) )
89 IF (ABS(CBULK(8) ) .GT.BIG) BIG=ABS(CBULK(8) )
90 IF (ABS(CONC(2 , J ) ) .GT.BIG) BIG=ABS(CONC(2 , J ) )
91 IF (ABS(CONC(4 , J ) ) .GT.BIG) BIG=ABS(CONC(4 , J ) )
92 IF (ABS(CONC(7 , J ) ) .GT.BIG) BIG=ABS(CONC(7 , J ) )
93 IF (ABS(CONC(8 , J ) ) .GT.BIG) BIG=ABS(CONC(8 , J ) )
94 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
95
96 C For O2, being consumed only
97 G(5)=COEFF5H∗(CONC(5 , J+1)−CONC(5 , J ) )
98 1 −COEFF5HH∗(CONC(5 , J )−CONC(5 , J−1) )
99 2 −(RXN(3 , J−1)+3.∗RXN(3 , J ) ) /4 .
100 B(5 , 5 )=COEFF5H+COEFF5HH
101 D(5 , 5 )=−COEFF5H
102 A(5 , 5 )=−COEFF5HH
103 B(5 ,11 ) =3./4.
104 A(5 ,11 ) =1./4.
105
106 BIG=ABS(COEFF5H∗CONC(5 , IJ+1) )
107 BIG2=ABS(COEFF5H∗CONC(5 , IJ ) )
108 IF (BIG2 .GT.BIG) BIG=BIG2
109 BIG5=ABS(COEFF5HH∗CONC(5 , IJ ) )
110 IF (BIG5 .GT.BIG) BIG=BIG5
111 BIG6=ABS(COEFF5HH∗CONC(5 , IJ−1) )
112 IF (BIG6 .GT.BIG) BIG=BIG6
113 BIG7=ABS(3∗RXN(3 , J ) /4)
114 IF (BIG7 .GT.BIG) BIG=BIG7
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115 BIG8=ABS(RXN(3 , J−1)/4)
116 IF (BIG8 .GT.BIG) BIG=BIG8
117 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
118
119 C For H2O2, r e a c t i n g s p e c i e s
120 G(6)=COEFF6H∗(CONC(6 , J+1)−CONC(6 , J ) )
121 1 −COEFF6HH∗(CONC(6 , J )−CONC(6 , J−1) )
122 2 +(RXN(4 , J−1)+3.∗RXN(4 , J ) ) /4 .
123 B(6 , 6 )=COEFF6H+COEFF6HH
124 D(6 , 6 )=−COEFF6H
125 A(6 , 6 )=−COEFF6HH
126 B(6 ,12 ) =−3./4.
127 A(6 ,12 ) =−1./4.
128
129 BIG=ABS(COEFF6H∗CONC(6 , IJ+1) )
130 BIG2=ABS(COEFF6H∗CONC(6 , IJ ) )
131 IF (BIG2 .GT.BIG) BIG=BIG2
132 BIG5=ABS(COEFF6HH∗CONC(6 , IJ ) )
133 IF (BIG5 .GT.BIG) BIG=BIG5
134 BIG6=ABS(COEFF6HH∗CONC(6 , IJ−1) )
135 IF (BIG6 .GT.BIG) BIG=BIG6
136 BIG7=ABS(3∗RXN(4 , J ) /4)
137 IF (BIG7 .GT.BIG) BIG=BIG7
138 BIG8=ABS(RXN(4 , J−1)/4)
139 IF (BIG8 .GT.BIG) BIG=BIG8
140 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
141
142 C For CX−GOx2, enzyme
143 G(7)=RXN(1 , J )−RXN(2 , J )
144 B(7 , 9 )=−1.
145 B(7 ,10 ) =1.
146
147 IF (ABS(RXN(1 , J ) ) .GT.BIG) BIG=ABS(RXN(1 , J ) )
148 IF (ABS(RXN(2 , J ) ) .GT.BIG) BIG=ABS(RXN(2 , J ) )
149 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
150
151 C For CX−GOx, enzyme
152 G(8)=RXN(3 , J )−RXN(4 , J )
153 B(8 ,11 )=−1.
154 B(8 ,12 ) =1.
155
156 IF (ABS(RXN(3 , J ) ) .GT.BIG) BIG=ABS(RXN(3 , J ) )
157 IF (ABS(RXN(4 , J ) ) .GT.BIG) BIG=ABS(RXN(4 , J ) )
158 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
159
160
161 C REACTION1
162 214 G(9)=−RXN(1 , J )+r a t e f 1 ∗(CONC(1 , J ) ∗CONC(2 , J )−(CONC(7 , J ) / e qu i l i b 1 ) )
163 B(9 , 1 )=−r a t e f 1 ∗CONC(2 , J )
164 B(9 , 2 )=−r a t e f 1 ∗CONC(1 , J )
165 B(9 , 7 )=r a t e f 1 / e qu i l i b 1
166 B(9 , 9 )=+1.
167
168 BIG=ABS(RXN(1 , J ) )
169 BIG2=ABS( r a t e f 1 ∗CONC(1 , J ) ∗CONC(2 , J ) )
170 IF (BIG2 .GT.BIG) BIG=BIG2
171 BIG3=ABS( r a t e f 1 ∗(CONC(7 , J ) / e qu i l i b 1 ) )
172 IF (BIG3 .GT.BIG) BIG=BIG3
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173 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
174
175 C REACTION2
176 215 G(10)=−RXN(2 , J )+r a t e f 2 ∗CONC(7 , J )
177 B(10 ,7 )=−r a t e f 2
178 B(10 ,10)=+1.
179
180 BIG=ABS(RXN(2 , J ) )
181 BIG2=ABS( r a t e f 2 ∗CONC(7 , J ) )
182 IF (BIG2 .GT.BIG) BIG=BIG2
183 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
184
185 C REACTION3
186 216 G(11)=−RXN(3 , J )+r a t e f 3 ∗(CONC(4 , J ) ∗CONC(5 , J )−(CONC(8 , J ) / e qu i l i b 3 ) )
187 B(11 ,4 )=−r a t e f 3 ∗CONC(5 , J )
188 B(11 ,5 )=−r a t e f 3 ∗CONC(4 , J )
189 B(11 ,8 )=r a t e f 3 / e qu i l i b 3
190 B(11 ,11)=+1.
191
192 BIG=ABS(RXN(3 , J ) )
193 BIG2=ABS( r a t e f 3 ∗CONC(4 , J ) ∗CONC(5 , J ) )
194 IF (BIG2 .GT.BIG) BIG=BIG2
195 BIG3=ABS( r a t e f 3 ∗(CONC(8 , J ) / e qu i l i b 3 ) )
196 IF (BIG3 .GT.BIG) BIG=BIG3
197 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
198
199 C REACTION4
200 217 G(12)=−RXN(4 , J )+r a t e f 4 ∗CONC(8 , J )
201 B(12 ,8 )=−r a t e f 4
202 B(12 ,12)=+1.
203
204 BIG=ABS(RXN(4 , J ) )
205 BIG2=ABS( r a t e f 4 ∗CONC(8 , J ) )
206 IF (BIG2 .GT.BIG) BIG=BIG2
207 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
208
209 212 WRITE(12 ,301) J , (G(K) ,K=1,N)
210 RETURN
211 END
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Code E.8. Steady-State Continuous Glucose Monitor Subroutine for GLM Region

1 SUBROUTINE OUTER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/POR/ POR1,POR2,PORGLU
8 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
9
10 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
11
12 C For Glucose , be ing consumed only
13 G(1)=PORGLU∗DIFF(1) ∗(CONC(1 , J+1)−2.∗CONC(1 , J )+CONC(1 , J−1) ) /H∗∗2 .
14 B(1 , 1 ) =2.∗PORGLU∗DIFF(1) /H∗∗2
15 D(1 , 1 )=−PORGLU∗DIFF(1) /H∗∗2
16 A(1 , 1 )=−PORGLU∗DIFF(1) /H∗∗2
17
18 BIG=ABS(PORGLU∗DIFF(1) ∗(CONC(1 , J+1) ) /H∗∗2 . )
19 BIG2=ABS(PORGLU∗DIFF(1) ∗(−2.∗CONC(1 , J ) ) /H∗∗2 . )
20 IF (BIG2 .GT.BIG) BIG=BIG2
21 BIG3=ABS(PORGLU∗DIFF(1) ∗(CONC(1 , J−1) ) /H∗∗2 . )
22 IF (BIG3 .GT.BIG) BIG=BIG3
23 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
24
25 C For GOx, enzyme
26 G(2)=CONC(2 , J )
27 B(2 , 2 )=−1.
28
29 c BIG=ABS(CONC(2 , J ) )
30 c IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
31
32 C For Gluconic Acid , be ing produced only
33 G(3)=PORGLU∗DIFF(3) ∗(CONC(3 , J+1)−2.∗CONC(3 , J )+CONC(3 , J−1) ) /H∗∗2 .
34 B(3 , 3 ) =2.∗PORGLU∗DIFF(3) /H∗∗2
35 D(3 , 3 )=−PORGLU∗DIFF(3) /H∗∗2
36 A(3 , 3 )=−PORGLU∗DIFF(3) /H∗∗2
37
38 BIG=ABS(PORGLU∗DIFF(3) ∗(CONC(3 , J+1) ) /H∗∗2 . )
39 BIG2=ABS(PORGLU∗DIFF(3) ∗(−2.∗CONC(3 , J ) ) /H∗∗2 . )
40 IF (BIG2 .GT.BIG) BIG=BIG2
41 BIG3=ABS(PORGLU∗DIFF(3) ∗(CONC(3 , J−1) ) /H∗∗2 . )
42 IF (BIG3 .GT.BIG) BIG=BIG3
43 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
44
45 C For GOx2, enzyme
46 G(4)=CONC(4 , J )
47 B(4 , 4 )=−1.
48
49 c BIG=ABS(CONC(4 , J ) )
50 c IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
51
52 C For O2, being consumed only
53 G(5)=POR2∗DIFF(5) ∗(CONC(5 , J+1)−2.∗CONC(5 , J )+CONC(5 , J−1) ) /H∗∗2 .
54 B(5 , 5 ) =2.∗POR2∗DIFF(5) /H∗∗2
55 D(5 , 5 )=−POR2∗DIFF(5) /H∗∗2
56 A(5 , 5 )=−POR2∗DIFF(5) /H∗∗2

223



57
58 BIG=ABS(POR2∗DIFF(5) ∗(CONC(5 , J+1) ) /H∗∗2 . )
59 BIG2=ABS(POR2∗DIFF(5) ∗(−2.∗CONC(5 , J ) ) /H∗∗2 . )
60 IF (BIG2 .GT.BIG) BIG=BIG2
61 BIG3=ABS(POR2∗DIFF(5) ∗(CONC(5 , J−1) ) /H∗∗2 . )
62 IF (BIG3 .GT.BIG) BIG=BIG3
63 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
64
65 C For H2O2, r e a c t i n g s p e c i e s
66 G(6)=POR2∗DIFF(6) ∗(CONC(6 , J+1)−2.∗CONC(6 , J )+CONC(6 , J−1) ) /H∗∗2 .
67 B(6 , 6 ) =2.∗POR2∗DIFF(6) /H∗∗2
68 D(6 , 6 )=−POR2∗DIFF(6) /H∗∗2
69 A(6 , 6 )=−POR2∗DIFF(6) /H∗∗2
70
71 BIG=ABS(POR2∗DIFF(6) ∗(CONC(6 , J+1) ) /H∗∗2 . )
72 BIG2=ABS(POR2∗DIFF(6) ∗(−2.∗CONC(6 , J ) ) /H∗∗2 . )
73 IF (BIG2 .GT.BIG) BIG=BIG2
74 BIG3=ABS(POR2∗DIFF(6) ∗(CONC(6 , J−1) ) /H∗∗2 . )
75 IF (BIG3 .GT.BIG) BIG=BIG3
76 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
77
78 C For CX−GOx2, enzyme complex
79 G(7)=CONC(7 , J )
80 B(7 , 7 )=−1.
81
82 c BIG=ABS(CONC(7 , J ) )
83 c IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
84
85 C For CX−GOx, enzyme complex
86 G(8)=CONC(8 , J )
87 B(8 , 8 )=−1.
88
89 c BIG=ABS(CONC(8 , J ) )
90 c IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
91
92 C For Reaction 1 Enzymatic Ca ta l y s i s
93 G(9)=RXN(1 , J )
94 B(9 , 9 )=−1.
95
96 c BIG=ABS(RXN(1 , J ) )
97 c IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
98
99 C For Reaction 2
100 G(10)=RXN(2 , J )
101 B(10 ,10)=−1.
102
103 c BIG=ABS(RXN(2 , J ) )
104 c IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
105
106 C For Reaction 3 Meditat ion / r eg ene ra t i on
107 G(11)=RXN(3 , J )
108 B(11 ,11)=−1.
109
110 c BIG=ABS(RXN(3 , J ) )
111 c IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
112
113 C For Reaction 4
114 G(12)=RXN(4 , J )
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115 B(12 ,12)=−1.
116
117 c BIG=ABS(RXN(4 , J ) )
118 c IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
119
120 c SAVE G OUT DATA
121 IF ( J .EQ. ( IJ+(NJ−IJ ) /2) ) THEN
122 WRITE(12 ,301) J , (G(K) ,K=1,N)
123 ELSE IF (J .EQ. (NJ−1) ) THEN
124 WRITE(12 ,301) J , (G(K) ,K=1,N)
125 ELSE IF (J .EQ. ( IJ+1) ) THEN
126 WRITE(12 ,301) J , (G(K) ,K=1,N)
127 END IF
128
129 RETURN
130 END
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Code E.9. Steady-State Continuous Glucose Monitor Subroutine for the Bulk Boundary

