




































































































































































































































































































































































































































































































































































































































































Chapter 6 — Results & Discussion

Figure 19. Statistical treatment for paramagnetic gaseous oxygen analysis.
In Figure 19 and Figure 20, one can see the histograms for ternary
gaseous analysis of oxygen and sulphur dioxide, respectively. It can be contrasted
with the lodometry measurements (discussed in section 6.8.3), that have

considerably more standard deviation than the gaseous measurements.

Figure 20. Statistical treatment of Sulfur Dioxide analysis with the IR analyser.
The main comparison for reliability of measurements is related to the
composition change of the gases, the standard deviation just below 1% (vol.), in
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contrast with the lodometry that reaches approximately >6%, mentioned earlier as

a limitation for the design of the Mark-IV in Chapter 5.

6.8.3  lodometry Uncertainty

As explained in Chapter 5, a sensitivity analysis on one particular
experiment shows that the standard deviation of a typical titration is approximately
=0.191 and the confidence interval at 95% is 0.132, an uncertainty value of 6.5%
at a concentration of slightly over 1.9 mol Sy/kg H:O. It is stated that sample
flashing due to differences in a) temperature and b) pressure at the exit of the
system returned erroneous or highly noisy results. This is qualitatively represented
in Figure 21, where one can see this trend represented schematically. This
iodometric uncertainty leads one to assume that temperature has an important
role in the accuracy of the chemistry involved in the titrimetric analysis, or the

unreliability of the sampling mechanism.
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Figure 21. Representation of increasing titrimetric uncertainty vs. operating temperature
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6.8.4  Gas Chromatography

In order to reach the maximum amount of technical simplicity with the last
quaternary experiments, and due to time constraints, the only available analytical
measurements for these runs were chosen to be discrete gaseous samples. This
were analysed with a Varian StarChrom system, with a Hayesep-N® 1.5 m
column, enough to provide reasonable resolution for gaseous samples, as long as
the sulphuric acid concentrations remained low. Further details about the analysis

are explained in the sampling section in Chapter 5.

Being a gaseous sample, the amounts injected were chosen to be
between 100 to 1000 L. A method was developed to provide the most accurate
reading of SO, and O, concentrations, with a total running time of less than 5 min.
The retention times and the voltage response were clearly related to the amount
injected, so it was kept constant to 500 L, which equates to less than 1% of the
total gaseous chamber volume in the Mark-IV, and even less in the previous Mark-
I.

However, the minuscule amounts leaked while transferring the
equilibrated gaseous media to the sampling chromatography bag may have
affected the accuracy of the readings, as it is clearly shown in Table 7, where one
can appreciate the large differences in predicted concentration against the
experimental GC data. It is important to state that because of time constraints, the
concentration peaks in the chromatogram were processed manually, without any

electronic baseline correction.
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Table 7. Mass addition measurements for SOz and Oz, highlighting deviations between prediction and chromatography values.

Experiment 1

Date 01-Oct
Mass of SO, added (g) 0.75
Mass of O, added (g) 0.43
Temperature (C) 60
Mass of SO, predicted (g) 0.77
Predicted SO> (%) 43.99%
Chromatograph SO, (%) 82.05%
Prediction Deviation (%) 38.06%

100%
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40%

30%

20%

10%
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0.00

Figure 22. Differences between ideal-gas predicted composition of SO2 vs. Experimental GC analysis. Quaternary experiments.
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6.9 Summary

In this Chapter, results derived from calculations devised to predict the
thermodynamic equilibrium of different mixtures were presented. The calculations

involved different techniques:

Using the Gibbs Free Energy minimisation technique, a very
commonly implemented technique for complex chemistries and
aqueous electrolytes not readily available experimentally,
developed by Thomsen and Rasmussen (Outokumpu, 2002), using
3-component calculations and a 4-component calculation,
including sulphuric acid. The importance of having a comparison
with the HSC Chemistry package, which is used for most flow
sheets in the H, production research field as well as general
industry, is fundamental to this project.

Using a rigorous thermodynamic model derived from the
methodology by Zemaitis et al. (1986), which contains phase-
equilibrium equations, equilibrium rate constants and further
equations describing activity and fugacity of the species of interest,
both ternary (SO,, O, and water) and quaternary, including
sulphuric acid and its associated species (sulphates, bisulphates
and sulphur trioxide).

Additional calculations (unit, scale and group conversions) to

bridge the two models, in order to be able to compare the two.

The models concur in certain aspects (SO, solubility prediction,
temperature effects on solubility of gaseous species), but in others they differ
considerably (effect on dissolved ionic species concentration and salting out

effects due to acid addition).

Several questions arise from these differences. On the Gibbs Free Energy

model, it is not clear whether the experimental data that was used to obtain the
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HSC predictions is slightly off, or the algorithms used for the minimisation do not

weight justly the effects of acid concentration.

On the other hand, it is also not clear if the assumptions utilised by the
Mathematica Model (both ternary and quaternary) are sufficient to predict ionic
species. Until the in-situ solution is available, no possible determination of the

relationship between equilibrium and dissociation can be established successfully.

However, great success is reported for the in-situ Fourier-Transform
spectroscopic preliminary solutions, which clearly show promise to deliver clear,
successful characterization of the dilute ionic species inside a liquid (and possibly
a gaseous) chamber. This is a remarkable achievement that to the author’s

knowledge, has not been achieved for weak-electrolyte thermodynamics research.

In Chapter 7, conclusions drawn from this project are presented, along
with the recommended work needed to address the questions left unanswered in

this project.

206



References for Chapter 6

BEUSCHLEIN, W. L. & SIMENSON, L. O. 1940. Solubility of Sulfur Dioxide in
Water. Journal of the American Chemical Society, 62, 610-612.

ELDER, R. H., SHAW, A., ROMERO, M., ELBAKHBAKHI, N., PRIESTMAN, G. H.
& ALLEN, R. W. K. 2010. Low Temperature Separations in the Sulphuric Acid
Decomposition Stage of the Sulphur lodine and Hybrid Sulphur Thermochemical
Water Splitting Cycles. In: DETLEF STOLTEN, T. G. E. F. J. G. (ed.) WHEC 2010.
Essen, Germany: Forschungszentrum Jilich GmbH, Zentralbibliothek, Verlag.

GUBBINS, K. & WALKER, R. 1965. The Solubility and Diffusivity of Oxygen in
Electrolytic Solutions. Journal of the Electrochemical Society, 112, 469.

HAYDUK, W., ASATANI, H. & LU, B. C. Y. 1988. Solubility of sulfur dioxide in
aqueous sulfuric acid solutions. Journal of Chemical and Engineering Data, 33,
506-9.

HUDSON, J. C. 1925. The solubility of sulphur dioxide in water and in aqueous
solutions of potassium chloride and sodium sulphate. Journal of the Chemical
Society, 127, 1332-1347.

JEONG, Y. H., K. HOHNHOLT, M. S. KAZIMI AND B. YILDIZ. 2005. Optimization
of the hybrid sulfur cycle for hydrogen generation. Nuclear Energy and
Sustainability Program (NES) Technical Report: MIT-NES-TR-004. Massachusetts,
NE: Center for Advanced Nuclear Energy Systems, MIT.

MAASS, C. E. & MAASS, 0. 1928. Sulfur Dioxide and its aqueous solutions. I.
Analytical Methods, Vapor Density and Vapor Pressure of Sulfur Dioxide. Vapor
Pressure and Concentrations of the Solutions. . Journal of the American Chemical
Society, 50, 1352-1368.

OUTOKUMPU 2002. Software: HSC chemistry version 5.0. Chemical Engineering
Progress, 98, 28.

RABE, A. E. & HARRIS, J. F. 1963. Vapor Liquid Equilibrium Data for the Binary
System Sulfur Dioxide and Water. Journal of Chemical & Engineering Data, 8,
333-336.

ROMERO, M. Low temperature SO2-02-H20 VLE in the sulphur family of
thermochemical cycles. In: ALLEN, R. W. K., ed. International Conference on
Hydrogen Production, 2011 Thessaloniki, Greece. Hellas Research Centre,
Greece.

207



RUMPF, B., WEYRICH, F. & MAURER, G. 1993. Simultaneous solubility of
ammonia and sulfur dioxide in water at temperatures from 313.15 K to 373.15 K
and pressures up to 2.2 MPa. Fluid Phase Equilibria, 83, 253-260.

SHAW, A., ROMERO, MOISES, ELDER, R. H., EWAN, B. C. R. & ALLEN, R. W,
K. 2011. Measurements of the solubility of sulphur dioxide in water for the sulphur
family of thermochemical cycles. International Journal of Hydrogen Energy, 36,
4749-4756.

SHAW, A. C. 2008. The simultaneous solubility of sulphur dioxide and oxygen in
water for the hybrid sulphur thermochemical cycle. Ph.D. Doctoral Thesis,
University of Sheffield.