Condition

1 SUBROUTINE BCNJ(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAB/ A(12 ,12) ,B(12 ,12) ,C(12 ,80001) ,D(12 ,25) ,G(12) ,X(12 ,12)
4 1 ,Y(12 ,12)
5 COMMON/NSN/ N, NJ
6 COMMON/VAR/ CONC(8 ,80001) ,RXN(4 ,80001) ,DIFF(8) ,H,EBIG,HH, IJ
7 COMMON/POR/ POR1,POR2,PORGLU
8 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
9
10 301 FORMAT (5x , ’ J=’ I5 , 12E18 . 9 )
11
12 C For Glucose , be ing consumed only
13 G(1)=PARGLUCOSE∗CBULK(1)−CONC(1 , J )
14 B(1 , 1 ) =1.0
15
16 BIG=ABS(PARGLUCOSE∗CBULK(1) )
17 IF (ABS(CONC(1 , J ) ) .GT.BIG) BIG=ABS(CONC(1 , J ) )
18 IF (ABS(G(1) ) .LT.BIG∗EBIG) G(1)=0
19
20 C For GOx, enzyme
21 G(2)=CONC(2 , J )
22 B(2 , 2 )=−1.
23
24 BIG=ABS(CONC(2 , J ) )
25 IF (ABS(G(2) ) .LT.BIG∗EBIG) G(2)=0
26
27 C For Gluconic Acid , be ing produced only
28 G(3)=PARGLUCOSE∗CBULK(3)−CONC(3 , J )
29 B(3 , 3 ) =1.0
30
31 BIG=ABS(PARGLUCOSE∗CBULK(3) )
32 IF (ABS(CONC(3 , J ) ) .GT.BIG) BIG=ABS(CONC(3 , J ) )
33 IF (ABS(G(3) ) .LT.BIG∗EBIG) G(3)=0
34
35 C For GOx2, enzyme
36 G(4)=CONC(4 , J )
37 B(4 , 4 )=−1.
38
39 BIG=ABS(CONC(4 , J ) )
40 IF (ABS(G(4) ) .LT.BIG∗EBIG) G(4)=0
41
42 C For O2, being consumed only
43 G(5)=PAR02∗CBULK(5)−CONC(5 , J )
44 B(5 , 5 ) =1.0
45
46 BIG=ABS(PARO2∗CBULK(5) )
47 IF (ABS(CONC(5 , J ) ) .GT.BIG) BIG=ABS(CONC(5 , J ) )
48 IF (ABS(G(5) ) .LT.BIG∗EBIG) G(5)=0
49
50 C For H2O2, r e a c t i n g s p e c i e s
51 G(6)=PARH2O2∗CBULK(6)−CONC(6 , J )
52 B(6 , 6 ) =1.0
53
54 BIG=ABS(PARH2O2∗CBULK(6) )
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55 IF (ABS(CONC(6 , J ) ) .GT.BIG) BIG=ABS(CONC(6 , J ) )
56 IF (ABS(G(6) ) .LT.BIG∗EBIG) G(6)=0
57
58 C For CX−GOx2, enzyme complex
59 G(7)=CONC(7 , J )
60 B(7 , 7 )=−1.
61
62 BIG=ABS(CONC(7 , J ) )
63 IF (ABS(G(7) ) .LT.BIG∗EBIG) G(7)=0
64
65 C For CX−GOx, enzyme complex
66 G(8)=CONC(8 , J )
67 B(8 , 8 )=−1.
68
69 BIG=ABS(CONC(8 , J ) )
70 IF (ABS(G(8) ) .LT.BIG∗EBIG) G(8)=0
71
72 C For Reaction 1 Enzymatic Ca ta l y s i s
73 G(9)=RXN(1 , J )
74 B(9 , 9 )=−1.
75
76 BIG=ABS(RXN(1 , J ) )
77 IF (ABS(G(9) ) .LT.BIG∗EBIG) G(9)=0
78
79 C For Reaction 2
80 G(10)=RXN(2 , J )
81 B(10 ,10)=−1.
82
83 BIG=ABS(RXN(2 , J ) )
84 IF (ABS(G(10) ) .LT.BIG∗EBIG) G(10)=0
85
86 C For Reaction 3 Meditat ion / r eg ene ra t i on
87 G(11)=RXN(3 , J )
88 B(11 ,11)=−1.
89
90 BIG=ABS(RXN(3 , J ) )
91 IF (ABS(G(11) ) .LT.BIG∗EBIG) G(11)=0
92
93 C For Reaction 4
94 G(12)=RXN(4 , J )
95 B(12 ,12)=−1.
96
97 BIG=ABS(RXN(4 , J ) )
98 IF (ABS(G(12) ) .LT.BIG∗EBIG) G(12)=0
99 C SAVE G OUT DATA
100 206 WRITE(12 ,301) J , (G(K) ,K=1,N)
101 PRINT ∗ , ’ITERATION=’ , JCOUNT
102 RETURN
103 END
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E.3 Oscillating Continuous Glucose Monitor Code

This section contains the oscillating FORTRAN codes used to solve the convective

diffusion equation with a homogeneous reaction. It reads the steady-state input file

in order to solve for the oscillating concentrations. The mathematical workup for

these codes are in Chapter 5. The FORTRAN codes are followed a Matlab code that

reads the oscillating concentration of the reacting species and creates the dimensionless

diffusion-impedance.

The first section in the code, called CONVDIFFOSCILLATING, is the main program,

which outlines the global variables and sets up calling files to save over as output files as

well as calling the input files. Then the subroutines that are called in the main program

are all shown. They are the same titled subroutines as the steady state.
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Code E.10. Oscillating Continuous Glucose Monitor Main Program

1 C Convective D i f f u s i on Equation with Homogeneous Reaction
2 C Enzyme k i n e t i c s added
3 C 6 s p e c i e s system
4 C SPECIES 1 = glucose , SPECIES 2 = GOx−FAD, SPECIES 3 = Gluconic ac id
5 C SPECIES 4 = GOx−FADH2, SPECIES 5 = O2, SPECIES 6 = H2O2
6 C SPECIES 7 = GOx−FADH2−GA, SPECIES 8 = GOx−FAD−H2O2
7 C Spec i e s 6 i s the r e a c t i n g s p e c i e s
8 C This i s the unsteady s t a t e s o l u t i o n that w i l l ev en tua l l y l ead to
9 c the impedance !
10
11 C This should be ran a f t e r cdhgox ss . f o r
12 C The input f i l e i s the same f o r both o f the se
13
14 PROGRAM CONVDIFFOSCILLATING
15 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
16 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
17 1 X(24 ,24) ,Y(24 ,24)
18 COMMON/NST/ N, NJ
19
20 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
21 COMMON/VARR/ PORGLU, HHH, KJ
22 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
23 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
24 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
25 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
26 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
27 COMMON/BCI/ FLUX, omega
28 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
29 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
30 COMMON/EXTRA/ Z(8) ,REF(8)
31 CHARACTER REF∗6
32
33 102 FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)
34 103 FORMAT ( ’ Error=’ ,E16 . 6/ (1X, ’ Spec i e s=’ ,A6, 2X, ’Conc at E lec t rode=’ ,
35 1 E12 . 5 , 2X, ’Conc at Bulk=’ ,E12 . 5 ) )
36 334 FORMAT (12(E25 . 15 , 5X) )
37 305 FORMAT (E20 .12 , 3X, E20 . 12 , 3X, E20 . 12 , 3X, E20 . 1 2 )
38 335 FORMAT (16(E25 . 15 , 5X) )
39 336 FORMAT (1000(E25 . 15 , 1X) )
40 339 FORMAT (1000(E16 . 9 , 1X) )
41 301 FORMAT (5x , ’ J=’ I5 , 16E15 . 6 )
42 302 FORMAT ( ’ I t e r a t i o n=’ I4 )
43
44 C Read input va lue s used in steady s t a t e
45 open (10 , f i l e=’ cdhgox in . txt ’ , s t a tu s=’ o ld ’ )
46 read (10 ,∗ ) N,NJ , IJ ,KJ,Y1 ,Y2 ,Y3 ,POR1,POR2,POR3,PARH2O2,PAR02,
47 1 PARGLUCOSE, ra t e f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4 ,
48 2 AKB,BB,EBIG
49 read (10 ,∗ ) (DIFF( I ) ,REF( I ) ,CBULK( I ) , I =1 ,(N−4) )
50 POR1=POR1∗∗ ( 1 . 5 )
51 POR2=POR2∗∗ ( 1 . 5 )
52 PORGLU=POR3∗∗ ( 1 . 5 )
53
54 open (16 , f i l e=’ po t in . txt ’ , s t a tu s=’ o ld ’ )
55 read (16 ,∗ ) V
56
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57 C Read steady s t a t e va lue s from prev ious f i l e
58 OPEN(UNIT=11, FILE=’ cdhgox out . txt ’ )
59 READ(11 ,334) (CONCSS(1 , I ) ,CONCSS(2 , I ) ,CONCSS(3 , I ) ,CONCSS(4 , I ) ,
60 1 CONCSS(5 , I ) ,CONCSS(6 , I ) ,CONCSS(7 , I ) ,CONCSS(8 , I ) ,RXNSS(1 , I ) ,
61 2 RXNSS(2 , I ) ,RXNSS(3 , I ) ,RXNSS(4 , I ) , I =1,NJ)
62
63 OPEN(UNIT=13, FILE=’ cdhgox os out . txt ’ )
64 CLOSE(UNIT=13, STATUS=’DELETE’ )
65 OPEN(UNIT=13, FILE=’ cdhgox os out . txt ’ )
66
67 OPEN(14 ,FILE=’ cdhgox G out . txt ’ )
68 CLOSE(14 , STATUS=’DELETE’ )
69 OPEN(14 , FILE=’ cdhgox G out . txt ’ )
70
71 OPEN(15 ,FILE=’ cdhgox H2O2 out . txt ’ )
72 CLOSE(15 , STATUS=’DELETE’ )
73 OPEN(15 , FILE=’ cdhgox H2O2 out . txt ’ )
74
75 OPEN(16 ,FILE=’ cdhgox va lues out . txt ’ )
76 CLOSE(16 , STATUS=’DELETE’ )
77 OPEN(16 , FILE=’ cdhgox va lues out . txt ’ )
78
79 OPEN(17 ,FILE=’ kgox va lue s out . txt ’ )
80 CLOSE(17 , STATUS=’DELETE’ )
81 OPEN(17 , FILE=’ kgox va lue s out . txt ’ )
82
83 C Constants
84 F=96487.
85
86 c THIS IS SPACING FOR OUTER LAYER, BCNJ
87 H=Y3/(NJ−IJ )
88
89 c THIS IS SPACING FOR INNER LAYER, BC1
90 HH=Y2/( IJ−KJ)
91
92 c THIS IS SPACING FOR REACTION LAYER
93 HHH=Y1/(KJ−1)
94
95 C Create f l u x o f the r e a c t i n g s p e c i e s cons tant s
96 FLUX=−AKB∗exp (BB∗V)/F/2 .
97 PRINT ∗ , ’FLUX=’ , FLUX
98
99 C Create charge t r a n s f e r r e s i s t a n c e
100 RTB=1./(AKB∗BB∗CONCSS(6 , 1 ) ∗EXP(BB∗V) )
101 PRINT ∗ , ’ Charge Trans fe r Res i s tance=’ , RTB
102
103 N=2∗N
104 PRINT ∗ , ’N=’ , N
105
106 337 FORMAT ( I2 / I7 / I7 / I7 /10(E15 . 8 / ) E15 . 8 )
107 wr i t e (16 ,337) N,NJ , IJ ,KJ,H,HH,HHH,V,AKB,BB,DIFF(6) ,RTB,POR1
108
109 C The number o f po in t s f o r f requency
110 NPTS=241
111 PRINT ∗ , ’NPTS=’ , NPTS
112
113 c Create range f o r the d imens i on l e s s f requency
114 DO 261 I=1,NPTS

230



115 FREQ( I ) =10.∗∗(−5.+0.05∗( I −1.) )
116 261 WRITE (17 ,339) , FREQ( I )
117
118
119 C The number o f po in t s f o r f requency
120 C NPTS=13
121 C PRINT ∗ , ’NPTS= ’ , NPTS
122
123 C Create range f o r the d imens i on l e s s f requency
124 C DO 261 I=1,NPTS
125 C FREQ( I ) =10.∗∗(−3.+0.5∗( I −1.) )
126 C 261 WRITE (17 ,339) , FREQ( I )
127
128 DO 19 nf=1,NPTS
129 c DO 19 nf=1,3
130
131 PRINT ∗ , ’FREQ(NF)=’ , FREQ(NF)
132 omega=FREQ(NF) ∗DIFF(6) ∗POR1/(Y1+Y2) ∗∗2
133
134 IF ( rateb1 .LT.1E−3) omega=FREQ(NF) ∗DIFF(6) ∗POR1/(Y1+Y2+Y3) ∗∗2
135
136 PRINT ∗ , ’ omega=’ , omega
137 340 FORMAT (E12 . 6 )
138 wr i t e (17 ,340) , omega
139
140 C Star t ac tua l code
141 DO 20 J=1,NJ
142 DO 20 I=1,N
143 20 C( I , J )=0.0
144 DO 21 J=1,NJ
145 DO 21 K=1,2
146 C1(K, J )=0.0
147 C2(K, J )=0.0
148 C3(K, J )=0.0
149 C4(K, J )=0.0
150 C5(K, J )=0.0
151 C6(K, J )=0.0
152 C7(K, J )=0.0
153 C8(K, J )=0.0
154 RXN1(K, J )=0.0
155 RXN2(K, J )=0.0
156 RXN3(K, J )=0.0
157 21 RXN4(K, J )=0.0
158 JCOUNT=0
159 TOL=1.E−10∗N∗NJ/1000000
160 22 JCOUNT=JCOUNT+1
161 AMP=0.0
162 J=0
163 DO 23 I=1,N
164 DO 23 K=1,N
165 Y( I ,K)=0.0
166 23 X( I ,K)=0.0
167 24 J=J+1
168 DO 25 I=1,N
169 G( I )=0.0
170 DO 25 K=1,N
171 A( I ,K)=0.0
172 B( I ,K)=0.0
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173 25 D( I ,K)=0.0
174
175 IF ( J .EQ. 1 ) CALL BC1(J )
176 IF ( J .GT.1 .AND. J .LT.KJ) CALL REACTION(J )
177 IF ( J .EQ.KJ) CALL COUPLER1(J )
178 IF ( J .GT.KJ .AND. J .LT. IJ ) CALL INNER(J )
179 IF ( J .EQ. IJ ) CALL COUPLER2(J )
180 IF ( J .GT. IJ .AND. J .LT.NJ) CALL OUTER(J )
181 IF ( J .EQ.NJ) CALL BCNJ(J )
182 CALL BAND(J )
183
184 AMP=DABS(G(1) )+DABS(G(2) )+DABS(G(3) )+DABS(G(4) )+DABS(G(5) )
185 1 +DABS(G(6) )+DABS(G(7) )+DABS(G(8) )+DABS(G(9) )+DABS(G(10) )
186 2 +DABS(G(11) )+DABS(G(12) )+DABS(G(13) )+DABS(G(14) )
187 3 +DABS(G(15) )+DABS(G(16) )
188
189 IF ( J .LT.NJ) GO TO 24
190 PRINT ∗ , ’ERROR=’ , AMP
191
192 DO 16 K=1,NJ
193 DO 16 I=1,2
194 C1( I ,K)=C1( I ,K)+C( I ,K)
195 C2( I ,K)=C2( I ,K)+C( I+2,K)
196 C3( I ,K)=C3( I ,K)+C( I+4,K)
197 C4( I ,K)=C4( I ,K)+C( I+6,K)
198 C5( I ,K)=C5( I ,K)+C( I+8,K)
199 C6( I ,K)=C6( I ,K)+C( I+10,K)
200 C7( I ,K)=C7( I ,K)+C( I+12,K)
201 C8( I ,K)=C8( I ,K)+C( I+14,K)
202 RXN1( I ,K)=RXN1( I ,K)+C( I+16,K)
203 RXN2( I ,K)=RXN2( I ,K)+C( I+18,K)
204 RXN3( I ,K)=RXN1( I ,K)+C( I+20,K)
205 RXN4( I ,K)=RXN2( I ,K)+C( I+22,K)
206 16 CONTINUE
207
208 WRITE(14 ,302) (JCOUNT)
209
210 IF (DABS(AMP) .LT.DABS(TOL) ) GO TO 15
211
212 IF (JCOUNT.LE. 4 ) GO TO 22
213 pr i n t 102
214
215 15 CONTINUE
216 PRINT ∗ , ’JCOUNT=’ ,JCOUNT
217
218 PRINT ∗ , ’ n f1=’ , nf
219
220 DO 18 I=1,2
221 DO 18 J=1,NJ
222 BIG=C6( I , J )
223 BIG2=1.0E−30
224 18 IF (ABS(BIG) .LE.BIG2) C6( I , J )=0.0
225
226 c WRITE(13 ,335) (C1(1 , J ) ,C1(2 , J ) ,C2(1 , J ) ,C2(2 , J ) ,C3(1 , J ) ,C3(2 , J ) ,
227 c 1 C4(1 , J ) ,C4(2 , J ) ,C5(1 , J ) ,C5(2 , J ) ,C6(1 , J ) ,C6(2 , J ) ,C6(1 , J ) ,
228 c 2 C6(2 , J ) ,C6(1 , J ) ,C6(2 , J ) ,RXN1(1 , J ) ,RXN1(2 , J ) ,RXN2(1 , J ) ,
229 c 3 RXN2(2 , J ) ,RXN3(1 , J ) ,RXN3(2 , J ) ,RXN4(1 , J ) ,RXN4(2 , J ) , J=1,NJ)
230
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231 DO 19 J=1,NJ
232 CB(2∗ nf−1,J )=C6(1 , J )
233 19 CB(2∗ nf , J )=C6(2 , J )
234
235 c f o r some reason nf i s one g r e a t e r then nece s sa ry
236 PRINT ∗ , ’ n f2=’ , nf
237
238 C DO 17 I=1 ,2∗nf−2
239 nf=nf−1
240 DO 17 J=1,NJ
241 17 WRITE(15 ,336) (CB( I , J ) , I =1 ,2∗ nf )
242
243 338 FORMAT ( I5 )
244 wr i t e (16 ,338) nf
245
246 PRINT ∗ , ’DIFF(6)=’ , DIFF(6)
247
248 END PROGRAM CONVDIFFOSCILLATING
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Code E.11. Oscillating Continuous Glucose Monitor for the Electrode Boundary Condition