SHERWOOD, T. K. 1925. Solubilities of Sulfur Dioxide and Ammonia in Water.
Industrial & Engineering Chemistry, 17, 745-747.

ZEMAITIS, J. F. J., CLARK, D. M., RAFAL, M. & SCRIVNER, N. D. 1986.
Handbook of aqueous electrolyte thermodynamics.

208






Chapter 7

Conclusions & Future Work

209



Chapter 7 — Conclusions & Future Work

Chapter 7

Table of Contents

TabIE Of CONTENTS ...t e e e e s e bbb et e e e e e e s e bbb be e e e e e e e e e annnnes 210
7.1 OVBIVIBW ...ttt ettt e ettt e e ettt e e ettt e e e ea bt e e e ea bt e e e e an b b e e e e an bt e e e e anbae e e e anbbeeeeanbbeeeeansbeeeeansbeeeeansneas 211
7.2 DTN ST o PR PR 212

7.2.1. Gibbs Free Energy CalCulatiOns..........c.ccooiiiiiiiiiiiie i e e e 212
7.2.2. Acid threshold in HyS and S| Operation .............cceoiiiiiiiiiiieeeiiieeee e 214
7.3 SUGOESLEA FULUINE WOTK ....eiiiiiiiiie ittt ettt et et e e st e e e e 214
7.2.3.  SPECIIOSCOPY .erreeeieeiiiiiirtrettte e e e ettt ettt e e e e e st e e e e e s s s b e et e e e e e e s rr e e e e e e e e e nnnrnneees 215
7.2.4. PrismaticC IN-Situ ACQUISIEION ........cceeeiieeeee e e e s st e e e e e s s r e e e e e s e e e e e e e s snnnneeees 215
7.2.5. Conical IN-Situ ACQUISITION .....ccoieiiiiiiieiee e e e e ettt e e e e s srrrrr e e e e e e e s st e e e e e e e e e snnrneeees 215
7.2.6. Implementation of the Model ... 216
7.4 SUMIMAIY 1ot teee ettt e e s e e e e et e e et e e e e e e s b e et e e e e e e s b e et e e e s e e sanrnreeeeeeea s 218
] (=] =T ATt =To N (o GO =T o (= SRR 219

210



Chapter 7 — Conclusions & Future Work

7.7 QOverview

In this Chapter, conclusions are drawn from the set of equations that were
used to describe weak electrolyte thermodynamic behaviour in the ternary system
containing SO,-0,-H,0 with the GFE and Shaw’s model, the mixed electrolyte vapour-
liquid equilibrium behaviour in the quaternary system including sulphuric acid, and lastly
the ternary and quaternary data acquired with the equilibrium stills operated and
developed for this objective. Each stage of this project is discussed below, and related

to a specific chapter in this thesis.

Chapter 1 and 2 are the introduction and the Literature review. These are
mainly the background to the project, the justification for it and how relevant this
separation stage is for the sulphuric acid decomposition step, largely documented in
the literature pertaining to the Hybrid-Sulphur and Sulphur-lodine cycles. One cannot

skip the important point that

Chapter 3 gave the necessary theory behind electrolyte dissolutions and
vapour liquid equilibrium, and should be considered an introductory body of work for
the further study of vapour liquid equilibria for volatile species, and its intention is to
provide the necessary foundations to understand the calculations in Chapter 4. The
theory is mainly taken from work from Malanowski and Anderko (1992), as well as
Shaw’s doctoral thesis (2008) and the work done by Smith and Van Ness (1996).

Chapter 4 is an extension of the calculations performed in Shaw’s doctoral
thesis (2008), containing sulphuric acid in the equilibrium equations. Most of the binary
interaction parameters and quaternary variables were extrapolated to account for the
presence of H,SO,, in the temperature range between 293 and 353 K. This calculation
Is a promising prediction tool for gaseous solubilities, key to the design of separation
equipment. In comparison with the ternary models, it is shown that the salting out effect
of the acid contained in the solution, even at low concentrations, deviates from the
ideal behaviour of the mixture, reverts the behaviour of the electrolytes to a lesser
soluble species and strengthens the case for the importance of separating sulphuric
acid after the decomposer if efficiencies in the absorber are to be maintained at an

optimum level.
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Chapter 5 present a thorough explanation through the design and operating
process of the equilibrium stills necessary to gather experimental solubility data for the
ternary and quaternary systems. All of the technical developments in this project are
presented in these chapters, along with the design process followed and the respective

uncertainty analysis for each of the experimental aspects of the project.

Finally, Chapter 6 presents the results from both the experimental activities in
this project as well as the modelling that was performed bot in Mathematica and in
HSC chemistry. A comparison between HSC results and the Mathematica model is

also included, analysed and discussed.

/.2 Discussion

7.2.1.  Gibbs Free Energy Calculations

The Gibbs Free energy calculations showed a very interesting ionic species
behaviour. Even more when the species were subject to the salting out effect of the
acid media in the calculations. This unfortunately could not be confirmed
experimentally, as the possibility of using in-situ analysis was not available, although the

instrumental design proved to be successful.

A very important similarity between the Gibbs Free Energy calculations and the
Mathematica models is the consistent representation on the effect of pressure and
temperature in the solubility of both gases, and marked further in sulphur dioxide.
Although thermodynamic consistency proofs have not been performed, this is a good
indicator that the accuracy of the macroscopic phenomena that both techniques are
trying to achieve, are on the right direction and can be deemed reliable, at least for an
approximate level. Without an in-situ analysis, one cannot determine how accurate the

models are.

One also needs to highlight a difference in the way solubility is affected in both
models. The difference in solubility due to temperature seems to have an asymptotic
effect on SO, solubility in the Mathematica model, in contrast to a more linear effect in

the HSC model. It seems that even as temperatures reach the boiling point of the
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aqueous solution (regardless of composition), there is a balance between the number
of allowed SO, molecules and the vapour pressure of the gas “pushing out” of the
solution. A more dramatic effect is shown in the Gibbs model, however, the causes of
these are not quantified yet. One could assume discontinuities in the solution
algorithms, or even wrong thermochemical database numbers, where the Gibbs Free

Energy is derived from.

Another interesting finding is the unorthodox effect of temperature on oxygen
solubility. There is a certain compromise between the partial pressure exerted by
oxygen and the fugacity that makes it less soluble as the temperature reaches the
boiling point of the solution. This effect is highlighted in the upper plot in Figure 1,
where the solubility of oxygen is similar between 60 and 80 °C, in contrast with a more

orthodox result in the ternary system (less solubility at a higher temperature).

Dissolved Oxygen O, ., (Quaternary) EZE :gz
Dissolved Oxygen O, (Ternary) zii :EE
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Figure 1. Comparison between Quaternary and Ternary for dissolved oxygen, 0-5 bar, 25 to 80 °C.
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7.2.2.  Acid threshold in HyS and S| operation

Due to the weak electrolytic behaviour of sulphur dioxide in aqueous solutions,
including dilute acid solutions the quaternary model is shown to be accurate in
determining the gaseous solubility to an average of 20%. Although this is definitely not

ideal, again, it is important to acknowledge the current limitations of the model:

The majority of interaction parameters were extrapolated to the best of
the author’s knowledge, or on a molecular weight basis

Due to time constraints, the regression of data was not feasible as the
number of experiments was not enough for that purpose

As with all rigorous models, the flexibility of the model is not massive,
hence modifications to a core set of equations is difficult. This does not

help when trying to achieve adaptability for different input conditions.

However these shortcomings, the Mathematica model agrees with statements
from the literature (Hayduk et al., 1988), that show that while the general tendency is to
slightly over predict solubilities of the volatile electrolytes, a good thermodynamic
consistency is shown for the ionic species and the predicted acid effect on solvation of

ions.

While some accomplishments have been achieved throughout the entirety of
this project, particularly on the experimental side of technology development and the
know-how for equilibrium, further work is strongly recommended for the remaining

guestions in this field of weak aqueous electrolyte thermodynamics.
/.3 Suggested Future Work

In the following sections, the recommended future work is laid out, as well as
the technical developments that were not achieved due to time constraints, and that

could be implemented easily in a timeframe of no more than 4 months.
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7.2.3. Spectroscopy

Shaw (2008) initially recommended Raman for its low sensitivity to water and
applicability for symmetrical molecules, such as nitrogen or oxygen, even if the induced
dipole moment is very little. Now that equipment is available in the university, several
experiments must be conducted to conclude the questions of acid speciation in the
near infrared, in situ analysis and the first dual in-situ IR and Raman set-up for vapour

liquid equilibrium purposes.