1 SUBROUTINE BC1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18
19 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
20
21 C BOUNDARY CONDITION AT THE ELECTRODE, J=1
22 C For Glucose , be ing consumed only
23 G(1)=omega ∗ ( 3 .∗C1(2 , J )+C1(2 , J+1) ) /4 .
24 1 +2.∗POR1∗DIFF(1) ∗(C1(1 , J+1)−C1(1 , J ) ) /HHH∗∗2 .
25 2 −(3.∗RXN1(1 , J )+RXN1(1 , J+1) ) /4 .
26 B(1 , 1 )=+2.∗POR1∗DIFF(1) /HHH∗∗2 .
27 D(1 , 1 )=−2.∗POR1∗DIFF(1) /HHH∗∗2 .
28 B(1 , 2 )=−omega ∗3 . / 4 .
29 D(1 , 2 )=−omega ∗1 . / 4 .
30 B(1 ,17 ) =+3./4.
31 D(1 ,17 ) =+1./4.
32
33 G(2)=−omega ∗ ( 3 .∗C1(1 , J )+C1(1 , J+1) ) /4 .
34 1 +2.∗POR1∗DIFF(1) ∗(C1(2 , J+1)−C1(2 , J ) ) /HHH∗∗2 .
35 2 −(3.∗RXN1(2 , J )+RXN1(2 , J+1) ) /4 .
36 B(2 , 2 )=+2.∗POR1∗DIFF(1) /HHH∗∗2 .
37 D(2 , 2 )=−2.∗POR1∗DIFF(1) /HHH∗∗2 .
38 B(2 , 1 )=omega ∗3 . / 4 .
39 D(2 , 1 )=omega ∗1 . / 4 .
40 B(2 ,18 ) =+3./4.
41 D(2 ,18 ) =+1./4.
42
43 C For GOx, enzyme
44 G(3)=omega ∗ ( 3 .∗C2(2 , J )+C2(2 , J+1) ) /4 .
45 1 −(3.∗RXN1(1 , J )+RXN1(1 , J+1) ) /4 .
46 2 +(3.∗RXN4(1 , J )+RXN4(1 , J+1) ) /4 .
47 B(3 , 4 )=−omega ∗3 . / 4 .
48 D(3 , 4 )=−omega ∗1 . / 4 .
49 B(3 ,17 ) =+3./4.
50 D(3 ,17 ) =+1./4.
51 B(3 ,23 ) =−3./4.
52 D(3 ,23 ) =−1./4.
53
54 G(4)=−omega ∗ ( 3 .∗C2(1 , J )+C2(1 , J+1) ) /4 .
55 1 −(3.∗RXN1(2 , J )+RXN1(2 , J+1) ) /4 .
56 2 +(3.∗RXN4(2 , J )+RXN4(2 , J+1) ) /4 .
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57 B(4 , 3 )=omega ∗3 . / 4 .
58 D(4 , 3 )=omega ∗1 . / 4 .
59 B(4 ,18 ) =+3./4.
60 D(4 ,18 ) =+1./4.
61 B(4 ,24 ) =−3./4.
62 D(4 ,24 ) =−1./4.
63
64 C For Gluconic Acid , be ing produced only
65 G(5)=omega ∗ ( 3 .∗C3(2 , J )+C3(2 , J+1) ) /4 .
66 1 +2.∗POR1∗DIFF(3) ∗(C3(1 , J+1)−C3(1 , J ) ) /HHH∗∗2 .
67 2 +(3.∗RXN2(1 , J )+RXN2(1 , J+1) ) /4 .
68 B(5 , 5 )=+2.∗POR1∗DIFF(3) /HHH∗∗2 .
69 D(5 , 5 )=−2.∗POR1∗DIFF(3) /HHH∗∗2 .
70 B(5 , 6 )=−omega ∗3 . / 4 .
71 D(5 , 6 )=−omega ∗1 . / 4 .
72 B(5 ,19 ) =−3./4.
73 D(5 ,19 ) =−1./4.
74
75 G(6)=−omega ∗ ( 3 .∗C3(1 , J )+C3(1 , J+1) ) /4 .
76 1 +2.∗POR1∗DIFF(3) ∗(C3(2 , J+1)−C3(2 , J ) ) /HHH∗∗2 .
77 2 +(3.∗RXN2(2 , J )+RXN2(2 , J+1) ) /4 .
78 B(6 , 6 )=+2.∗POR1∗DIFF(3) /HHH∗∗2 .
79 D(6 , 6 )=−2.∗POR1∗DIFF(3) /HHH∗∗2 .
80 B(6 , 5 )=omega ∗3 . / 4 .
81 D(6 , 5 )=omega ∗1 . / 4 .
82 B(6 ,20 ) =−3./4.
83 D(6 ,20 ) =−1./4.
84
85 C For GOx2, enzyme
86 G(7)=omega ∗ ( 3 .∗C4(2 , J )+C4(2 , J+1) ) /4 .
87 1 +(3.∗RXN2(1 , J )+RXN2(1 , J+1) ) /4 .
88 2 −(3.∗RXN3(1 , J )+RXN3(1 , J+1) ) /4 .
89 B(7 , 8 )=−omega ∗3 . / 4 .
90 D(7 , 8 )=−omega ∗1 . / 4 .
91 B(7 ,19 ) =−3./4.
92 D(7 ,19 ) =−1./4.
93 B(7 ,21 ) =+3./4.
94 D(7 ,21 ) =+1./4.
95
96 G(8)=−omega ∗ ( 3 .∗C4(1 , J )+C4(1 , J+1) ) /4 .
97 1 +(3.∗RXN2(2 , J )+RXN2(2 , J+1) ) /4 .
98 2 −(3.∗RXN3(2 , J )+RXN3(2 , J+1) ) /4 .
99 B(8 , 7 )=omega ∗3 . / 4 .
100 D(8 , 7 )=omega ∗1 . / 4 .
101 B(8 ,20 ) =−3./4.
102 D(8 ,20 ) =−1./4.
103 B(8 ,22 ) =+3./4.
104 D(8 ,22 ) =+1./4.
105
106 C For O2, being consumed only
107 G(9)=1−C5(1 , J )
108 B(9 , 9 ) =1.
109
110 G(10)=C5(2 , J )
111 B(10 ,10)=−1.
112
113 C For H2O2, r e a c t i n g s p e c i e s
114 G(11)=1−C6(1 , J )
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115 B(11 ,11) =1.
116
117 G(12)=C6(2 , J )
118 B(12 ,12)=−1.
119
120 C For CX−GOx2, enzyme
121 G(13)=omega ∗ ( 3 .∗C7(2 , J )+C7(2 , J+1) ) /4 .
122 1 +(3.∗RXN1(1 , J )+RXN1(1 , J+1) ) /4 .
123 2 −(3.∗RXN2(1 , J )+RXN2(1 , J+1) ) /4 .
124 B(13 ,13)=−omega ∗3 . / 4 .
125 D(13 ,13)=−omega ∗1 . / 4 .
126 B(13 ,17) =−3./4.
127 D(13 ,17) =−1./4.
128 B(13 ,19) =+3./4.
129 D(13 ,19) =+1./4.
130
131 G(14)=−omega ∗ ( 3 .∗C7(1 , J )+C7(1 , J+1) ) /4 .
132 1 +(3.∗RXN1(2 , J )+RXN1(2 , J+1) ) /4 .
133 2 −(3.∗RXN2(2 , J )+RXN2(2 , J+1) ) /4 .
134 B(14 ,14)=omega ∗3 . / 4 .
135 D(14 ,14)=omega ∗1 . / 4 .
136 B(14 ,18) =−3./4.
137 D(14 ,18) =−1./4.
138 B(14 ,20) =+3./4.
139 D(14 ,20) =+1./4.
140
141 C For CX−GOx, enzyme
142 G(15)=omega ∗ ( 3 .∗C8(2 , J )+C8(2 , J+1) ) /4 .
143 1 +(3.∗RXN3(1 , J )+RXN3(1 , J+1) ) /4 .
144 2 −(3.∗RXN4(1 , J )+RXN4(1 , J+1) ) /4 .
145 B(15 ,15)=−omega ∗3 . / 4 .
146 D(15 ,15)=−omega ∗1 . / 4 .
147 B(15 ,21) =−3./4.
148 D(15 ,21) =−1./4.
149 B(15 ,23) =+3./4.
150 D(15 ,23) =+1./4.
151
152 G(16)=−omega ∗ ( 3 .∗C8(1 , J )+C8(1 , J+1) ) /4 .
153 1 +(3.∗RXN3(2 , J )+RXN3(2 , J+1) ) /4 .
154 2 −(3.∗RXN4(2 , J )+RXN4(2 , J+1) ) /4 .
155 B(16 ,16)=omega ∗3 . / 4 .
156 D(16 ,16)=omega ∗1 . / 4 .
157 B(16 ,22) =−3./4.
158 D(16 ,22) =−1./4.
159 B(16 ,24) =+3./4.
160 D(16 ,24) =+1./4.
161
162 C REACTION1
163 G(17)=−RXN1(1 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(1 , J )
164 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(1 , J )
165 2 −C7(1 , J ) / e qu i l i b 1
166 B(17 ,1 )=−r a t e f 1 ∗CONCSS(2 , J )
167 B(17 ,3 )=−r a t e f 1 ∗CONCSS(1 , J )
168 B(17 ,13)=+1./ e qu i l i b 1
169 B(17 ,17)=+1.
170
171 G(18)=−RXN1(2 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(2 , J )
172 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(2 , J )
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173 2 −C7(2 , J ) / e qu i l i b 1
174 B(18 ,2 )=−r a t e f 1 ∗CONCSS(2 , J )
175 B(18 ,4 )=−r a t e f 1 ∗CONCSS(1 , J )
176 B(18 ,14)=+1./ e qu i l i b 1
177 B(18 ,18)=+1.
178
179 C REACTION2
180 G(19)=−RXN2(1 , J )+r a t e f 2 ∗C7(1 , J )
181 B(19 ,13)=−r a t e f 2
182 B(19 ,19)=+1.
183
184 G(20)=−RXN2(2 , J )+r a t e f 2 ∗C7(2 , J )
185 B(20 ,14)=−r a t e f 2
186 B(20 ,20)=+1.
187
188 C REACTION3
189 G(21)=−RXN3(1 , J )+r a t e f 3 ∗CONCSS(4 , J ) ∗C5(1 , J )
190 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(1 , J )
191 2 −C8(1 , J ) / e qu i l i b 3
192 B(21 ,7 )=−r a t e f 3 ∗CONCSS(5 , J )
193 B(21 ,9 )=−r a t e f 3 ∗CONCSS(4 , J )
194 B(21 ,15)=+1./ e qu i l i b 3
195 B(21 ,21)=+1.
196
197 G(22)=−RXN3(2 , J )+r a t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
198 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
199 2 −C8(2 , J ) / e qu i l i b 3
200 B(22 ,8 )=−r a t e f 3 ∗CONCSS(5 , J )
201 B(22 ,10)=−r a t e f 3 ∗CONCSS(4 , J )
202 B(22 ,16)=+1./ e qu i l i b 3
203 B(22 ,22)=+1.
204
205 C REACTION4
206 G(23)=−RXN4(1 , J )+r a t e f 4 ∗C8(1 , J )
207 B(23 ,15)=−r a t e f 4
208 B(23 ,23)=+1.
209
210 G(24)=−RXN4(2 , J )+r a t e f 4 ∗C8(2 , J )
211 B(24 ,16)=−r a t e f 4
212 B(24 ,24)=+1.
213
214 WRITE(14 ,301) J , (G(K) ,K=1,N)
215
216 RETURN
217 END
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Code E.12. Oscillating Continuous Glucose Monitor Subroutine for the Reaction Region

1 SUBROUTINE REACTION(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 C For Glucose , be ing consumed only
21 G(1)=omega∗C1(2 , J )
22 1 +POR1∗DIFF(1) ∗(C1(1 , J+1)−2.∗C1(1 , J )+C1(1 , J−1) ) /HHH∗∗2 .
23 3 −RXN1(1 , J )
24 B(1 , 1 ) =2.∗POR1∗DIFF(1) /HHH∗∗2 .
25 A(1 , 1 )=−POR1∗DIFF(1) /HHH∗∗2 .
26 D(1 , 1 )=−POR1∗DIFF(1) /HHH∗∗2 .
27 B(1 , 2 )=−omega
28 B(1 ,17 )=+1.
29
30 G(2)=−omega∗C1(1 , J )
31 1 +POR1∗DIFF(1) ∗(C1(2 , J+1)−2.∗C1(2 , J )+C1(2 , J−1) ) /HHH∗∗2 .
32 3 −RXN1(2 , J )
33 B(2 , 2 ) =2.∗POR1∗DIFF(1) /HHH∗∗2 .
34 A(2 , 2 )=−POR1∗DIFF(1) /HHH∗∗2 .
35 D(2 , 2 )=−POR1∗DIFF(1) /HHH∗∗2 .
36 B(2 , 1 )=omega
37 B(2 ,18 )=+1.
38
39 C For GOx, enzyme
40 G(3)=omega∗C2(2 , J )
41 1 −RXN1(1 , J )
42 2 +RXN4(1 , J )
43 B(3 , 4 )=−omega
44 B(3 ,17 )=+1.
45 B(3 ,23 )=−1.
46
47 G(4)=−omega∗C2(1 , J )
48 1 −RXN1(2 , J )
49 2 +RXN4(2 , J )
50 B(4 , 3 )=omega
51 B(4 ,17 )=+1.
52 B(4 ,24 )=−1.
53
54 C For Gluconic Acid , be ing produced only
55 G(5)=omega∗C3(2 , J )
56 1 +POR1∗DIFF(3) ∗(C3(1 , J+1)−2.∗C3(1 , J )+C3(1 , J−1) ) /HHH∗∗2 .
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57 3 +RXN2(1 , J )
58 B(5 , 5 ) =2.∗POR1∗DIFF(3) /HHH∗∗2 .
59 A(5 , 5 )=−POR1∗DIFF(3) /HHH∗∗2 .
60 D(5 , 5 )=−POR1∗DIFF(3) /HHH∗∗2 .
61 B(5 , 6 )=−omega
62 B(5 ,19 )=−1.
63
64 G(6)=−omega∗C3(1 , J )
65 1 +POR1∗DIFF(3) ∗(C3(2 , J+1)−2.∗C3(2 , J )+C3(2 , J−1) ) /HHH∗∗2 .
66 3 +RXN2(2 , J )
67 B(6 , 6 ) =2.∗POR1∗DIFF(3) /HHH∗∗2 .
68 A(6 , 6 )=−POR1∗DIFF(3) /HHH∗∗2 .
69 D(6 , 6 )=−POR1∗DIFF(3) /HHH∗∗2 .
70 B(6 , 5 )=omega
71 B(6 ,20 )=−1.
72
73 C For GOx2, enzyme
74 G(7)=omega∗C4(2 , J )
75 1 +RXN2(1 , J )
76 2 −RXN3(1 , J )
77 B(7 , 8 )=−omega
78 B(7 ,19 )=−1.
79 B(7 ,21 )=+1.
80
81 G(8)=−omega∗C4(1 , J )
82 1 +RXN2(2 , J )
83 2 −RXN3(2 , J )
84 B(8 , 7 )=omega
85 B(8 ,20 )=−1.
86 B(8 ,22 )=+1.
87
88 C For O2, being consumed only
89 G(9)=omega∗C5(2 , J )
90 1 +POR1∗DIFF(5) ∗(C5(1 , J+1)−2.∗C5(1 , J )+C5(1 , J−1) ) /HHH∗∗2 .
91 3 −RXN3(1 , J )
92 B(9 , 9 ) =2.∗POR1∗DIFF(5) /HHH∗∗2 .
93 A(9 , 9 )=−POR1∗DIFF(5) /HHH∗∗2 .
94 D(9 , 9 )=−POR1∗DIFF(5) /HHH∗∗2 .
95 B(9 ,10 )=−omega
96 B(9 ,21 )=+1.
97
98 G(10)=−omega∗C5(1 , J )
99 1 +POR1∗DIFF(5) ∗(C5(2 , J+1)−2.∗C5(2 , J )+C5(2 , J−1) ) /HHH∗∗2 .
100 3 −RXN3(2 , J )
101 B(10 ,10) =2.∗POR1∗DIFF(5) /HHH∗∗2 .
102 A(10 ,10)=−POR1∗DIFF(5) /HHH∗∗2 .
103 D(10 ,10)=−POR1∗DIFF(5) /HHH∗∗2 .
104 B(10 ,9 )=omega
105 B(10 ,22)=+1.
106
107 C For H2O2, r e a c t i n g s p e c i e s
108 G(11)=omega∗C6(2 , J )
109 1 +POR1∗DIFF(6) ∗(C6(1 , J+1)−2.∗C6(1 , J )+C6(1 , J−1) ) /HHH∗∗2 .
110 3 +RXN4(1 , J )
111 B(11 ,11) =2.∗POR1∗DIFF(6) /HHH∗∗2 .
112 A(11 ,11)=−POR1∗DIFF(6) /HHH∗∗2 .
113 D(11 ,11)=−POR1∗DIFF(6) /HHH∗∗2 .
114 B(11 ,12)=−omega
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115 B(11 ,23)=−1.
116
117 G(12)=−omega∗C6(1 , J )
118 1 +POR1∗DIFF(6) ∗(C6(2 , J+1)−2.∗C6(2 , J )+C6(2 , J−1) ) /HHH∗∗2 .
119 3 +RXN4(2 , J )
120 B(12 ,12) =2.∗POR1∗DIFF(6) /HHH∗∗2 .
121 A(12 ,12)=−POR1∗DIFF(6) /HHH∗∗2 .
122 D(12 ,12)=−POR1∗DIFF(6) /HHH∗∗2 .
123 B(12 ,11)=omega
124 B(12 ,24)=−1.
125
126 C For CX−GOx2, enzyme
127 G(13)=omega∗C7(2 , J )
128 1 +RXN1(1 , J )
129 2 −RXN2(1 , J )
130 B(13 ,14)=−omega
131 B(13 ,17)=−1.
132 B(13 ,19)=+1.
133
134 G(14)=−omega∗C7(1 , J )
135 1 +RXN1(2 , J )
136 2 −RXN2(2 , J )
137 B(14 ,13)=omega
138 B(14 ,18)=−1.
139 B(14 ,20)=+1.
140
141 C For CX−GOx2, enzyme
142 G(15)=omega∗C8(2 , J )
143 1 +RXN3(1 , J )
144 2 −RXN4(1 , J )
145 B(15 ,16)=−omega
146 B(15 ,21)=−1.
147 B(15 ,23)=+1.
148
149 G(16)=−omega∗C8(1 , J )
150 1 +RXN3(2 , J )
151 2 −RXN4(2 , J )
152 B(16 ,15)=omega
153 B(16 ,22)=−1.
154 B(16 ,24)=+1.
155
156 C REACTION1
157 G(17)=−RXN1(1 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(1 , J )
158 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(1 , J )
159 2 −C7(1 , J ) / e qu i l i b 1
160 B(17 ,1 )=−r a t e f 1 ∗CONCSS(2 , J )
161 B(17 ,3 )=−r a t e f 1 ∗CONCSS(1 , J )
162 B(17 ,13)=+1./ e qu i l i b 1
163 B(17 ,17)=+1.
164
165 G(18)=−RXN1(2 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(2 , J )
166 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(2 , J )
167 2 −C7(2 , J ) / e qu i l i b 1
168 B(18 ,2 )=−r a t e f 1 ∗CONCSS(2 , J )
169 B(18 ,4 )=−r a t e f 1 ∗CONCSS(1 , J )
170 B(18 ,14)=+1./ e qu i l i b 1
171 B(18 ,18)=+1.
172

240



173 C REACTION2
174 G(19)=−RXN2(1 , J )+r a t e f 2 ∗C7(1 , J )
175 B(19 ,13)=−r a t e f 2
176 B(19 ,19)=+1.
177
178 G(20)=−RXN2(2 , J )+r a t e f 2 ∗C7(2 , J )
179 B(20 ,14)=−r a t e f 2
180 B(20 ,20)=+1.
181
182 C REACTION3
183 G(21)=−RXN3(1 , J )+r a t e f 3 ∗CONCSS(4 , J ) ∗C5(1 , J )
184 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(1 , J )
185 2 −C8(1 , J ) / e qu i l i b 3
186 B(21 ,7 )=−r a t e f 3 ∗CONCSS(5 , J )
187 B(21 ,9 )=−r a t e f 3 ∗CONCSS(4 , J )
188 B(21 ,15)=+1./ e qu i l i b 3
189 B(21 ,21)=+1.
190
191 G(22)=−RXN3(2 , J )+r a t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
192 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
193 2 −C8(2 , J ) / e qu i l i b 3
194 B(22 ,8 )=−r a t e f 3 ∗CONCSS(5 , J )
195 B(22 ,10)=−r a t e f 3 ∗CONCSS(4 , J )
196 B(22 ,16)=+1./ e qu i l i b 3
197 B(22 ,22)=+1.
198
199 C REACTION4
200 G(23)=−RXN4(1 , J )+r a t e f 4 ∗C8(1 , J )
201 B(23 ,15)=−r a t e f 4
202 B(23 ,23)=+1.
203
204 G(24)=−RXN4(2 , J )+r a t e f 4 ∗C8(2 , J )
205 B(24 ,16)=−r a t e f 4
206 B(24 ,24)=+1.
207
208 c SAVE G OUT DATA
209 DO 11 I=2 ,13
210 11 I f ( I .EQ. J ) WRITE(14 ,301) J , (G(K) ,K=1,N)
211 IF ( J .EQ. IJ /2) THEN
212 WRITE(14 ,301) J , (G(K) ,K=1,N)
213 ELSE IF (J .EQ. ( IJ−1) ) THEN
214 WRITE(14 ,301) J , (G(K) ,K=1,N)
215 ELSE IF (J .EQ. ( IJ−2) ) THEN
216 WRITE(14 ,301) J , (G(K) ,K=1,N)
217 ELSE IF (J .EQ. ( IJ−3) ) THEN
218 WRITE(14 ,301) J , (G(K) ,K=1,N)
219 END IF
220
221 RETURN
222 END
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Code E.13. Oscillating Continuous Glucose Monitor Subroutine for the First Coupler

1 SUBROUTINE COUPLER1(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 C For Glucose , be ing consumed only
21 G(1)=HHH/2∗omega∗(C1(2 , J+1)+3.∗C1(2 , J ) ) /4 .
22 1 +HH/2∗omega∗(C1(2 , J−1)+3.∗C1(2 , J ) ) /4 .
23 2 +POR1∗DIFF(1) /HH∗(C1(1 , J+1)−C1(1 , J ) )
24 3 −POR1∗DIFF(1) /HHH∗(C1(1 , J )−C1(1 , J−1) )
25 4 −(HH/2 . ) ∗(RXN1(1 , J+1)+3.∗RXN1(1 , J ) ) /4 .
26 5 −(HHH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
27 B(1 , 1 )=POR1∗DIFF(1) /HH+POR1∗DIFF(1) /HHH
28 D(1 , 1 )=−POR1∗DIFF(1) /HH
29 A(1 , 1 )=−POR1∗DIFF(1) /HHH
30 B(1 , 2 )=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
31 D(1 , 2 )=−HHH/2∗omega ∗ ( 1 . / 4 . )
32 A(1 , 2 )=−HH/2∗omega ∗ ( 1 . / 4 . )
33 B(1 ,17 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
34 D(1 ,17 )=(HH/2 . ) ∗1 . / 4 .
35 A(1 ,17 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
36
37 G(2)=−HHH/2∗omega∗(C1(1 , J+1)+3.∗C1(1 , J ) ) /4 .
38 1 −HH/2∗omega∗(C1(1 , J−1)+3.∗C1(1 , J ) ) /4 .
39 2 +POR1∗DIFF(1) /HH∗(C1(2 , J+1)−C1(2 , J ) )
40 3 −POR1∗DIFF(1) /HHH∗(C1(2 , J )−C1(2 , J−1) )
41 4 −(HH/2 . ) ∗(RXN1(2 , J+1)+3.∗RXN1(2 , J ) ) /4 .
42 5 −(HHH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
43 B(2 , 2 )=POR1∗DIFF(1) /HH+POR1∗DIFF(1) /HHH
44 D(2 , 2 )=−POR1∗DIFF(1) /HH
45 A(2 , 2 )=−POR1∗DIFF(1) /HHH
46 B(2 , 1 )=+HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
47 D(2 , 1 )=+HHH/2∗omega ∗ ( 1 . / 4 . )
48 A(2 , 1 )=+HH/2∗omega ∗ ( 1 . / 4 . )
49 B(2 ,18 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
50 D(2 ,18 )=(HH/2 . ) ∗1 . / 4 .
51 A(2 ,18 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
52
53 C For GOx, enzyme
54 G(3)=HHH/2∗omega∗(C2(2 , J+1)+3.∗C2(2 , J ) ) /4 .
55 1 +HH/2∗omega∗(C2(2 , J−1)+3.∗C2(2 , J ) ) /4 .
56 2 −(HH/2 . ) ∗(RXN1(1 , J+1)+3.∗RXN1(1 , J ) ) /4 .
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57 3 −(HHH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
58 4 +(HH/2 . ) ∗(RXN4(1 , J+1)+3.∗RXN4(1 , J ) ) /4 .
59 5 +(HHH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
60 B(3 , 4 )=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
61 D(3 , 4 )=−HHH/2∗omega ∗ ( 1 . / 4 . )
62 A(3 , 4 )=−HH/2∗omega ∗ ( 1 . / 4 . )
63 B(3 ,17 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
64 D(3 ,17 )=−(HH/2 . ) ∗1 . / 4 .
65 A(3 ,17 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
66 B(3 ,23 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
67 D(3 ,23 )=(HH/2 . ) ∗1 . / 4 .
68 A(3 ,23 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
69
70 G(4)=−HHH/2∗omega∗(C2(1 , J+1)+3.∗C2(1 , J ) ) /4 .
71 1 −HH/2∗omega∗(C2(1 , J−1)+3.∗C2(1 , J ) ) /4 .
72 2 −(HH/2 . ) ∗(RXN1(2 , J+1)+3.∗RXN1(2 , J ) ) /4 .
73 3 −(HHH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
74 4 +(HH/2 . ) ∗(RXN4(2 , J+1)+3.∗RXN4(2 , J ) ) /4 .
75 5 +(HHH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
76 B(4 , 3 )=HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
77 D(4 , 3 )=HHH/2∗omega ∗ ( 1 . / 4 . )
78 A(4 , 3 )=HH/2∗omega ∗ ( 1 . / 4 . )
79 B(4 ,18 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
80 D(4 ,18 )=−(HH/2 . ) ∗1 . / 4 .
81 A(4 ,18 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
82 B(4 ,24 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
83 D(4 ,24 )=(HH/2 . ) ∗1 . / 4 .
84 A(4 ,24 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
85
86 C For Gluconic Acid , be ing produced only
87 G(5)=HHH/2∗omega∗(C3(2 , J+1)+3.∗C3(2 , J ) ) /4 .
88 1 +HH/2∗omega∗(C3(2 , J−1)+3.∗C3(2 , J ) ) /4 .
89 2 +POR1∗DIFF(3) /HH∗(C3(1 , J+1)−C3(1 , J ) )
90 3 −POR1∗DIFF(3) /HHH∗(C3(1 , J )−C3(1 , J−1) )
91 4 +(HH/2 . ) ∗(RXN2(1 , J+1)+3.∗RXN2(1 , J ) ) /4 .
92 5 +(HHH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
93 B(5 , 5 )=POR1∗DIFF(3) /HH+POR1∗DIFF(3) /HHH
94 D(5 , 5 )=−POR1∗DIFF(3) /HH
95 A(5 , 5 )=−POR1∗DIFF(3) /HHH
96 B(5 , 6 )=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
97 D(5 , 6 )=−HHH/2∗omega ∗ ( 1 . / 4 . )
98 A(5 , 6 )=−HH/2∗omega ∗ ( 1 . / 4 . )
99 B(5 ,19 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
100 D(5 ,19 )=−(HH/2 . ) ∗1 . / 4 .
101 A(5 ,19 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
102
103 G(6)=−HHH/2∗omega∗(C3(1 , J+1)+3.∗C3(1 , J ) ) /4 .
104 1 −HH/2∗omega∗(C3(1 , J−1)+3.∗C3(1 , J ) ) /4 .
105 2 +POR1∗DIFF(3) /HH∗(C3(2 , J+1)−C3(2 , J ) )
106 3 −POR1∗DIFF(3) /HHH∗(C3(2 , J )−C3(2 , J−1) )
107 4 +(HH/2 . ) ∗(RXN2(2 , J+1)+3.∗RXN2(2 , J ) ) /4 .
108 5 +(HHH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
109 B(6 , 6 )=POR1∗DIFF(3) /HH+POR1∗DIFF(3) /HHH
110 D(6 , 6 )=−POR1∗DIFF(3) /HH
111 A(6 , 6 )=−POR1∗DIFF(3) /HHH
112 B(6 , 5 )=+HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
113 D(6 , 5 )=+HHH/2∗omega ∗ ( 1 . / 4 . )
114 A(6 , 5 )=+HH/2∗omega ∗ ( 1 . / 4 . )