7.2.4. Prismatic In-situ Acquisition

After a failure of the Germanium prism that was featured for the ATR
measurement in the Mark 1V, the author believes that a substitution of the same prism,
but made out of silicon, would prove equally successful. This has to do with the
brittleness of Si in comparison to Germanium, and its enhanced mechanical properties,
which would make it a good choice for compressive / shear stress tests in the ATR

configuration explained in Chapter 5.

7.2.5. Conical In-situ Acquisition

Another choice would be to include a plug-shaped cone prism and a back-
scattering fibre optic configuration to achieve the in-situ measurements. The idea would
be to emit from the spectrometers infrared source, let the emission travel through the
fibre optic cables, be collimated at the end of the fiber where it would be concentrated
via mirrors or a focusing IR lens, then incide at a 90° angle from the surface of the
outside polished surface of the prism, travel through the prism and bounce at an angle,
ideally two times for a 45° angle, and come back from the other side, making it a dual
bounce configuration and travel back to another route until gathered by the MCT
detector (Gauglitz and Vo-Dinh, 2006). This has the advantage of solving only one
problem, rather than various for a horizontal ATR configuration: alignment, brittleness of
the prism, shear stress and torque in the twist required to close the ATR lid. The only
compromise would be to decrease overall transmission due to the thickness of the
conical prism.
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One would have to acquire the maximum permissible thickness of Silicon to
simulate the strength of the emission, however, an initial and successful attempt was

made for Germanium. The optics of the Silicon Cone are shown in Figure 1.

15,00
Optical Finishing
40/10 scr/dig
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Figure 2. Conical Silicon/Germanium ATR prism for in-situ determinations.

Finally, the intention of the model is to overcome the programming language
barriers and be implemented in C or C++. This will make the program compatible with
the Aspen scripts, and would be eventually usable for a flowsheeting software, not
limited to Aspen, but available also to ProSIM® or even multiphysics models, such as
COMSOL® or FLUENT®,

One disadvantage of using the methodology of Zemaitis is the fact that the
poor flexibility of the model limits its practical applicability. This perspective has led to
the development of different methods that have tried to implement electrolyte

thermodynamics, such as the eNRTL model or the UNIFAC or UNIQUAC with
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electrolytes. This needs to be explored, as well as different equations available for

different species, if one desires to add traces of components to the model.
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7.4 Summary

The objective of this thesis was to follow up on the project initiated by Shaw,
which involved the acquisition of experimental data that would enable the
thermodynamic characterization of a mixture of gases relevant to the production of
Hydrogen in the sulphur family of thermochemical cycles. This would also lay the
framework needed to continue the thermodynamic calculations needed for the design
of equipment relevant to the SO,/O,/H,0 separation. This work was a two part project
in conjunction with the European Union, and partly funded by the Mexican
Government, who provided funding for the author during the 4 years of the duration of

his stay in the University of Sheffield.

The model was developed, simultaneously with the design of the next
generation equilibrium still that was able to incorporate in-situ analysis, which for a
short time it did accomplish. Several technical design milestones were achieved in the
process, including the development of a sapphire liquid gas cell, a glass reinforced
single pass 10 cm Zinc Selenide gaseous cell, several iterations of Raman
Spectroscopy probes with ranging capabilities for different purposes, mostly high
pressures and temperatures. It was also confirmed that on low temperature conditions
such as this one, materials become an important factor for the success or failure of the

process.

Based on the results comparison between the calculations of the Mathematica
model, the GFE model, the little available experimental data and general tendencies in
the literature, one can conclude that the calculations, as well as the experimental
techniques used throughout this project, are successful for their purpose, which is the
aiding of equipment design for the HyS and SI cycle, ideally leading to the reduction of
carbon emissions and the reduction on foreign oil imports for Europe, and for countries

such as Mexico.
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Appendix A. Experimental Procedure

Location: Hydrogen Lab, G61
Operator: Moises Romero

Additional equipment:  Sulphur dioxide cartridge mask, cryo gloves,
nitrile gloves, safety goggles, howie coat,
sulphur dioxide detector, faceplate, Liquid
Nitrogen dewar, ToolBox,

1. THINK, is it safe to remove an item from the fume hood?

Do not remove any items of equipment which may be contaminated with
sulphur dioxide from the fume hood including tissues, gloves, pipe work,
glassware etc. Be aware of electric shocks, be aware of laser light,
sulphuric acid, and moisturize skin often. Do not wear contact lenses for
extended periods. Do not use chemicals out of hours. When using high
pressure gases, make sure there is a cylinder sample prior to attaching it
to media.

Cartridge mask should be COSHH checked monthly. Cartridges should
be changed every 15 user hours or 6 months which ever is sooner. SO2 alarm
should be taken care of. DO NOT splash water into the FTIR.

This is intended as an experimental procedure summary. For a detailed
version of the valves, use COSHH form.

Before the Experimental Activities

1. Check that all items are in good condition. Check for leaks, bad smells,
water, rust, hissing sounds or any other type of unusual condition that
was not on previous experiments. This is particularly important for the
sample cylinders.

2. The FTIR should be cooled down with liquid nitrogen, use 250 ml. For
help, refer to the Varian 660 Manual.

3. The Raman probe should be aligned, dry and with no signs of lens
corrosion.

4. The rig should be tightened every week if PTFE, if SS, it is not necessary.



Experimental Procedure (Summary)

1. Weight the Mark IV in a balance, with 4kg capacity and 0.01 gr
resolution. Contact K. Penny. Note the number, then subject the rig
to vacuum, weight. The difference can be used to determine within
certain accuracy the air inside the rig.

2. After reaching less than 10 mbar pressure, close the PTFE valves and
the tube fitting used to connect the vacuum pump. Check for leaks.

3. Once the rig is subject to vacuum, one can then submerge the Mark
IV in the waterbath. Set temperature, note for any leaks. If necessary,
try pressurizing it with nitrogen.

4. Once the rig is subjected to vacuum, the addition of species may
occur. The gas species could be premixed and calculated using
partial pressures, the solutions using gravimetry. The solutions will be
going into the liquid part, and the gases into the gaseous part, while
maintaining the contact between the two sections of the rig isolated.

5. Once the species have been added, the rig may be weighted again,
and the accuracy of the masses can be calculated. The mixing can
be started, by chaotically shaking the rig until no bubbles are seen
through the sightglass. Equilibrium then will be reached carefully
monitoring LabVIEW, and noting constant pressure and
temperatures.

6. Sampling can occur from this point, using syringe sampling for
gaseous (FTIR, GC) and carefully iodometric analysis with the liquids.

7. Purging the rig with compressed air and rinsing it with water overnight

is advisable for following runs.
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A. Description of the LabVIEW 2011-2012 program.

The code consists of a manual timestamp acquisition right at the top of the
Navigation Window. Considerable effort was put to make the code legible and under one
page, using the newest datalogging tools from the program. Since the heating control
was taken care of by the external water bath, there was no need for additional VI's
including PID algorithms and digital in/outs (thermal switches=in, discrete on/off

signal=out).

Next block includes the 5 main DAQ physical channels, configurable in different
tabs within the graphic user interface. From those configurable physical channels, an
error is carried out from the initial temperature channels to the last one, the pressure
transducer, via a series of virtual channels, that will eventually hold the variables in place

and log the raw data.

Once the indexes for each variable/channel is set, one can then concatenate
them in a set of arrays, that will function in two ways: 1) obtain the numerical data on the
frequency of the loop stated in the label “Frequency of Sampling”, and 2) convert raw

data into readable floating-point numbers that can be, in turn, converted to strings.

Finally, each signal gets grouped into a Convert to Dynamic Data, where each
signal is added with a different attribute to ease text logging in a *.txt file of the user
preference, and then finally ordered to print in two forms: a dynamic sweep waveform
chart, as well as the aforementioned text file. In this command the filepath, the filename

and the headers are set.

For ease of use and practicality, a custom script determining the maximum
filesize of the text file is added in the code, which, if needed, will split the text files and
continue to write in another new one, providing protection for buffer overrun. This is seen
in the properties of the LabVIEW VI.

For enhanced interoperability, the code was compiled onto the laboratory PC, so
that it could be accessed without the need for LabVIEW installation, however, drivers are

required to read the signals from the DAQ-module.



Appendix C.