243



115 B(6 ,20 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
116 D(6 ,20 )=−(HH/2 . ) ∗1 . / 4 .
117 A(6 ,20 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
118
119 C For GOx2, enzyme
120 G(7)=HHH/2∗omega∗(C4(2 , J+1)+3.∗C4(2 , J ) ) /4 .
121 1 +HH/2∗omega∗(C4(2 , J−1)+3.∗C4(2 , J ) ) /4 .
122 2 +(HH/2 . ) ∗(RXN2(1 , J+1)+3.∗RXN2(1 , J ) ) /4 .
123 3 +(HHH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
124 4 −(HH/2 . ) ∗(RXN3(1 , J+1)+3.∗RXN3(1 , J ) ) /4 .
125 5 −(HHH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
126 B(7 , 8 )=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
127 D(7 , 8 )=−HHH/2∗omega ∗ ( 1 . / 4 . )
128 A(7 , 8 )=−HH/2∗omega ∗ ( 1 . / 4 . )
129 B(7 ,19 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
130 D(7 ,19 )=(HH/2 . ) ∗1 . / 4 .
131 A(7 ,19 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
132 B(7 ,21 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
133 D(7 ,21 )=−(HH/2 . ) ∗1 . / 4 .
134 A(7 ,21 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
135
136 G(8)=−HHH/2∗omega∗(C4(1 , J+1)+3.∗C4(1 , J ) ) /4 .
137 1 −HH/2∗omega∗(C4(1 , J−1)+3.∗C4(1 , J ) ) /4 .
138 2 +(HH/2 . ) ∗(RXN2(2 , J+1)+3.∗RXN2(2 , J ) ) /4 .
139 3 +(HHH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
140 4 −(HH/2 . ) ∗(RXN3(2 , J+1)+3.∗RXN3(2 , J ) ) /4 .
141 5 −(HHH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
142 B(8 , 7 )=HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
143 D(8 , 7 )=HHH/2∗omega ∗ ( 1 . / 4 . )
144 A(8 , 7 )=HH/2∗omega ∗ ( 1 . / 4 . )
145 B(8 ,20 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
146 D(8 ,20 )=(HH/2 . ) ∗1 . / 4 .
147 A(8 ,20 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
148 B(8 ,22 )=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
149 D(8 ,22 )=−(HH/2 . ) ∗1 . / 4 .
150 A(8 ,22 )=−(HHH/2 . ) ∗ ( 1 . / 4 . )
151
152 C For O2, being consumed only
153 G(9)=HHH/2∗omega∗(C5(2 , J+1)+3.∗C5(2 , J ) ) /4 .
154 1 +HH/2∗omega∗(C5(2 , J−1)+3.∗C5(2 , J ) ) /4 .
155 2 +POR1∗DIFF(5) /HH∗(C5(1 , J+1)−C5(1 , J ) )
156 3 −POR1∗DIFF(5) /HHH∗(C5(1 , J )−C5(1 , J−1) )
157 4 −(HH/2 . ) ∗(RXN3(1 , J+1)+3.∗RXN3(1 , J ) ) /4 .
158 5 −(HHH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
159 B(9 , 9 )=POR1∗DIFF(5) /HH+POR1∗DIFF(5) /HHH
160 D(9 , 9 )=−POR1∗DIFF(5) /HH
161 A(9 , 9 )=−POR1∗DIFF(5) /HHH
162 B(9 ,10 )=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
163 D(9 ,10 )=−HHH/2∗omega ∗ ( 1 . / 4 . )
164 A(9 ,10 )=−HH/2∗omega ∗ ( 1 . / 4 . )
165 B(9 ,21 )=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
166 D(9 ,21 )=(HH/2 . ) ∗1 . / 4 .
167 A(9 ,21 )=(HHH/2 . ) ∗ ( 1 . / 4 . )
168
169 G(10)=−HHH/2∗omega∗(C5(1 , J+1)+3.∗C5(1 , J ) ) /4 .
170 1 −HH/2∗omega∗(C5(1 , J−1)+3.∗C5(1 , J ) ) /4 .
171 2 +POR1∗DIFF(5) /HH∗(C5(2 , J+1)−C5(2 , J ) )
172 3 −POR1∗DIFF(5) /HHH∗(C5(2 , J )−C5(2 , J−1) )
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173 4 −(HH/2 . ) ∗(RXN3(2 , J+1)+3.∗RXN3(2 , J ) ) /4 .
174 5 −(HHH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
175 B(10 ,10)=POR1∗DIFF(5) /HH+POR1∗DIFF(5) /HHH
176 D(10 ,10)=−POR1∗DIFF(5) /HH
177 A(10 ,10)=−POR1∗DIFF(5) /HHH
178 B(10 ,9 )=+HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
179 D(10 ,9 )=+HHH/2∗omega ∗ ( 1 . / 4 . )
180 A(10 ,9 )=+HH/2∗omega ∗ ( 1 . / 4 . )
181 B(10 ,22)=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
182 D(10 ,22)=(HH/2 . ) ∗1 . / 4 .
183 A(10 ,22)=(HHH/2 . ) ∗ ( 1 . / 4 . )
184
185 C For H2O2, r e a c t i n g s p e c i e s
186 G(11)=HHH/2∗omega∗(C6(2 , J+1)+3.∗C6(2 , J ) ) /4 .
187 1 +HH/2∗omega∗(C6(2 , J−1)+3.∗C6(2 , J ) ) /4 .
188 2 +POR1∗DIFF(6) /HH∗(C6(1 , J+1)−C6(1 , J ) )
189 3 −POR1∗DIFF(6) /HHH∗(C6(1 , J )−C6(1 , J−1) )
190 4 +(HH/2 . ) ∗(RXN4(1 , J+1)+3.∗RXN4(1 , J ) ) /4 .
191 5 +(HHH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
192 B(11 ,11)=POR1∗DIFF(6) /HH+POR1∗DIFF(6) /HHH
193 D(11 ,11)=−POR1∗DIFF(6) /HH
194 A(11 ,11)=−POR1∗DIFF(6) /HHH
195 B(11 ,12)=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
196 D(11 ,12)=−HHH/2∗omega ∗ ( 1 . / 4 . )
197 A(11 ,12)=−HH/2∗omega ∗ ( 1 . / 4 . )
198 B(11 ,23)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
199 D(11 ,23)=−(HH/2 . ) ∗1 . / 4 .
200 A(11 ,23)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
201
202 G(12)=−HHH/2∗omega∗(C6(1 , J+1)+3.∗C6(1 , J ) ) /4 .
203 1 −HH/2∗omega∗(C6(1 , J−1)+3.∗C6(1 , J ) ) /4 .
204 2 +POR1∗DIFF(6) /HH∗(C6(2 , J+1)−C6(2 , J ) )
205 3 −POR1∗DIFF(6) /HHH∗(C6(2 , J )−C6(2 , J−1) )
206 4 +(HH/2 . ) ∗(RXN4(2 , J+1)+3.∗RXN4(2 , J ) ) /4 .
207 5 +(HHH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
208 B(12 ,12)=POR1∗DIFF(6) /HH+POR1∗DIFF(6) /HHH
209 D(12 ,12)=−POR1∗DIFF(6) /HH
210 A(12 ,12)=−POR1∗DIFF(6) /HHH
211 B(12 ,11)=+HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
212 D(12 ,11)=+HHH/2∗omega ∗ ( 1 . / 4 . )
213 A(12 ,11)=+HH/2∗omega ∗ ( 1 . / 4 . )
214 B(12 ,24)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
215 D(12 ,24)=−(HH/2 . ) ∗1 . / 4 .
216 A(12 ,24)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
217
218 C For CX−GOx2, enzyme
219 G(13)=HHH/2∗omega∗(C7(2 , J+1)+3.∗C7(2 , J ) ) /4 .
220 1 +HH/2∗omega∗(C7(2 , J−1)+3.∗C7(2 , J ) ) /4 .
221 2 +(HH/2 . ) ∗(RXN1(1 , J+1)+3.∗RXN1(1 , J ) ) /4 .
222 3 +(HHH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
223 4 −(HH/2 . ) ∗(RXN2(1 , J+1)+3.∗RXN2(1 , J ) ) /4 .
224 5 −(HHH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
225 B(13 ,14)=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
226 D(13 ,14)=−HHH/2∗omega ∗ ( 1 . / 4 . )
227 A(13 ,14)=−HH/2∗omega ∗ ( 1 . / 4 . )
228 B(13 ,17)=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
229 D(13 ,17)=(HH/2 . ) ∗1 . / 4 .
230 A(13 ,17)=(HHH/2 . ) ∗ ( 1 . / 4 . )
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231 B(13 ,19)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
232 D(13 ,19)=−(HH/2 . ) ∗1 . / 4 .
233 A(13 ,19)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
234
235 G(14)=−HHH/2∗omega∗(C7(1 , J+1)+3.∗C7(1 , J ) ) /4 .
236 1 −HH/2∗omega∗(C7(1 , J−1)+3.∗C7(1 , J ) ) /4 .
237 2 +(HH/2 . ) ∗(RXN1(2 , J+1)+3.∗RXN1(2 , J ) ) /4 .
238 3 +(HHH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
239 4 −(HH/2 . ) ∗(RXN2(2 , J+1)+3.∗RXN2(2 , J ) ) /4 .
240 5 −(HHH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
241 B(14 ,13)=HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
242 D(14 ,13)=HHH/2∗omega ∗ ( 1 . / 4 . )
243 A(14 ,13)=HH/2∗omega ∗ ( 1 . / 4 . )
244 B(14 ,18)=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
245 D(14 ,18)=(HH/2 . ) ∗1 . / 4 .
246 A(14 ,18)=(HHH/2 . ) ∗ ( 1 . / 4 . )
247 B(14 ,20)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
248 D(14 ,20)=−(HH/2 . ) ∗1 . / 4 .
249 A(14 ,20)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
250
251 C For CX−GOx, enzyme
252 G(15)=HHH/2∗omega∗(C8(2 , J+1)+3.∗C8(2 , J ) ) /4 .
253 1 +HH/2∗omega∗(C8(2 , J−1)+3.∗C8(2 , J ) ) /4 .
254 2 +(HH/2 . ) ∗(RXN3(1 , J+1)+3.∗RXN3(1 , J ) ) /4 .
255 3 +(HHH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
256 4 −(HH/2 . ) ∗(RXN4(1 , J+1)+3.∗RXN4(1 , J ) ) /4 .
257 5 −(HHH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
258 B(15 ,16)=−HHH/2∗omega ∗ ( 3 . / 4 . )−HH/2∗omega ∗ ( 3 . / 4 . )
259 D(15 ,16)=−HHH/2∗omega ∗ ( 1 . / 4 . )
260 A(15 ,16)=−HH/2∗omega ∗ ( 1 . / 4 . )
261 B(15 ,21)=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
262 D(15 ,21)=(HH/2 . ) ∗1 . / 4 .
263 A(15 ,21)=(HHH/2 . ) ∗ ( 1 . / 4 . )
264 B(15 ,23)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
265 D(15 ,23)=−(HH/2 . ) ∗1 . / 4 .
266 A(15 ,23)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
267
268 G(16)=−HHH/2∗omega∗(C8(1 , J+1)+3.∗C8(1 , J ) ) /4 .
269 1 −HH/2∗omega∗(C8(1 , J−1)+3.∗C8(1 , J ) ) /4 .
270 2 +(HH/2 . ) ∗(RXN3(2 , J+1)+3.∗RXN3(2 , J ) ) /4 .
271 3 +(HHH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
272 4 −(HH/2 . ) ∗(RXN4(2 , J+1)+3.∗RXN4(2 , J ) ) /4 .
273 5 −(HHH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
274 B(16 ,15)=HHH/2∗omega ∗ ( 3 . / 4 . )+HH/2∗omega ∗ ( 3 . / 4 . )
275 D(16 ,15)=HHH/2∗omega ∗ ( 1 . / 4 . )
276 A(16 ,15)=HH/2∗omega ∗ ( 1 . / 4 . )
277 B(16 ,22)=(HH/2 . ) ∗3 ./4 .+(HHH/2 . ) ∗ ( 3 . / 4 . )
278 D(16 ,22)=(HH/2 . ) ∗1 . / 4 .
279 A(16 ,22)=(HHH/2 . ) ∗ ( 1 . / 4 . )
280 B(16 ,23)=−(HH/2 . ) ∗3./4.−(HHH/2 . ) ∗ ( 3 . / 4 . )
281 D(16 ,23)=−(HH/2 . ) ∗1 . / 4 .
282 A(16 ,23)=−(HHH/2 . ) ∗ ( 1 . / 4 . )
283
284 C REACTION1
285 G(17)=−RXN1(1 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(1 , J )
286 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(1 , J )
287 2 −C7(1 , J ) / e qu i l i b 1
288 B(17 ,1 )=−r a t e f 1 ∗CONCSS(2 , J )
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289 B(17 ,3 )=−r a t e f 1 ∗CONCSS(1 , J )
290 B(17 ,13)=+1./ e qu i l i b 1
291 B(17 ,17)=+1.
292
293 G(18)=−RXN1(2 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(2 , J )
294 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(2 , J )
295 2 −C7(2 , J ) / e qu i l i b 1
296 B(18 ,2 )=−r a t e f 1 ∗CONCSS(2 , J )
297 B(18 ,4 )=−r a t e f 1 ∗CONCSS(1 , J )
298 B(18 ,14)=+1./ e qu i l i b 1
299 B(18 ,18)=+1.
300
301 C REACTION2
302 G(19)=−RXN2(1 , J )+r a t e f 2 ∗C7(1 , J )
303 B(19 ,13)=−r a t e f 2
304 B(19 ,19)=+1.
305
306 G(20)=−RXN2(2 , J )+r a t e f 2 ∗C7(2 , J )
307 B(20 ,14)=−r a t e f 2
308 B(20 ,20)=+1.
309
310 C REACTION3
311 G(21)=−RXN3(1 , J )+r a t e f 3 ∗CONCSS(4 , J ) ∗C5(1 , J )
312 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(1 , J )
313 2 −C8(1 , J ) / e qu i l i b 3
314 B(21 ,7 )=−r a t e f 3 ∗CONCSS(5 , J )
315 B(21 ,9 )=−r a t e f 3 ∗CONCSS(4 , J )
316 B(21 ,15)=+1./ e qu i l i b 3
317 B(21 ,21)=+1.
318
319 G(22)=−RXN3(2 , J )+r a t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
320 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
321 2 −C8(2 , J ) / e qu i l i b 3
322 B(22 ,8 )=−r a t e f 3 ∗CONCSS(5 , J )
323 B(22 ,10)=−r a t e f 3 ∗CONCSS(4 , J )
324 B(22 ,16)=+1./ e qu i l i b 3
325 B(22 ,22)=+1.
326
327 C REACTION4
328 G(23)=−RXN4(1 , J )+r a t e f 4 ∗C8(1 , J )
329 B(23 ,15)=−r a t e f 4
330 B(23 ,23)=+1.
331
332 G(24)=−RXN4(2 , J )+r a t e f 4 ∗C8(2 , J )
333 B(24 ,16)=−r a t e f 4
334 B(24 ,24)=+1.
335
336 WRITE(14 ,301) J , (G(K) ,K=1,N)
337
338 RETURN
339 END
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Code E.14. Oscillating Continuous Glucose Monitor Subroutine for the Inner Region

1 SUBROUTINE INNER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 C For Glucose , be ing consumed only
21 G(1)=omega∗C1(2 , J )
22 1 +POR1∗DIFF(1) ∗(C1(1 , J+1)−2.∗C1(1 , J )+C1(1 , J−1) ) /HH∗∗2 .
23 3 −RXN1(1 , J )
24 B(1 , 1 ) =2.∗POR1∗DIFF(1) /HH∗∗2 .
25 A(1 , 1 )=−POR1∗DIFF(1) /HH∗∗2 .
26 D(1 , 1 )=−POR1∗DIFF(1) /HH∗∗2 .
27 B(1 , 2 )=−omega
28 B(1 ,17 )=+1.
29
30 G(2)=−omega∗C1(1 , J )
31 1 +POR1∗DIFF(1) ∗(C1(2 , J+1)−2.∗C1(2 , J )+C1(2 , J−1) ) /HH∗∗2 .
32 3 −RXN1(2 , J )
33 B(2 , 2 ) =2.∗POR1∗DIFF(1) /HH∗∗2 .
34 A(2 , 2 )=−POR1∗DIFF(1) /HH∗∗2 .
35 D(2 , 2 )=−POR1∗DIFF(1) /HH∗∗2 .
36 B(2 , 1 )=omega
37 B(2 ,18 )=+1.
38
39 C For GOx, enzyme
40 G(3)=omega∗C2(2 , J )
41 1 −RXN1(1 , J )
42 2 +RXN4(1 , J )
43 B(3 , 4 )=−omega
44 B(3 ,17 )=+1.
45 B(3 ,23 )=−1.
46
47 G(4)=−omega∗C2(1 , J )
48 1 −RXN1(2 , J )
49 2 +RXN4(2 , J )
50 B(4 , 3 )=omega
51 B(4 ,17 )=+1.
52 B(4 ,24 )=−1.
53
54 C For Gluconic Acid , be ing produced only
55 G(5)=omega∗C3(2 , J )
56 1 +POR1∗DIFF(3) ∗(C3(1 , J+1)−2.∗C3(1 , J )+C3(1 , J−1) ) /HH∗∗2 .
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57 3 +RXN2(1 , J )
58 B(5 , 5 ) =2.∗POR1∗DIFF(3) /HH∗∗2 .
59 A(5 , 5 )=−POR1∗DIFF(3) /HH∗∗2 .
60 D(5 , 5 )=−POR1∗DIFF(3) /HH∗∗2 .
61 B(5 , 6 )=−omega
62 B(5 ,19 )=−1.
63
64 G(6)=−omega∗C3(1 , J )
65 1 +POR1∗DIFF(3) ∗(C3(2 , J+1)−2.∗C3(2 , J )+C3(2 , J−1) ) /HH∗∗2 .
66 3 +RXN2(2 , J )
67 B(6 , 6 ) =2.∗POR1∗DIFF(3) /HH∗∗2 .
68 A(6 , 6 )=−POR1∗DIFF(3) /HH∗∗2 .
69 D(6 , 6 )=−POR1∗DIFF(3) /HH∗∗2 .
70 B(6 , 5 )=omega
71 B(6 ,20 )=−1.
72
73 C For GOx2, enzyme
74 G(7)=omega∗C4(2 , J )
75 1 +RXN2(1 , J )
76 2 −RXN3(1 , J )
77 B(7 , 8 )=−omega
78 B(7 ,19 )=−1.
79 B(7 ,21 )=+1.
80
81 G(8)=−omega∗C4(1 , J )
82 1 +RXN2(2 , J )
83 2 −RXN3(2 , J )
84 B(8 , 7 )=omega
85 B(8 ,20 )=−1.
86 B(8 ,22 )=+1.
87
88 C For O2, being consumed only
89 G(9)=omega∗C5(2 , J )
90 1 +POR1∗DIFF(5) ∗(C5(1 , J+1)−2.∗C5(1 , J )+C5(1 , J−1) ) /HH∗∗2 .
91 3 −RXN3(1 , J )
92 B(9 , 9 ) =2.∗POR1∗DIFF(5) /HH∗∗2 .
93 A(9 , 9 )=−POR1∗DIFF(5) /HH∗∗2 .
94 D(9 , 9 )=−POR1∗DIFF(5) /HH∗∗2 .
95 B(9 ,10 )=−omega
96 B(9 ,19 )=+1.
97
98 G(10)=−omega∗C5(1 , J )
99 1 +POR1∗DIFF(5) ∗(C5(2 , J+1)−2.∗C5(2 , J )+C5(2 , J−1) ) /HH∗∗2 .
100 3 −RXN3(2 , J )
101 B(10 ,10) =2.∗POR1∗DIFF(5) /HH∗∗2 .
102 A(10 ,10)=−POR1∗DIFF(5) /HH∗∗2 .
103 D(10 ,10)=−POR1∗DIFF(5) /HH∗∗2 .
104 B(10 ,9 )=omega
105 B(10 ,20)=+1.
106
107 C For H2O2, r e a c t i n g s p e c i e s
108 G(11)=omega∗C6(2 , J )
109 1 +POR1∗DIFF(6) ∗(C6(1 , J+1)−2.∗C6(1 , J )+C6(1 , J−1) ) /HH∗∗2 .
110 3 +RXN4(1 , J )
111 B(11 ,11) =2.∗POR1∗DIFF(6) /HH∗∗2 .
112 A(11 ,11)=−POR1∗DIFF(6) /HH∗∗2 .
113 D(11 ,11)=−POR1∗DIFF(6) /HH∗∗2 .
114 B(11 ,12)=−omega
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115 B(11 ,23)=−1.
116
117 G(12)=−omega∗C6(1 , J )
118 1 +POR1∗DIFF(6) ∗(C6(2 , J+1)−2.∗C6(2 , J )+C6(2 , J−1) ) /HH∗∗2 .
119 3 +RXN4(2 , J )
120 B(12 ,12) =2.∗POR1∗DIFF(6) /HH∗∗2 .
121 A(12 ,12)=−POR1∗DIFF(6) /HH∗∗2 .
122 D(12 ,12)=−POR1∗DIFF(6) /HH∗∗2 .
123 B(12 ,11)=omega
124 B(12 ,24)=−1.
125
126 C For CX−GOx2, enzyme
127 G(13)=omega∗C7(2 , J )
128 1 +RXN1(1 , J )
129 2 −RXN2(1 , J )
130 B(13 ,14)=−omega
131 B(13 ,17)=−1.
132 B(13 ,19)=+1.
133
134 G(14)=−omega∗C7(1 , J )
135 1 +RXN1(2 , J )
136 2 −RXN2(2 , J )
137 B(14 ,13)=omega
138 B(14 ,18)=−1.
139 B(14 ,20)=+1.
140
141 C For CX−GOx2, enzyme
142 G(15)=omega∗C8(2 , J )
143 1 +RXN3(1 , J )
144 2 −RXN4(1 , J )
145 B(15 ,16)=−omega
146 B(15 ,21)=−1.
147 B(15 ,23)=+1.
148
149 G(16)=−omega∗C8(1 , J )
150 1 +RXN3(2 , J )
151 2 −RXN4(2 , J )
152 B(16 ,15)=omega
153 B(16 ,22)=−1.
154 B(16 ,24)=+1.
155
156 C REACTION1
157 G(17)=−RXN1(1 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(1 , J )
158 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(1 , J )
159 2 −C7(1 , J ) / e qu i l i b 1
160 B(17 ,1 )=−r a t e f 1 ∗CONCSS(2 , J )
161 B(17 ,3 )=−r a t e f 1 ∗CONCSS(1 , J )
162 B(17 ,13)=+1./ e qu i l i b 1
163 B(17 ,17)=+1.
164
165 G(18)=−RXN1(2 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(2 , J )
166 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(2 , J )
167 2 −C7(2 , J ) / e qu i l i b 1
168 B(18 ,2 )=−r a t e f 1 ∗CONCSS(2 , J )
169 B(18 ,4 )=−r a t e f 1 ∗CONCSS(1 , J )
170 B(18 ,14)=+1./ e qu i l i b 1
171 B(18 ,18)=+1.
172
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173 C REACTION2
174 G(19)=−RXN2(1 , J )+r a t e f 2 ∗C7(1 , J )
175 B(19 ,13)=−r a t e f 2
176 B(19 ,19)=+1.
177
178 G(20)=−RXN2(2 , J )+r a t e f 2 ∗C7(2 , J )
179 B(20 ,14)=−r a t e f 2
180 B(20 ,20)=+1.
181
182 C REACTION3
183 G(21)=−RXN3(1 , J )+r a t e f 3 ∗CONCSS(4 , J ) ∗C5(1 , J )
184 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(1 , J )
185 2 −C8(1 , J ) / e qu i l i b 3
186 B(21 ,7 )=−r a t e f 3 ∗CONCSS(5 , J )
187 B(21 ,9 )=−r a t e f 3 ∗CONCSS(4 , J )
188 B(21 ,15)=+1./ e qu i l i b 3
189 B(21 ,21)=+1.
190
191 G(22)=−RXN3(2 , J )+r a t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
192 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
193 2 −C8(2 , J ) / e qu i l i b 3
194 B(22 ,8 )=−r a t e f 3 ∗CONCSS(5 , J )
195 B(22 ,10)=−r a t e f 3 ∗CONCSS(4 , J )
196 B(22 ,16)=+1./ e qu i l i b 3
197 B(22 ,22)=+1.
198
199 C REACTION4
200 G(23)=−RXN4(1 , J )+r a t e f 4 ∗C8(1 , J )
201 B(23 ,15)=−r a t e f 4
202 B(23 ,23)=+1.
203
204 G(24)=−RXN4(2 , J )+r a t e f 4 ∗C8(2 , J )
205 B(24 ,16)=−r a t e f 4
206 B(24 ,24)=+1.
207
208 c SAVE G OUT DATA
209 DO 11 I=2 ,13
210 11 I f ( I .EQ. J ) WRITE(14 ,301) J , (G(K) ,K=1,N)
211 IF ( J .EQ. IJ /2) THEN
212 WRITE(14 ,301) J , (G(K) ,K=1,N)
213 ELSE IF (J .EQ. ( IJ−1) ) THEN
214 WRITE(14 ,301) J , (G(K) ,K=1,N)
215 ELSE IF (J .EQ. ( IJ−2) ) THEN
216 WRITE(14 ,301) J , (G(K) ,K=1,N)
217 ELSE IF (J .EQ. ( IJ−3) ) THEN
218 WRITE(14 ,301) J , (G(K) ,K=1,N)
219 END IF
220
221 RETURN
222 END
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Code E.15. Oscillating Continuous Glucose Monitor Subroutine for the Second Coupler