HSC Calculation — Example

Equilibrium Calculation (Isothermic)



Example Equilibrium Calculation (Isothermic) 02(g) 1.3938E-01 1.3938E-001 1.630E-02 1.00E+00 1.630E-02
502 (g) 1.3487E-01 1.3637E-001 1.595E-02 1.00E+00 1.595E-02
310ctober2012  10:09 Total : 2.7425E-01 8.5495E+000
Iteration 36 GMIN = -947.581824497072
$60 deg, 0 to 5 bar
Temperature 333.15 K
Pressure 0.204 bar
File Name: C:\USERS\FONCHIRRI\SKYDRIVE\MODELS\3 COMPONENT\HSC IDEAL\60 DEGREES 0 TO Volume 0.000E+00 m3 ( NPT )
Reaction enthalpy 3.520E+02 kJ
§60 deg, 0 to 5 bar Reaction entropy 9.460E+02 J/K
Iterations 36 ( Limit = 100 )
Temperature 333.15 K
Pressure 0.0000000001 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 0.000E+00 m3 ( NET ) PHASE 1: mol mol COEFFICI
Reaction enthalpy 3.520E+02 kJ H20 8.2713E+00 0.0000E+000 0.000E+00 1.00E+00 0.000E+00
Reaction entropy 9.460E+02 J/K H(+a) 3. 3 o. 0 1.00E+00 0.000E+00
Iterations 16 ( Limit = 100 ) OH (-a) 1. 3 0. 0. 1.00E+00 0.000E+00
HSO3 (-a) 1. 3 o. 0. 1.00E+00 0.000E+00
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY 503 (-2a) 5. 4 0. o 1.00E+00 ©.000E+00
PHASE 1: mol mol COEFFICI 502 (a) 0. 0. 0 1.00E+00 0.000E+00
H20 8.2713E400 0.0000E+000 0.000E+00 1.00E+00 0.000E+00 o2 (a) o o o 1 00E400 0. 000E+00
H(+a) 3. 30 0 1.00E+00 0.000E+00 Total : 8.2768E+00 0.0000E+000
OH(-a) 1. 3 0. 0. 1.00E400 0.000E+00
HSO3 (-a) 1. 3 0 0. 1.00E+00 0.000E+00 PHASE 2 : MOLE FRACT
S03(-2a) S- 0 0 1.00E+00  0.000E+00 H20 (g) 0.0000E+00 8.2738E+000 9.677E-01 1.00E+00 9.677E-01
S02 (a) 0. o o 1.00E+00 0.000E+00 02 (g) 1.3938E-01 1.3938E-001 1.630E-02 1.00E+00 1.630E-02
02 (a) 0. . ° 1.00E+00 0.000E+00 502 (g) 1.3487E-01 1.3637E-001 1.595E-02 1.00E+00 1.595E-02
Total : 8.2768E+00 0.0000E+000 Total : 2.74258-01 8. 5495E4000
PHASE 2 : MOLE FRACT
H20(g) 0.0000E+00 8.2738E+000 9.677E-01 1.00E+00 9.677E-01
o2(g) 1.3938E-01 1.3938E-001 1.630E-02 1.00E+00 1.630E-02 Tteration 13 GMIN = —946.77930713362
502 (g) 1.3487E-01 1.3637E-001 1.595E-02 1.00E+00 1.595E-02
Total : 2.7425E-01 8.5495E+000 560 deg, 0 to 5 bar
Temperature 333.15 K
Pressure 0.306 bar
Iteration 20 GMIN = -953.50791750888 Volume 6.952E-01 m3 ( NPT )
Reaction enthalpy 2.104E+01 kJ
§60 deg, 0 to 5 bar Reaction entropy 5.669E+01 J/K
Iterations 13 ( Limit = 100 )
Temperature 333.15 K
Pressure 0.102 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 0.000E+00 m3 ( NET ) PHASE 1: mol mol COEFFICI
Reaction enthalpy 3.5208+02 xJ H20 8.2713E+00 7.7751E+000 9.991E-01 1.00E+00 9.991E-01
Reaction entropy 9.460E+02 J/K H(+a) 3. 3 1.75 3 2.25 4 1.00E+00 2.252E-04
Iterations 20 ( Limit = 100 ) OH (-a) 1.0000E-03 1.0616E-012 1.364E-13 1.00E+00 1.364E-13
HSO3(-a) 1. 3 1. 3 2. 1.00E+00 2.252E-04
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY 03 (-2a) 5.0000E-04 5.0312E-009 6.465E-10 1.00E+00 6.465E-10
PHASE 1: mol mol COEFFICI 502 (a) 0.0000E+00 3.5616E-003 4.577E-04 1.00E+00 4.577E-04
H20 8.2713E+00 0.0000E+000 0.000E+00 1.00E+00 0.000E+00 02 (a) 0.0000E+00 & .1040E-006 1.041E-06 1.00E+00 1.041E-06
H(+a) 3. 3 0. 0 1.00E+00 0.000E+00 rotal : 8.2768E+00 7. 7821B+000
OH(-a) 1. 3 0. 0. 1.00E+00 0.000E+00
HSO3 (-a) 1. 3 0. 0. 1.00E+00 0.000E+00 PHASE 2 : MOLE FRACT
803 (-2a) 5. 0. 0 1.00E+00 0.000E+00 H20(g) 0.0000E+00 4.9700E-001 6.476E-01 1.00E+00 6.476E-01
502 (a) 0. 0. o 1.00E+00 0.000E+00 02 (g) 1.3938E-01 1.3937E-001 1.816E-01 1.00E+00 1.816E-01
02 (a) 0. 0. 0. 1.00E+00 0.000E+00 502 (g) 1.3487E-01 1.3105E-001 1.708E-01 1.00E+00 1.708E-01
Total : 8.2768E+00 0.0000E+000 Total 2.74258-01 7. 6742E-001
PHASE 2 : MOLE FRACT
H20(g) 0.0000E+00 8.2738E+000 9.677E-01 1.00E+00 9.677E-01
o2(g) 1.3938E-01 1.3938E-001 1.630E-02 1.00E+00 1.630E-02 Tteration 13 GMIN = 946, 600606196743
502 (g) 1.3487E-01 1.3637E-001 1.595E-02 1.00E+00 1.595E-02
Total : 2.7425E-01 8.5495E+000 860 dea. 0 to 5 bar
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: Pressure 0.612 bar
Iteration 13 GMIN = -946.600606196743 Volome 3.648E-01 m3 ( NPT )
Reaction enthalpy 4.899E400 kJ
§60 deg, 0 to 5 bar Reaction entropy 1.268E+01 J/K
Temperature 333.15 X Iterations 12 ( Limit = 100 )
Pressure 0.408 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 5.382E-01 m3 ( NPT ) PHASE 1: mol mol COEFFICI
ie":?"“ e“:halpy léogiggtzlkj/x H20 8.2713E+00 8.1468E+000 9.975E-01 1.00E+00 9.975E-01
Ii‘c :ﬁ’“ entropy 2 Limit = 100 ) H(+a) 3.0000E-03 3.5137E-003 4.302E-04 1.00E+00 4.302E-04
erations ( nimit = OH (-a) 1.0000E-03 5.8242E-013 7.131E-14 1.00E+00 7.131E-14
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY HSO3 (-a) 1.0000E-03 3.5137E-003 4.302E-04 1.00E+00 4.302E-04
PHASE 1: mol Q “m‘zl FRA( copFEIOL 03 (-2a) 5.0000E-04 5.2803E-009 6.465E-10 1.00E+00 6.465E-10
: 02 (a) 0.0000E+00 1.3658E-002 1.672E-03 1.00E+00 1.672E-03
H20 8.2713E400 8.0202E+000 9.985E-01 1.00E+00 9.985E-01 o2 (a) 0. 0000ES00 3.41638-005 4. 183E-06 1. O0E+00 4. 183E-06
Total : 8.2768E+00 8.1675E+000
PHASE 2 : MOLE FRACT
H(+a) 3.0000E-03 2.5024E-003 3.115E-04 1.00E+00 3.115E-04 §:°(9) 2*232321’82 i*gggég:ggi g*izszig; i*gggigg :-2:35:21
OH(-a) 1.0000E-03 7.9175E-013 9.857E-14 1.00E+00 9.857E-14 (@ . . . . :
HSO3 (-a) 1.0000E-03 2.5024E-003 3.115E-04 1.00E+00 3.115E-04 S02(g) 1.3487E-01 1.1919E-001 3.120E-01 1.00E+00 3.120E-01
S03 (-2a) 5.0000E-04 5.1929E-009 6.465E-10 1.00E+00 6.465E-10
502 (a) 0.0000E+00 7.0369E-003 8.761E-04 1.00E+00 8.761E-04
02 (a) 0.0000E+00 1.6544E-005 2.060E-06 1.00E+00 2.060E-06
Total : 8.2768E+00 8.0322E+000 Total : 2.7425E-01 3.8205E-001
PHASE 2 : MOLE FRACT
H20 (g) 0.0000E+00 2.5111E-001 4.854E-01 1.00E+00 4.854E-01
o2(g) 1.3938E-01 1.3936E-001 2.694E-01 1.00E+00 2.694E-01 :
Iterat: 12 GMIN = -946.365759145114
s02 (g) 1.3487E-01 1.2683E-001 2.452E-01 1.00E+00 2.452E-01 eration
Total : 2.7425E-01 5.1730E-001 §60 dag, 0 to 5 bar
Temperature 333.15 K
¥ > Pressure 0.714 bar
Iteration 14 GMIN = -946.495954290727 Volame 3.1388-01 m3 ( HEPE )
60 des. 0 to 5 b Reaction enthalpy 3.731E+00 kJ
§60 deg, © 5 bar Reaction entropy 9.346E+00 J/K
Iterations 12 ( Limit = 100 )
Temperature 333.15 K
Pressure 0.51 baxr INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 4.353E-01 m3 ( NPT ) PHASE 1: mol mol COEFFICI
Reaction enthalpy 6.796E+00 kJ H20 8.2713E+00 8.1722E+000 9.970E-01 1.00E+00 9.970E-01
Reaction entropy 1.798E+01 J/R H(+a) 3.0000E-03 3.9041E-003 4.763E-04 1.00E+00 4.763E-04
Iterations 14 ( Limit = 100 ) OH(-a) 1.0000E-03 5.2771E-013 6.438E-14 1.00E+00 6.438E-14
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY HSO3 (-a) 1.0000E-03 3.9041E-003 4.763E-04 1.00E+00 4.763E-04
. T Q ‘“’”1 FRA 03 (-2a) 5.0000E-04 5.2993E-009 6.465E-10 1.00E+00 6.465E-10
PHASE 1: mo. mo. COEFFICL 502 (a) 0.0000E+00 1.6810E-002 2.051E-03 1.00E+00 2.051E-03
H20 8.2713E400  8.1044E+000  9.980E-01 1.00E+00 9.980E-01 02 (a) 0.0000E+00 4.3330E-005 5.286E-06 1.00E+00 5.286E-06
H(+a) 3.0000E-03 3.0583E-003 3.766E-04 1.00E+00 3.766E-04 Total : 8.2768E400 8. 196984000
OH (-a) 1.0000E-03 6.6187E-013 8.150E-14 1.00E+00 8.150E-14 ) ) :
HSO3 (-a) 1.0000E-03 3.0583E-003 3.766E-04 1.00E+00 3.766E-04 PHASE 2 : MOLE FRACT
503 (-2a) 5.0000E-04 5.2502E-009 6.465E-10 1.00E+00 6.465E-10 20(q) 0.0000E400 9.7677E-002 2.770E-01 1.00E+00 2.770E-01
502 (a) 0.0000E+00 1.0401E-002 1.281E-03 1.00E+00 1.281E-03 02(9) 1 3938E-01 1.3934E-001 3 951E-01 1. 00Ef00 3. 951E-01
02(a) 0.0000E+00 2.5232E-005 3.107E-06 1.00E+00 3.107E-06
so2 1.3487E-01 1.1565E-001 3.279E-01 1.00E+00 3.279E-01
Total : 8.2768E+00 8.1209E+000 Totﬁ)_ 2.74258-01 3.5267E-001
PHASE 2 : MOLE FRACT
H20(g) 0.0000E+00 1.6636E-001 3.881E-01 1.00E+00 3.881E-01
02(g) 1.3938E-01 1.3935E-001 3.251E-01 1.00E+00 3.251E-01 : -
Iterat: 12 GMIN = -946.320086842726
s02 (g) 1.3487B-01 1.2291E-001 2.867E-01 1.00E+00 2.867E-01 eration
Total : 2.7425E-01 4.2862E-001 560 deg, 0 to 5 bar
Temperature 333.15 K
¥ Pressure 0.816 bar
Iteration 12 GMIN = -946.422296508146 Volome 2.753E-01 m3 ( NPT )
0 deg. 0 to 5 b Reaction enthalpy 2.932E+00 kJ
§60 deg, 0 to 5 bar Reaction entropy 7.018E+00 J/K
Iterati 12 Limit = 100
Temperature 333.15 K erations ( Limi )
Pressure 0.612 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume . 4352483-31;\3 ¢ NPT ) PHASE 1: mol mol COEFFICT
Reaction enthalpy -B99E+00 kT H20 8.2713E+00 8.1891E+000 9.965E-01 1.00E+00 9.965E-01
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INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.1891E+000
3.0000E-03 4.2477E-003
1.0000E-03 4.8725E-013
1.0000E-03 4.2477E-003
5.0000E-04 5.3127E-009
0.0000E+00 1.9857E-002
0.0000E+00 5.2729E-005