1 SUBROUTINE COUPLER2(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 C For Glucose , be ing consumed only
21 G(1)=HH/2∗omega∗(C1(2 , J+1)+3.∗C1(2 , J ) ) /4 .
22 1 +H/2∗omega∗(C1(2 , J−1)+3.∗C1(2 , J ) ) /4 .
23 2 +PORGLU∗DIFF(1) /H∗(C1(1 , J+1)−C1(1 , J ) )
24 3 −POR1∗DIFF(1) /HH∗(C1(1 , J )−C1(1 , J−1) )
25 5 −(HH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
26 B(1 , 1 )=PORGLU∗DIFF(1) /H+POR1∗DIFF(1) /HH
27 D(1 , 1 )=−PORGLU∗DIFF(1) /H
28 A(1 , 1 )=−POR1∗DIFF(1) /HH
29 B(1 , 2 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
30 D(1 , 2 )=−HH/2∗omega ∗ ( 1 . / 4 . )
31 A(1 , 2 )=−H/2∗omega ∗ ( 1 . / 4 . )
32 B(1 ,17 )=(HH/2 . ) ∗ ( 3 . / 4 . )
33 A(1 ,17 )=(HH/2 . ) ∗ ( 1 . / 4 . )
34
35 G(2)=−HH/2∗omega∗(C1(1 , J+1)+3.∗C1(1 , J ) ) /4 .
36 1 −H/2∗omega∗(C1(1 , J−1)+3.∗C1(1 , J ) ) /4 .
37 2 +PORGLU∗DIFF(1) /H∗(C1(2 , J+1)−C1(2 , J ) )
38 3 −POR1∗DIFF(1) /HH∗(C1(2 , J )−C1(2 , J−1) )
39 5 −(HH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
40 B(2 , 2 )=PORGLU∗DIFF(1) /H+POR1∗DIFF(1) /HH
41 D(2 , 2 )=−PORGLU∗DIFF(1) /H
42 A(2 , 2 )=−POR1∗DIFF(1) /HH
43 B(2 , 1 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
44 D(2 , 1 )=+HH/2∗omega ∗ ( 1 . / 4 . )
45 A(2 , 1 )=+H/2∗omega ∗ ( 1 . / 4 . )
46 B(2 ,18 )=(HH/2 . ) ∗ ( 3 . / 4 . )
47 A(2 ,18 )=(HH/2 . ) ∗ ( 1 . / 4 . )
48
49 C For GOx, enzyme
50 G(3)=HH/2∗omega∗(C2(2 , J+1)+3.∗C2(2 , J ) ) /4 .
51 1 +H/2∗omega∗(C2(2 , J−1)+3.∗C2(2 , J ) ) /4 .
52 3 −(HH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
53 5 +(HH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
54 B(3 , 4 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
55 D(3 , 4 )=−HH/2∗omega ∗ ( 1 . / 4 . )
56 A(3 , 4 )=−H/2∗omega ∗ ( 1 . / 4 . )
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57 B(3 ,17 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
58 A(3 ,17 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
59 B(3 ,23 )=(HH/2 . ) ∗ ( 3 . / 4 . )
60 A(3 ,23 )=(HH/2 . ) ∗ ( 1 . / 4 . )
61
62 G(4)=−HH/2∗omega∗(C2(1 , J+1)+3.∗C2(1 , J ) ) /4 .
63 1 −H/2∗omega∗(C2(1 , J−1)+3.∗C2(1 , J ) ) /4 .
64 3 −(HH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
65 5 +(HH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
66 B(4 , 3 )=HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
67 D(4 , 3 )=HH/2∗omega ∗ ( 1 . / 4 . )
68 A(4 , 3 )=H/2∗omega ∗ ( 1 . / 4 . )
69 B(4 ,18 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
70 A(4 ,18 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
71 B(4 ,24 )=(HH/2 . ) ∗ ( 3 . / 4 . )
72 A(4 ,24 )=(HH/2 . ) ∗ ( 1 . / 4 . )
73
74 C For Gluconic Acid , be ing produced only
75 G(5)=HH/2∗omega∗(C3(2 , J+1)+3.∗C3(2 , J ) ) /4 .
76 1 +H/2∗omega∗(C3(2 , J−1)+3.∗C3(2 , J ) ) /4 .
77 2 +PORGLU∗DIFF(3) /H∗(C3(1 , J+1)−C3(1 , J ) )
78 3 −POR1∗DIFF(3) /HH∗(C3(1 , J )−C3(1 , J−1) )
79 5 +(HH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
80 B(5 , 5 )=PORGLU∗DIFF(3) /H+POR1∗DIFF(3) /HH
81 D(5 , 5 )=−PORGLU∗DIFF(3) /H
82 A(5 , 5 )=−POR1∗DIFF(3) /HH
83 B(5 , 6 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
84 D(5 , 6 )=−HH/2∗omega ∗ ( 1 . / 4 . )
85 A(5 , 6 )=−H/2∗omega ∗ ( 1 . / 4 . )
86 B(5 ,19 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
87 A(5 ,19 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
88
89 G(6)=−HH/2∗omega∗(C3(1 , J+1)+3.∗C3(1 , J ) ) /4 .
90 1 −H/2∗omega∗(C3(1 , J−1)+3.∗C3(1 , J ) ) /4 .
91 2 +PORGLU∗DIFF(3) /H∗(C3(2 , J+1)−C3(2 , J ) )
92 3 −POR1∗DIFF(3) /HH∗(C3(2 , J )−C3(2 , J−1) )
93 5 +(HH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
94 B(6 , 6 )=PORGLU∗DIFF(3) /H+POR1∗DIFF(3) /HH
95 D(6 , 6 )=−PORGLU∗DIFF(3) /H
96 A(6 , 6 )=−POR1∗DIFF(3) /HH
97 B(6 , 5 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
98 D(6 , 5 )=+HH/2∗omega ∗ ( 1 . / 4 . )
99 A(6 , 5 )=+H/2∗omega ∗ ( 1 . / 4 . )
100 B(6 ,20 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
101 A(6 ,20 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
102
103 C For GOx2, enzyme
104 G(7)=HH/2∗omega∗(C4(2 , J+1)+3.∗C4(2 , J ) ) /4 .
105 1 +H/2∗omega∗(C4(2 , J−1)+3.∗C4(2 , J ) ) /4 .
106 3 +(HH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
107 5 −(HH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
108 B(7 , 8 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
109 D(7 , 8 )=−HH/2∗omega ∗ ( 1 . / 4 . )
110 A(7 , 8 )=−H/2∗omega ∗ ( 1 . / 4 . )
111 B(7 ,19 )=(HH/2 . ) ∗ ( 3 . / 4 . )
112 A(7 ,19 )=(HH/2 . ) ∗ ( 1 . / 4 . )
113 B(7 ,21 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
114 A(7 ,21 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
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115
116 G(8)=−HH/2∗omega∗(C4(1 , J+1)+3.∗C4(1 , J ) ) /4 .
117 1 −H/2∗omega∗(C4(1 , J−1)+3.∗C4(1 , J ) ) /4 .
118 3 +(HH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
119 5 −(HH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
120 B(8 , 7 )=HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
121 D(8 , 7 )=HH/2∗omega ∗ ( 1 . / 4 . )
122 A(8 , 7 )=H/2∗omega ∗ ( 1 . / 4 . )
123 B(8 ,20 )=(HH/2 . ) ∗ ( 3 . / 4 . )
124 A(8 ,20 )=(HH/2 . ) ∗ ( 1 . / 4 . )
125 B(8 ,22 )=−(HH/2 . ) ∗ ( 3 . / 4 . )
126 A(8 ,22 )=−(HH/2 . ) ∗ ( 1 . / 4 . )
127
128 C For O2, being consumed only
129 G(9)=HH/2∗omega∗(C5(2 , J+1)+3.∗C5(2 , J ) ) /4 .
130 1 +H/2∗omega∗(C5(2 , J−1)+3.∗C5(2 , J ) ) /4 .
131 2 +POR2∗DIFF(5) /H∗(C5(1 , J+1)−C5(1 , J ) )
132 3 −POR1∗DIFF(5) /HH∗(C5(1 , J )−C5(1 , J−1) )
133 5 −(HH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
134 B(9 , 9 )=POR2∗DIFF(5) /H+POR1∗DIFF(5) /HH
135 D(9 , 9 )=−POR2∗DIFF(5) /H
136 A(9 , 9 )=−POR1∗DIFF(5) /HH
137 B(9 ,10 )=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
138 D(9 ,10 )=−HH/2∗omega ∗ ( 1 . / 4 . )
139 A(9 ,10 )=−H/2∗omega ∗ ( 1 . / 4 . )
140 B(9 ,21 )=(HH/2 . ) ∗ ( 3 . / 4 . )
141 A(9 ,21 )=(HH/2 . ) ∗ ( 1 . / 4 . )
142
143 G(10)=−HH/2∗omega∗(C5(1 , J+1)+3.∗C5(1 , J ) ) /4 .
144 1 −H/2∗omega∗(C5(1 , J−1)+3.∗C5(1 , J ) ) /4 .
145 2 +POR2∗DIFF(5) /H∗(C5(2 , J+1)−C5(2 , J ) )
146 3 −POR1∗DIFF(5) /HH∗(C5(2 , J )−C5(2 , J−1) )
147 5 −(HH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
148 B(10 ,10)=POR2∗DIFF(5) /H+POR1∗DIFF(5) /HH
149 D(10 ,10)=−POR2∗DIFF(5) /H
150 A(10 ,10)=−POR1∗DIFF(5) /HH
151 B(10 ,9 )=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
152 D(10 ,9 )=+HH/2∗omega ∗ ( 1 . / 4 . )
153 A(10 ,9 )=+H/2∗omega ∗ ( 1 . / 4 . )
154 B(10 ,22)=(HH/2 . ) ∗ ( 3 . / 4 . )
155 A(10 ,22)=(HH/2 . ) ∗ ( 1 . / 4 . )
156
157 C For H2O2, r e a c t i n g s p e c i e s
158 G(11)=HH/2∗omega∗(C6(2 , J+1)+3.∗C6(2 , J ) ) /4 .
159 1 +H/2∗omega∗(C6(2 , J−1)+3.∗C6(2 , J ) ) /4 .
160 2 +POR2∗DIFF(6) /H∗(C6(1 , J+1)−C6(1 , J ) )
161 3 −POR1∗DIFF(6) /HH∗(C6(1 , J )−C6(1 , J−1) )
162 5 +(HH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
163 B(11 ,11)=POR2∗DIFF(6) /H+POR1∗DIFF(6) /HH
164 D(11 ,11)=−POR2∗DIFF(6) /H
165 A(11 ,11)=−POR1∗DIFF(6) /HH
166 B(11 ,12)=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
167 D(11 ,12)=−HH/2∗omega ∗ ( 1 . / 4 . )
168 A(11 ,12)=−H/2∗omega ∗ ( 1 . / 4 . )
169 B(11 ,23)=−(HH/2 . ) ∗ ( 3 . / 4 . )
170 A(11 ,23)=−(HH/2 . ) ∗ ( 1 . / 4 . )
171
172 G(12)=−HH/2∗omega∗(C6(1 , J+1)+3.∗C6(1 , J ) ) /4 .
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173 1 −H/2∗omega∗(C6(1 , J−1)+3.∗C6(1 , J ) ) /4 .
174 2 +POR2∗DIFF(6) /H∗(C6(2 , J+1)−C6(2 , J ) )
175 3 −POR1∗DIFF(6) /HH∗(C6(2 , J )−C6(2 , J−1) )
176 5 +(HH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
177 B(12 ,12)=POR2∗DIFF(6) /H+POR1∗DIFF(6) /HH
178 D(12 ,12)=−POR2∗DIFF(6) /H
179 A(12 ,12)=−POR1∗DIFF(6) /HH
180 B(12 ,11)=+HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
181 D(12 ,11)=+HH/2∗omega ∗ ( 1 . / 4 . )
182 A(12 ,11)=+H/2∗omega ∗ ( 1 . / 4 . )
183 B(12 ,24)=−(HH/2 . ) ∗ ( 3 . / 4 . )
184 A(12 ,24)=−(HH/2 . ) ∗ ( 1 . / 4 . )
185
186 C For CX−GOx2, enzyme
187 G(13)=HH/2∗omega∗(C7(2 , J+1)+3.∗C7(2 , J ) ) /4 .
188 1 +H/2∗omega∗(C7(2 , J−1)+3.∗C7(2 , J ) ) /4 .
189 3 +(HH/2 . ) ∗(RXN1(1 , J−1)+3.∗RXN1(1 , J ) ) /4 .
190 5 −(HH/2 . ) ∗(RXN2(1 , J−1)+3.∗RXN2(1 , J ) ) /4 .
191 B(13 ,14)=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
192 D(13 ,14)=−HH/2∗omega ∗ ( 1 . / 4 . )
193 A(13 ,14)=−H/2∗omega ∗ ( 1 . / 4 . )
194 B(13 ,17)=(HH/2 . ) ∗ ( 3 . / 4 . )
195 A(13 ,17)=(HH/2 . ) ∗ ( 1 . / 4 . )
196 B(13 ,19)=−(HH/2 . ) ∗ ( 3 . / 4 . )
197 A(13 ,19)=−(HH/2 . ) ∗ ( 1 . / 4 . )
198
199 G(14)=−HH/2∗omega∗(C7(1 , J+1)+3.∗C7(1 , J ) ) /4 .
200 1 −H/2∗omega∗(C7(1 , J−1)+3.∗C7(1 , J ) ) /4 .
201 3 +(HH/2 . ) ∗(RXN1(2 , J−1)+3.∗RXN1(2 , J ) ) /4 .
202 5 −(HH/2 . ) ∗(RXN2(2 , J−1)+3.∗RXN2(2 , J ) ) /4 .
203 B(14 ,13)=HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
204 D(14 ,13)=HH/2∗omega ∗ ( 1 . / 4 . )
205 A(14 ,13)=H/2∗omega ∗ ( 1 . / 4 . )
206 B(14 ,18)=(HH/2 . ) ∗ ( 3 . / 4 . )
207 A(14 ,18)=(HH/2 . ) ∗ ( 1 . / 4 . )
208 B(14 ,20)=−(HH/2 . ) ∗ ( 3 . / 4 . )
209 A(14 ,20)=−(HH/2 . ) ∗ ( 1 . / 4 . )
210
211 C For CX−GOx, enzyme
212 G(15)=HH/2∗omega∗(C8(2 , J+1)+3.∗C8(2 , J ) ) /4 .
213 1 +H/2∗omega∗(C8(2 , J−1)+3.∗C8(2 , J ) ) /4 .
214 3 +(HH/2 . ) ∗(RXN3(1 , J−1)+3.∗RXN3(1 , J ) ) /4 .
215 5 −(HH/2 . ) ∗(RXN4(1 , J−1)+3.∗RXN4(1 , J ) ) /4 .
216 B(15 ,16)=−HH/2∗omega ∗ ( 3 . / 4 . )−H/2∗omega ∗ ( 3 . / 4 . )
217 D(15 ,16)=−HH/2∗omega ∗ ( 1 . / 4 . )
218 A(15 ,16)=−H/2∗omega ∗ ( 1 . / 4 . )
219 B(15 ,21)=(HH/2 . ) ∗ ( 3 . / 4 . )
220 A(15 ,21)=(HH/2 . ) ∗ ( 1 . / 4 . )
221 B(15 ,23)=−(HH/2 . ) ∗ ( 3 . / 4 . )
222 A(15 ,23)=−(HH/2 . ) ∗ ( 1 . / 4 . )
223
224 G(16)=−HH/2∗omega∗(C8(1 , J+1)+3.∗C8(1 , J ) ) /4 .
225 1 −H/2∗omega∗(C8(1 , J−1)+3.∗C8(1 , J ) ) /4 .
226 3 +(HH/2 . ) ∗(RXN3(2 , J−1)+3.∗RXN3(2 , J ) ) /4 .
227 5 −(HH/2 . ) ∗(RXN4(2 , J−1)+3.∗RXN4(2 , J ) ) /4 .
228 B(16 ,15)=HH/2∗omega ∗ ( 3 . / 4 . )+H/2∗omega ∗ ( 3 . / 4 . )
229 D(16 ,15)=HH/2∗omega ∗ ( 1 . / 4 . )
230 A(16 ,15)=H/2∗omega ∗ ( 1 . / 4 . )
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231 B(16 ,22)=(HH/2 . ) ∗ ( 3 . / 4 . )
232 A(16 ,22)=(HH/2 . ) ∗ ( 1 . / 4 . )
233 B(16 ,24)=−(HH/2 . ) ∗ ( 3 . / 4 . )
234 A(16 ,24)=−(HH/2 . ) ∗ ( 1 . / 4 . )
235
236 C REACTION1
237 G(17)=−RXN1(1 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(1 , J )
238 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(1 , J )
239 2 −C7(1 , J ) / e qu i l i b 1
240 B(17 ,1 )=−r a t e f 1 ∗CONCSS(2 , J )
241 B(17 ,3 )=−r a t e f 1 ∗CONCSS(1 , J )
242 B(17 ,13)=+1./ e qu i l i b 1
243 B(17 ,17)=+1.
244
245 G(18)=−RXN1(2 , J )+r a t e f 1 ∗CONCSS(2 , J ) ∗C1(2 , J )
246 1 +ra t e f 1 ∗CONCSS(1 , J ) ∗C2(2 , J )
247 2 −C7(2 , J ) / e qu i l i b 1
248 B(18 ,2 )=−r a t e f 1 ∗CONCSS(2 , J )
249 B(18 ,4 )=−r a t e f 1 ∗CONCSS(1 , J )
250 B(18 ,14)=+1./ e qu i l i b 1
251 B(18 ,18)=+1.
252
253 C REACTION2
254 G(19)=−RXN2(1 , J )+r a t e f 2 ∗C7(1 , J )
255 B(19 ,13)=−r a t e f 2
256 B(19 ,19)=+1.
257
258 G(20)=−RXN2(2 , J )+r a t e f 2 ∗C7(2 , J )
259 B(20 ,14)=−r a t e f 2
260 B(20 ,20)=+1.
261
262 C REACTION3
263 G(21)=−RXN3(1 , J )+r a t e f 3 ∗CONCSS(4 , J ) ∗C5(1 , J )
264 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(1 , J )
265 2 −C8(1 , J ) / e qu i l i b 3
266 B(21 ,7 )=−r a t e f 3 ∗CONCSS(5 , J )
267 B(21 ,9 )=−r a t e f 3 ∗CONCSS(4 , J )
268 B(21 ,15)=+1./ e qu i l i b 3
269 B(21 ,21)=+1.
270
271 G(22)=−RXN3(2 , J )+r a t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
272 1 +ra t e f 3 ∗CONCSS(5 , J ) ∗C4(2 , J )
273 2 −C8(2 , J ) / e qu i l i b 3
274 B(22 ,8 )=−r a t e f 3 ∗CONCSS(5 , J )
275 B(22 ,10)=−r a t e f 3 ∗CONCSS(4 , J )
276 B(22 ,16)=+1./ e qu i l i b 3
277 B(22 ,22)=+1.
278
279 C REACTION4
280 G(23)=−RXN4(1 , J )+r a t e f 4 ∗C8(1 , J )
281 B(23 ,15)=−r a t e f 4
282 B(23 ,23)=+1.
283
284 G(24)=−RXN4(2 , J )+r a t e f 4 ∗C8(2 , J )
285 B(24 ,16)=−r a t e f 4
286 B(24 ,24)=+1.
287
288 WRITE(14 ,301) J , (G(K) ,K=1,N)
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289
290 RETURN
291 END
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Code E.16. Oscillating Continuous Glucose Monitor Subroutine for the GLM Region

1 SUBROUTINE OUTER(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 C For Glucose , be ing consumed only
21 G(1)=omega∗C1(2 , J )
22 1 +POR2∗DIFF(1) ∗(C1(1 , J+1)−2.∗C1(1 , J )+C1(1 , J−1) ) /H∗∗2 .
23 B(1 , 1 ) =2.∗POR2∗DIFF(1) /H∗∗2 .
24 A(1 , 1 )=−POR2∗DIFF(1) /H∗∗2 .
25 D(1 , 1 )=−POR2∗DIFF(1) /H∗∗2 .
26 B(1 , 2 )=−omega
27
28 G(2)=−omega∗C1(1 , J )
29 1 +POR2∗DIFF(1) ∗(C1(2 , J+1)−2.∗C1(2 , J )+C1(2 , J−1) ) /H∗∗2 .
30 B(2 , 2 ) =2.∗POR2∗DIFF(1) /H∗∗2 .
31 A(2 , 2 )=−POR2∗DIFF(1) /H∗∗2 .
32 D(2 , 2 )=−POR2∗DIFF(1) /H∗∗2 .
33 B(2 , 1 )=omega
34
35 C For GOx, enzyme
36 G(3)=C2(1 , J )
37 B(3 , 3 )=−1.
38
39 G(4)=C2(2 , J )
40 B(4 , 4 )=−1.
41
42 C For Gluconic Acid , be ing produced only
43 G(5)=omega∗C3(2 , J )
44 1 +POR2∗DIFF(3) ∗(C3(1 , J+1)−2.∗C3(1 , J )+C3(1 , J−1) ) /H∗∗2 .
45 B(5 , 5 ) =2.∗POR2∗DIFF(3) /H∗∗2 .
46 A(5 , 5 )=−POR2∗DIFF(3) /H∗∗2 .
47 D(5 , 5 )=−POR2∗DIFF(3) /H∗∗2 .
48 B(5 , 6 )=−omega
49
50 G(6)=−omega∗C3(1 , J )
51 1 +POR2∗DIFF(3) ∗(C3(2 , J+1)−2.∗C3(2 , J )+C3(2 , J−1) ) /H∗∗2 .
52 B(6 , 6 ) =2.∗POR2∗DIFF(3) /H∗∗2 .
53 A(6 , 6 )=−POR2∗DIFF(3) /H∗∗2 .
54 D(6 , 6 )=−POR2∗DIFF(3) /H∗∗2 .
55 B(6 , 5 )=omega
56
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57 C For GOx2, enzyme
58 G(7)=C4(1 , J )
59 B(7 , 7 )=−1.
60
61 G(8)=C4(2 , J )
62 B(8 , 8 )=−1.
63
64 C For O2, being consumed only
65 G(9)=omega∗C5(2 , J )
66 1 +POR2∗DIFF(5) ∗(C5(1 , J+1)−2.∗C5(1 , J )+C5(1 , J−1) ) /H∗∗2 .
67 B(9 , 9 ) =2.∗POR2∗DIFF(5) /H∗∗2 .
68 A(9 , 9 )=−POR2∗DIFF(5) /H∗∗2 .
69 D(9 , 9 )=−POR2∗DIFF(5) /H∗∗2 .
70 B(9 ,10 )=−omega
71
72 G(10)=−omega∗C5(1 , J )
73 1 +POR2∗DIFF(5) ∗(C5(2 , J+1)−2.∗C5(2 , J )+C5(2 , J−1) ) /H∗∗2 .
74 B(10 ,10) =2.∗POR2∗DIFF(5) /H∗∗2 .
75 A(10 ,10)=−POR2∗DIFF(5) /H∗∗2 .
76 D(10 ,10)=−POR2∗DIFF(5) /H∗∗2 .
77 B(10 ,9 )=omega
78
79 C For H2O2, r e a c t i n g s p e c i e s
80 G(11)=omega∗C6(2 , J )
81 1 +POR2∗DIFF(6) ∗(C6(1 , J+1)−2.∗C6(1 , J )+C6(1 , J−1) ) /H∗∗2 .
82 B(11 ,11) =2.∗POR2∗DIFF(6) /H∗∗2 .
83 A(11 ,11)=−POR2∗DIFF(6) /H∗∗2 .
84 D(11 ,11)=−POR2∗DIFF(6) /H∗∗2 .
85 B(11 ,12)=−omega
86
87 G(12)=−omega∗C6(1 , J )
88 1 +POR2∗DIFF(6) ∗(C6(2 , J+1)−2.∗C6(2 , J )+C6(2 , J−1) ) /H∗∗2 .
89 B(12 ,12) =2.∗POR2∗DIFF(6) /H∗∗2 .
90 A(12 ,12)=−POR2∗DIFF(6) /H∗∗2 .
91 D(12 ,12)=−POR2∗DIFF(6) /H∗∗2 .
92 B(12 ,11)=omega
93
94 C For CX−GOx2, enzyme
95 G(13)=C7(1 , J )
96 B(13 ,13)=−1.
97
98 G(14)=C7(2 , J )
99 B(14 ,14)=−1.
100
101 C For CX−GOx, enzyme
102 G(15)=C8(1 , J )
103 B(15 ,15)=−1.
104
105 G(16)=C8(2 , J )
106 B(16 ,16)=−1.
107
108 C REACTION1
109 G(17)=−RXN1(1 , J )
110 B(17 ,17)=+1.
111
112 G(18)=−RXN1(2 , J )
113 B(18 ,18)=+1.
114
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115 C REACTION2
116 G(19)=−RXN2(1 , J )
117 B(19 ,19)=+1.
118
119 G(20)=−RXN2(2 , J )
120 B(20 ,20)=+1.
121
122 C REACTION3
123 G(21)=−RXN3(1 , J )
124 B(21 ,21)=+1.
125
126 G(22)=−RXN3(2 , J )
127 B(22 ,22)=+1.
128
129 C REACTION4
130 G(23)=−RXN4(1 , J )
131 B(23 ,23)=+1.
132
133 G(24)=−RXN4(2 , J )
134 B(24 ,24)=+1.
135
136 c SAVE G OUT DATA
137 IF ( J .EQ. ( IJ+(NJ−IJ ) /2) ) THEN
138 WRITE(14 ,301) J , (G(K) ,K=1,N)
139 ELSE IF (J .EQ. (NJ−1) ) THEN
140 WRITE(14 ,301) J , (G(K) ,K=1,N)
141 END IF
142
143 RETURN
144 END
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Code E.17. Oscillating Continuous Glucose Monitor Subroutine for the Bulk Boundary

Condition

1 SUBROUTINE BCNJ(J )
2 IMPLICIT DOUBLE PRECISION (A−H, O−Z)
3 COMMON/BAT/ A(24 ,24) ,B(24 ,24) ,C(24 ,80001) ,D(24 ,49) ,G(24) ,
4 1 X(24 ,24) ,Y(24 ,24)
5 COMMON/NST/ N, NJ
6
7 COMMON/VAR/ CONCSS(8 ,80001) ,RXNSS(4 ,80001) ,DIFF(8)
8 COMMON/VARR/ PORGLU, HHH, KJ
9 COMMON/CON/ C1(2 ,80001) ,C2(2 ,80001) ,C3(2 ,80001) ,C4(2 ,80001) ,
10 1 C5(2 ,80001) ,C6(2 ,80001) ,C7(2 ,80001) ,C8(2 ,80001) ,
11 2 RXN1(2 ,80001) ,RXN2(2 ,80001) ,RXN3(2 ,80001) ,RXN4(2 ,80001)
12 COMMON/RTE/ ra te f 1 , equ i l i b1 , r a t e f 2 , r a t e f 3 , equ i l i b3 , r a t e f 4
13 COMMON/OTH/ POR1,POR2,H,EBIG,HH, IJ
14 COMMON/BCI/ FLUX, omega
15 COMMON/BUL/ CBULK(8) , PARH2O2, PAR02, PARGLUCOSE, JCOUNT
16 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CB(2010 ,80001)
17
18 301 FORMAT (5x , ’ J=’ I5 , 24E15 . 6 )
19
20 DO 42 I=1,2
21 C For Glucose , be ing consumed only
22 G( I )=C1( I , J )
23 B( I , I )=−1.
24 C For GOx, enzyme
25 G(2+ I )=C2( I , J )
26 B(2+I ,2+ I )=−1.
27 C For Gluconic Acid , be ing produced only
28 G(4+ I )=C3( I , J )
29 B(4+I ,4+ I )=−1.
30 C For GOx2, enzyme
31 G(6+ I )=C4( I , J )
32 B(6+I ,6+ I )=−1.
33 C For O2, being consumed only
34 G(8+ I )=C5( I , J )
35 B(8+I ,8+ I )=−1.
36 C For H2O2, r e a c t i n g s p e c i e s
37 G(10+ I )=C6( I , J )
38 B(10+I ,10+ I )=−1.
39 C For CX−GOx2, enzyme
40 G(12+ I )=C7( I , J )
41 B(12+I ,12+ I )=−1.
42 C For CX−GOx, enzyme
43 G(14+ I )=C8( I , J )
44 42 B(14+I ,14+ I )=−1.
45
46 C REACTION1
47 G(17)=−RXN1(1 , J )
48 B(17 ,17)=+1.
49
50 G(18)=−RXN1(2 , J )
51 B(18 ,18)=+1.
52
53 C REACTION2
54 G(19)=−RXN2(1 , J )
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55 B(19 ,19)=+1.
56
57 G(20)=−RXN2(2 , J )
58 B(20 ,20)=+1.
59
60 C REACTION3
61 G(21)=−RXN3(1 , J )
62 B(21 ,21)=+1.
63
64 G(22)=−RXN3(2 , J )
65 B(22 ,22)=+1.
66
67 C REACTION4
68 G(23)=−RXN4(1 , J )
69 B(23 ,23)=+1.
70
71 G(24)=−RXN4(2 , J )
72 B(24 ,24)=+1.
73
74 WRITE(14 ,301) J , (G(K) ,K=1,N)
75
76 RETURN
77 END
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