8.2768E+00 8.2175E+000

MOLE
0.0000E+00 8.0426E-002
1.3938E-01 1.3933E-001
1.3487E-01 1.1226E-001

2.7425E-01 3.3201E-001

FRACT ACTIVITY ACTIVITY
COEFFICI

FI

9.965E-01 1.00E+00 9.965E-01
5.169E-04 1.00E+00 5.169E-04
5.929E-14 1.00E+00 5.929E-14
5.169E-04 1.00E+00 5.169E-04
6.465E-10 1.00E+00 6.465E-10
2.416E-03 1.00E+00 2.416E-03
6.417E-06 1.00E+00 6.417E-06
FRACT

2.422E-01 1.00E+00 2.422E-01
4.196E-01 1.00E+00 4.196E-01
3.381E-01 1.00E+00 3.381E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy

Reaction entropy
Iterations

PHASE 1:

H(+a)

OH (-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20(g)
02(g)
02 (g)
Total

-946.281919706285

333.15 K

0.918 bar
2.452E-01 m3 ( NPT )
2.345E+00 kJ

5.272E+00 J/K
12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2011E+000
3.0000E-03 4.5553E-003
1.0000E-03 4.5588E-013
1.0000E-03 4.5553E-003
5.0000E-04 5.3228E-009
0.0000E+00 2.2804E-002
0.0000E+00 6.2355E-005

8.2768E+00 8.2331E+000

MOLE
0.0000E+00 6.8105E-002
1.3938E-01 1.3932E-001
1.3487E-01 1.0901E-001

2.7425E-01 3.1643E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.961E-01 1.00E+00 9.961E-01
5.533E-04 1.00E+00 5.533E-04
5.537E-14 1.00E+00 5.537E-14
5.533E-04 1.00E+00 5.533E-04
6.465E-10 1.00E+00 6.465E-10
2.770E-03 1.00E+00 2.770E-03
7.574E-06 1.00E+00 7.574E-06
FRACT

2.152E-01 1.00E+00 2.152E-01
4.403E-01 1.00E+00 4.403E-01
3.445E-01 1.00E+00 3.445E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

-946.249243385007

HSO3 (-a) 1.0000E-03 4.8339E-003
S03(-2a) 5.0000E-04 5.3307E-009
S02 (a) 0.0000E+00 2.5650E-002
02 (a) 0.0000E+00 7.2204E-005
Total : 8.2768E+00 8.2455E+000

PHASE 2 : MOLE
H20(g) 0.0000E+00 5.8875E-002
02(q) 1.3938E-01 1.3931E-001
s02(g) 1.3487E-01 1.0588E-001
Total : 2.7425E-01 3.0406E-001

5.862E-04 1.00E+00 5.862E-04
6.465E-10 1.00E+00 6.465E-10
3.111E-03 1.00E+00 3.111E-03
8.757E-06 1.00E+00 8.757E-06
FRACT

1.936E-01 1.00E+00 1.936E-01
4.582E-01 1.00E+00 4.582E-01

3.482E-01 1.00E+00 3.482E-01

Iteration 12 GMIN = -946.22075476658

§60 deg, 0 to 5 bar

Temperature 333.15 K
Pressure 1.122 bar
Volume 2.011E-01 m3 ( NPT )

Reaction enthalpy 1.533E+00 kJ
Reaction entropy 2.769E+00 J/K
Iterations 12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

PHASE 1: mol mol

H20 8.2713E+00 8.2170E+000
H(+a) 3.0000E-03 5.0885E-003
OH(-a) 1.0000E-03 4.1002E-013
HSO3 (-a) 1.0000E-03 5.0885E-003
803 (-2a) 5.0000E-04 5.3373E-009
s02 (a) 0.0000E+00 2.8399E-002
02 (a) 0.0000E+00 8.2270E-005
Total : 8.2768E+00 8.2557E+000
PHASE 2 : MOLE
H20(9) 0.0000E+00 5.1711E-002
02(g) 1.3938E-01 1.3930E-001
502 (g) 1.3487E-01 1.0288E-001
Total : 2.7425E-01 2.9389E-001

FRACT ACTIVITY ACTIVITY
COEFFICI
9.953E-01 1.00E+00 9.953E-01
6.164E-04 1.00E+00 6.164E-04
4.967E-14 1.00E+00 4.967E-14
6.164E-04 1.00E+00 6.164E-04
6.465E-10 1.00E+00 6.465E-10
3.440E-03 1.00E+00 3.440E-03
9.965E-06 1.00E+00 9.965E-06

FRACT
1.760E-01 1.00E+00 1.760E-01
4.740E-01 1.00E+00 4.740E-01

3.501E-01 1.00E+00 3.501E-01

Iteration 12 GMIN = -946.195562311129

§60 deg, 0 to 5 bar

Temperature 333.15 K
Pressure 1.224 bar
Volume 1.846E-01 m3 ( NPT )

Reaction enthalpy
Reaction entropy

1.236E+00 kJ
1.822E+00 J/K
Iterations 12 ( Limit = 100 )

Temperature 333.15 K
Pressure 1.02 bax INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
vu“':‘? thal, 12;‘;:“;31)(’“3 ( NPT ) PHASE 1: mol mol COEFFICI
Reaction enthalpy 3 89? 00 J/ H20 8.2713E+00 8.2225E+000 9.949E-01 1.00E+00 9.949E-01
Reaction entropy (B9BEE00 J/R H(+a) 3.0000E-03 5.3227E-003 6.441E-04 1.00E+00 6.441E-04
Iterations 12 ( Limit = 100 ) OH (-a) 1.0000E-03 3.9265E-013 4.751E-14 1.00E+00 4.751E-14
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY HSO3 (-a) 1.0000E-03 5.3227E-003 6.441E-04 1.00E+00 6.441E-04
pHASE 1 e v Pl 503 (-2a) 5.0000E-04 5.3429E-009 6.465E-10 1.00E+00 6.465E-10
: mo mo

502 (a) 0.0000E+00 3.1053E-002 3.757E-03 1.00E+00 3.757E-03
20 8.2713E+00  8.2101E+000  9.957E-01 1.00E+00 9.957E-01 02 (a) 0.0000E+00 9.2549E-005 1.120E-05 1.00E+00 1.120E-05
H(+a) 3.0000E-03 4.8339E-003 5.862E-04 1.00E+00 5.862E-04 motal 8.2768E400 8. 264381000
OH(-a) 1.0000E-03 4.3072E-013 5.224E-14 1.00E+00 5.224E-14 N : :
HSO3 (-a) 1.0000E-03 4.8339E-003 5.862E-04 1.00E+00 5.862E-04

PHASE 2 : MOLE FRACT
zg:(""" z*ggggi‘g: ;:zg;:_gg: g:ﬁ:’ég i‘ggz*gg g':lsi:'ég H20 (g) 0.0000E+00 4.5995E-002 1.612E-01 1.00E+00 1.612E-01
-n,_(?) A-mmm..fnn S mmmam ame o mEmm e <-Ar\v-Thl\ b 02(g) 1.3938E-01 1.3929E-001 4.883E-01 1.00E+00 4.883E-01
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PHASE 2 MOLE FRACT
H20 (g) 0.0000E+00 4.5995E-002 1.612E-01 1.00E+00 1.612E-01
02(q) 1.3938E-01 1.3929E-001 4.883E-01 1.00E+00 4.883E-01 :

Iterat: 12 GMIN = -946.13399878298
502 (9) 1.3487E-01 9.9989E-002 3.505E-01 1.00E+00 3.505E-01 erasion
Total 2.74258B-01 2.8527E-001

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
503 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(9)
02(g)
502 (g)
Total

-946.172819846493

333.15 K

1.327 bar
1.704E-01 m3 ( NPT )
9.835E-01 kJ
1.001E+00 J/K
12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2270E+000
3.0000E-03 5.5413E-003
1.0000E-03 3.7771E-013
1.0000E-03 5.5413E-003
5.0000E-04 5.3478E-009
0.0000E+00 3.3638E-002
0.0000E+00 1.0314E-004

8.2768E+00 8.2718E+000

MOLE
0.0000E+00 4.1292E-002
1.3938E-01 1.3928E-001
1.3487E-01 9.7186E-002

2.7425E-01 2.7775E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.946E-01 1.00E+00 9.946E-01
6.699E-04 1.00E+00 6.699E-04
4.566E-14 1.00E+00 4.566E-14
6.699E-04 1.00E+00 6.699E-04
6.465E-10 1.00E+00 6.465E-10
4.067E-03 1.00E+00 4.067E-03
1.247E-05 1.00E+00 1.247E-05
FRACT

1.487E-01 1.00E+00 1.487E-01
5.014E-01 1.00E+00 5.014E-01
3.499E-01 1.00E+00 3.499E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)

OH (-a)
HSO3 (-a)
S03(-2a)
s02 (a)
o2 (a)
Total

PHASE 2
H20(g)
02(qg)
502 (g)
Total

-946.152495180145

333.15 K

1.429 bar
1.584E-01 m3 ( NPT )
7.698E-01 kJ

2.905E-01 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2306E+000 9.942E-01 1.00E+00 9.942E-01
3.0000E-03 5.7424E-003 6.937E-04 1.00E+00 6.937E-04
1.0000E-03 3.6494E-013 4.408E-14 1.00E+00 4.408E-14
1.0000E-03 5.7424E-003 6.937E-04 1.00E+00 6.937E-04
5.0000E-04 5.3520E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 3.6107E-002 4.362E-03 1.00E+00 4.362E-03
0.0000E+00 1.1383E-004 1.375E-05 1.00E+00 1.375E-05
8.2768E+00 8.2783E+000
MOLE FRACT
0.0000E+00 3.7428E-002 1.380E-01 1.00E+00 1.380E-01
1.3938E-01 1.3927E-001 5.135E-01 1.00E+00 5.135E-01
1.3487E-01 9.4516E-002 3.485E-01 1.00E+00 3.485E-01

2.7425E-01 2.7121E-001

Thavatian 12 o —

—aac 12200070000
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§60 deg, 0 to 5 bar

Temperature 333.15 K
Pressure 1.531 bar
Volume 1.479E-01 m3 ( NPT )

Reaction enthalpy 5.841E-01 kJ
Reaction entropy -3.396E-01 J/K
Iterations 12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

PHASE 1: mol mol

H20 8.2713E+00 8.2337E+000
H(+a) 3.0000E-03 5.9298E-003
OH (-a) 1.0000E-03 3.5378E-013
HSO3 (-a) 1.0000E-03 5.9298E-003
503 (-2a) 5.0000E-04 5.3558E-009
sS02 (a) 0.0000E+00 3.8488E-002
02 (a) 0.0000E+00 1.2471E-004
Total : 8.2768E+00 8.2842E+000
PHASE 2 : MOLE
H20(g) 0.0000E+00 3.4172E-002
02(g) 1.3938E-01 1.3926E-001
S02(g) 1.3487E-01 9.1947E-002
Total : 2.7425E-01 2.6537E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.939E-01 1.00E+00 9.939E-01
7.158E-04 1.00E+00 7.158E-04
4.271E-14 1.00E+00 4.271E-14
7.158E-04 1.00E+00 7.158E-04
6.465E-10 1.00E+00 6.465E-10
4.646E-03 1.00E+00 4.646E-03
1.505E-05 1.00E+00 1.505E-05
FRACT

1.288E-01 1.00E+00 1.288E-01
5.248E-01 1.00E+00 5.248E-01

3.465E-01 1.00E+00 3.465E-01

Iteration 12 GMIN = -946.117053383697

§60 deg, 0 to 5 bar

Temperature 333.15 K
Pressure 1.633 bar
Volume 1.388E-01 m3 ( NPT )

Reaction enthalpy 4.206E-01 kJ
Reaction entropy -9.045E-01 J/K
Iterations 12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

PHASE 1: mol

H20 8.2713E+00 8.2363E+000
H(+a) 3.0000E-03 6.1050E-003
OH (-a) 1.0000E-03 3.4396E-013
HSO3 (-a) 1.0000E-03 6.1050E-003
503 (-2a) 5.0000E-04 5.3592E-009
S02 (a) 0.0000E+00 4.0783E-002
02 (a) 0.0000E+00 1.3579E-004
Total : 8.2768E+00 8.2894E+000
PHASE 2 : MOLE
H20(g) 0.0000E+00 3.1392E-002
02(g) 1.3938E-01 1.3924E-001
s02(g) 1.3487E-01 8.9477E-002
Total : 2.7425E-01 2.6011E-001

FRACT ACTIVITY ACTIVITY
COEFFICI
9.936E-01 1.00E+00 9.936E-01

7.365E-04 1.00E+00 7.365E-04
4.149E-14 1.00E+00 4.149E-14
7.365E-04 1.00E+00 7.365E-04
6.465E-10 1.00E+00 6.465E-10
4.920E-03 1.00E+00 4.920E-03
1.638E-05 1.00E+00 1.638E-05
FRACT

1.207E-01 1.00E+00 1.207E-01
5.353E-01 1.00E+00 5.353E-01
3.440E-01 1.00E+00 3.440E-01

"
el

Iteration 12 GMIN = -946.101439183434
§60 deg, 0 to 5 bar

Temperature 333.15 K
Pressure 1.735 bar
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Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
S02 (g)
Total

333.15 K

1.735 bar
1.307E-01 m3 ( NPT )
2.752E-01 kJ

-1.416E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2385E+000 9.933E-01 1.00E+00 9.933E-01
3. 3 6. 3 7. 1.00E+00 7.559E-04
1.0000E-03 3.3523E-013 4.042E-14 1.00E+00 4.042E-14
1. 3 6. 3 7. 1.00E+00 7.559E-04
5.0000E-04 5.3623E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 4.2995E-002 5.184E-03 1.00E+00 5.184E-03
0.0000E+00 1.4705E-004 1.773E-05 1.00E+00 1.773E-05
8.2768E+00 8.2942E+000
MOLE FRACT
0.0000E+00 2.8994E-002 1.136E-01 1.00E+00 1.136E-01
1.3938E-01 1.3923E-001 5.453E-01 1.00E+00 5.453E-01
1.3487E-01 8.7101E-002 3.411E-01 1.00E+00 3.411E-01

2.7425E-01 2.5533E-001

Iteration 12 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO03 (-a)
503 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20(9)
02(g)
02 (g)

Total

= -946.086979047128

333.15 K
1.837 bar
1.235E-01 m3 ( NPT )
1.448E-01 kJ

-1.882E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2405E+000
3.0000E-03 6.4235E-003
1.0000E-03 3.2743E-013
1.0000E-03 6.4235E-003
5.0000E-04 5.3651E-009
0.0000E+00 4.5127E-002
0.0000E+00 1.5848E-004

8.2768E+00 8.2986E+000

MOLE
0.0000E+00 2.6906E-002
1.3938E-01 1.3922E-001
1.3487E-01 8.4815E-002

2.7425E-01 2.5094E-001

FRACT ACTIVITY ACTIVITY
COEFFICI

9.930E-01 00E+00 9

7.740E-04 1.00E+00 7.740E-04
3.946E-14 1.00E+00 3.946E-14
7.740E-04 1.00E+00 7.740E-04
6 1 6
5 1 5
1 1 1

-

.930E-01

.465E-10 1.00E+00 6.465E-10
.438E-03 .00E+00 .438E-03
.910E-05 .00E+00 .910E-05

FRACT

1.072E-01 1.00E+00 1.072E-01
5.548E-01 1.00E+00 5.548E-01
3.380E-01 1.00E+00 3.380E-01

Iteration 12 GMIN

§60 deg, 0 to 5 bar

= -946.073528176035

Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
503 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
s02(g)
Total

-2.310E+00 J/K
12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2422E+000
3.0000E-03 6.5687E-003
1.0000E-03 3.2041E-013
1.0000E-03 6.5687E-003
5.0000E-04 5.3677E-009
0.0000E+00 4.7180E-002
0.0000E+00 1.7009E-004

8.2768E+00 8.3026E+000

MOLE
0.0000E+00 2.5073E-002
1.3938E-01 1.3921E-001
1.3487E-01 8.2616E-002

2.7425E-01 2.4690E-001

FRACT ACTIVITY ACTIVITY

COEFFICI
9.927E-01 1.00E+00 9.927E-01
7.912E-04 1.00E+00 7.912E-04
3.859E-14 1.00E+00 3.859E-14
7.912E-04 1.00E+00 7.912E-04
6.465E-10 1.00E+00 6.465E-10
5.683E-03 1.00E+00 5.683E-03
2.049E-05 1.00E+00 2.049E-05

FRACT

1.016E-01 1.00E+00 1.016E-01
5.638E-01 1.00E+00 5.638E-01
3.346E-01 1.00E+00 3.346E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

-946.060966726339

333.15 K

2.041 bar
1.113E-01 m3 ( NPT )
-8.042E-02 kJ

-2.705E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2436E+000
3.0000E-03 6.7056E-003
1.0000E-03 3.1407E-013
1.0000E-03 6.7056E-003
5.0000E-04 5.3701E-009
0.0000E+00 4.9159E-002
0.0000E+00 1.8186E-004

8.2768E+00 8.3064E+000

MOLE
0.0000E+00 2.3452E-002
1.3938E-01 1.3920E-001
1.3487E-01 8.0501E-002

2.7425E-01 2.4315E-001

FRACT ACTIVITY ACTIVITY

COEFFICI
9.924E-01 1.00E+00 9.924E-01
8.073E-04 1.00E+00 8.073E-04
3.781E-14 1.00E+00 3.781E-14
8.073E-04 1.00E+00 8.073E-04
6.465E-10 1.00E+00 6.465E-10
5.918E-03 1.00E+00 5.918E-03
2.189E-05 1.00E+00 2.189E-05

FRACT

9.645E-02 1.00E+00 9.645E-02
5.725E-01 1.00E+00 5.725E-01
3.311E-01 1.00E+00 3.311E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy

Reaction entropy

-946.049194420007

333.15 K

2.143 bar
1.060E-01 m3 ( NPT )
-1.786E-01 kJ

-3.071E+00 J/K
12

Iterations ( Limit = 100 )
Temperature 333.15 K
Pressure 1.939 bar
INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
X"l“':? thal, 21égz;E;glk§3 (¢ NET ) PHASE 1: mol mol COEFFICI
Besndopsbutsial L2.3108400 3/K H20 8.2713E+00 8.2450E+000 9.922E-01 1.00E+00 9.922E-01
I‘:B" z‘?“ entropy by L imit = 100 H(+a) 3.0000E-03 6.8349E-003 8.225E-04 1.00E+00 8.225E-04
erations ( Limit = ) OH (-a) 1.0000E-03 3.0831E-013 3.710E-14 1.00E+00 3.710E-14
HSO3 (-a) 1.0000E-03 6.8349E-003 8.225E-04 1.00E+00 8.225E-04
TNPUT AMOUNT ROUTT. AMOUNT MOTR FRACT ACTTVITY AGTTVITY o3 1-00008-03 ©.83998-003 §.225R-04 1.00B+00 §.225R-04
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H(+a) 3.0000E-03 6.8349E-003 8.225E-04 1.00E+00 8.225E-04
. + . +

OH (-a) 1.0000E-03 3.0831E-013 3.710E-14 1.00E+00 3.710E-14 Total 82768E+00  8.3162E+000
sotorm doon dueel somi sl oo 2 s e
et o 0OoEron o e os e iaoe 09 1ooErds e taseeo H20 (g) 0.0000E+00 1.9557E-002 8.381E-02 1.00E+00 8.381E-02
502 (a) . = . B - 145E - 00E+ - 1458 02 (g) 1.3938E-01 1.3916E-001 5.964E-01 1.00E+00 5.964E-01
02 (a) ©0.0000E+00 1.9380E-004 2.332E-05 1.00E+00 2.332E-05 s02(g) 1.3487E-01 7.4623E-002 3.198E-01 1.00E+00 3.198E-01
Total 8.2768E+00 8.3099E+000 Toca 27425801 2.3334E-001
PHASE 2 MOLE FRACT
H20(g) 0.0000E+00 2.2009E-002 9.183E-02 1.00E+00 9.183E-02
02(g) 1.3938E-01 1.3919E-001 5.808E-01 1.00E+00 5.808E-01 Iteration 12 GMIN = -946.017825419089
$02 (g) 1.3487E-01 7.8466E-002 3.274E-01 1.00E+00 3.274E-01 °
Total 2.7425E-01 2.3966E-001

Iteration 12 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3(-a)
S03 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

= -946.038126534489

333.15 K

2.245 bar
1.012E-01 m3 ( NPT )
-2.688E-01 kJ

-3.412E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2461E+000
3.0000E-03 6.9572E-003
1.0000E-03 3.0305E-013
1.0000E-03 6.9572E-003
5.0000E-04 5.3745E-009
0.0000E+00 5.2900E-002
0.0000E+00 2.0589E-004

8.2768E+00 8.3131E+000

MOLE
0.0000E+00 2.0718E-002
1.3938E-01 1.3917E-001
1.3487E-01 7.6507E-002

2.7425E-01 2.3640E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.919E-01 1.00E+00 9.919E-01
8.369E-04 1.00E+00 8.369E-04
3.645E-14 1.00E+00 3.645E-14
8.369E-04 1.00E+00 8.369E-04
6.465E-10 1.00E+00 6.465E-10
6.363E-03 1.00E+00 6.363E-03
2.477E-05 1.00E+00 2.477E-05
FRACT

8.764E-02 1.00E+00 8.764E-02
5.887E-01 1.00E+00 5.887E-01
3.236E-01 1.00E+00 3.236E-01

Iteration 12 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)

OH (-a)
HSO3(-a)
s03 (-2a)
502 (a)
02 (a)

Total

PHASE 2

= -946.027690869883

333.15 K

2.347 bar
9.686E-02 m3 ( NPT )
-3.522E-01 kJ

-3.731E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2472E+000
3.0000E-03 7.0730E-003
1.0000E-03 2.9824E-013
1.0000E-03 7.0729E-003
5.0000E-04 5.3765E-009
0.0000E+00 5.4669E-002
0.0000E+00 2.1812E-004

8.2768E+00 8.3162E+000

MOLE
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FRACT ACTIVITY ACTIVITY
COE!

FFICI

9.917E-01 1.00E+00 9.917E-01
8.505E-04 1.00E+00 8.505E-04
3.586E-14 1.00E+00 3.586E-14
8.505E-04 1.00E+00 8.505E-04
6.465E-10 1.00E+00 6.465E-10
6.574E-03 1.00E+00 6.574E-03
2.623E-05 1.00E+00 2.623E-05
FRACT

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3 (-a)
S03 (-2a)
s02 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

333.15 K

2.449 bar
9.286E-02 m3 ( NPT )
-4.295E-01 kJ

-4.029E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2481E+000
3.0000E-03 7.1827E-003
1.0000E-03 2.9381E-013
1.0000E-03 7.1827E-003
5.0000E-04 5.3783E-009
0.0000E+00 5.6372E-002
0.0000E+00 2.3050E-004

8.2768E+00 8.3191E+000

MOLE
0.0000E+00 1.8507E-002
1.3938E-01 1.3915E-001
1.3487E-01 7.2810E-002

2.7425E-01 2.3047E-001

FRACT ACTIVITY ACTIVITY
COEFFICI

9.915E-01 1.00E+00 9.915E-01
8.634E-04 1.00E+00 8.634E-04
3.532E-14 1.00E+00 3.532E-14
8.634E-04 1.00E+00 8.634E-04
6.465E-10 1.00E+00 6.465E-10
6.776E-03 1.00E+00 6.776E-03
2.771E-05 1.00E+00 2.771E-05
FRACT

8.030E-02 1.00E+00 8.030E-02
6.038E-01 1.00E+00 6.038E-01

3.159E-01 1.00E+00 3.159E-01

Iteration 12 GMIN =
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3(-a)
S03(-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

~-946.00847655558

333.15 K

2.551 bar
8.918E-02 m3 ( NPT )
-5.013E-01 kJ

-4.310E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2490E+000 9.912E-01 1.00E+00 9.912E-01
3.0000E-03 7.2869E-003 8.756E-04 1.00E+00 8.756E-04
1.0000E-03 2.8974E-013 3.482E-14 1.00E+00 3.482E-14
1.0000E-03 7.2869E-003 8.756E-04 1.00E+00 8.756E-04
5.0000E-04 5.3801E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 5.8014E-002 6.971E-03 1.00E+00 6.971E-03
0. 2.4 2 1.00E+00 2.920E-05
8.2768E+00 8.3218E+000
MOLE FRACT
0.0000E+00 1.7554E-002 7.707E-02 1.00E+00 7.707E-02
1.3938E-01 1.3914E-001 6.109E-01 1.00E+00 6.109E-01

1.3487E-01 7.1064E-002
2.7425E-01 2.2776E-001

3.120E-01 1.00E+00 3.120E-01

Iteration 12 GMIN =

-945.999597605388
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§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3(-a)
s03 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
S02(g)
Total

333.15 K

2.653 bar
8.577E-02 m3 ( NPT )
-5.684E-01 kJ

-4.575E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2497E+000 9.910E-01 1.00E+00 9.910E-01
3.0000E-03 7.3859E-003 8.873E-04 1.00E+00 8.873E-04
1.0000E-03 2.8597E-013 3.435E-14 1.00E+00 3.435E-14
1.0000E-03 7.3859E-003 8.873E-04 1.00E+00 8.873E-04
5.0000E-04 5.3817E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 5.9595E-002 7.159E-03 1.00E+00 7.159E-03
0.0000E+00 2.5566E-004 3.071E-05 1.00E+00 3.071E-05
8.2768E+00 8.3244E+000
MOLE FRACT
0.0000E+00 1.6686E-002 7.410E-02 1.00E+00 7.410E-02
1.3938E-01 1.3912E-001 6.178E-01 1.00E+00 6.178E-01

1.3487E-01 6.9384E-002 3.081E-01
2.7425E-01 2.2519E-001

"

.00E+00 3.081E-01

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3(-a)
503 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(9)
02(g)
02 (g)
Total

-945.991147710912

333.15 K

2.755 bar
8.262E-02 m3 ( NPT )
-6.312E-01 kJ

-4.824E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2504E+000 9.908E-01 1.00E+00 9.908E-01
3.0000E-03 7.4800E-003 8.983E-04 1.00E+00 8.983E-04
1.0000E-03 2.8247E-013 3.392E-14 1.00E+00 3.392E-14
1.0000E-03 7.4800E-003 8.983E-04 1.00E+00 8.983E-04
5.0000E-04 5.3833E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 6.1119E-002 7.340E-03 1.00E+00 7.340E-03
0.0000E+00 2.6844E-004 3.224E-05 1.00E+00 3.224E-05
8.2768E+00 8.3268E+000
MOLE FRACT
0.0000E+00 1.5892E-002 7.134E-02 1.00E+00 7.134E-02
1.3938E-01 1.3911E-001 6.245E-01 1.00E+00 6.245E-01
1.3487E-01 6.7766E-002 3.042E-01 1.00E+00 3.042E-01

2.7425E-01 2.2277E-001

Iteration 12 GMIN =

§60 deg, 0 to 5 bar

-945.983090915618

Reaction entropy
Iterations

PHASE 1:
H20

H(+a)
OH(-a)
HSO3(-a)
S03(-2a)
S02 (a)
02 (a)
Total

PHASE 2
H20(g)
02 (g)
502 (g)
Total

-5.061E+00 J/K
12 ( Limit = 100 )
INPUT AMOUNT EQUIL AMOUNT MOLE

mol
8.2713E+00 8.2511E+000

3.0000E-03 7.5697E-003
1.0000E-03 2.7923E-013
1.0000E-03 7.5697E-003
5.0000E-04 5.3848E-009
0.0000E+00 6.2588E-002
0.0000E+00 2.8133E-004

8.2768E+00 8.3291E+000

MOLE
0.0000E+00 1.5163E-002
1.3938E-01 1.3910E-001
1.3487E-01 6.6208E-002

2.7425E-01 2.2047E-001

FRACT ACTIVITY ACTIVITY
COEFFICI
9.906E-01 1.00E+00 9.906E-01

9.088E-04 1.00E+00 9.088E-04
3.352E-14 1.00E+00 3.352E-14
9.088E-04 1.00E+00 9.088E-04
6.465E-10 1.00E+00 6.465E-10
7.514E-03 1.00E+00 7.514E-03
3.378E-05 1.00E+00 3.378E-05
FRACT

6.878E-02 1.00E+00 6.878E-02
6.309E-01 1.00E+00 6.309E-01

3.003E-01 1.00E+00 3.003E-01

Iteration 12 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HS03(-a)
503 (-2a)
502 (a)
02 (a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

= -945.975395423059

333.15 K

2.959 bar
7.697E-02 m3 ( NPT )
-7.454E-01 kJ

-5.284E+00 J/K

12 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol

8.2713E+00 8.2517E+000
3.0000E-03 7.6551E-003
1.0000E-03 2.7621E-013
1.0000E-03 7.6551E-003
5.0000E-04 5.3862E-009
0.0000E+00 6.4003E-002
0.0000E+00 2.9434E-004

8.2768E+00 8.3313E+000

MOLE
0.0000E+00 1.4493E-002
1.3938E-01 1.3909E-001
1.3487E-01 6.4707E-002

2.7425E-01 2.1829E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.904E-01 1.00E+00 9.904E-01
9.188E-04 1.00E+00 9.188E-04
3.315E-14 1.00E+00 3.315E-14
9.188E-04 1.00E+00 9.188E-04
6.465E-10 1.00E+00 6.465E-10
7.682E-03 1.00E+00 7.682E-03
3.533E-05 1.00E+00 3.533E-05
FRACT

6.639E-02 1.00E+00 6.639E-02
6.372E-01 1.00E+00 6.372E-01

2.964E-01 1.00E+00 2.964E-01

Iteration 13 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy

= -945.968032988573

333.15 K

3.061 bar
7.442E-02 m3 ( NPT )
-7.975E-01 kJ
-5.497E+00 J/K

Iterations 13 ( Limit = 100 )
Temperature 333.15 K
Pressure 2.857 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 7.969E-02 m3 ( NPT ) PHASE 1: mol mol
::“:?"“ “:h’l“ -sésggiz;o;uk;m H20 8.2713E+00 8.2522E+000 9.903E-01 1.00E+00 9.903E-01
t“ z‘,‘“ entropy ;2' + tmit = 100 H(+a) 3.0000E-03 7.7365E-003 9.284E-04 1.00E+00 9.284E-04
Iterations ( Limit = ) OH(-a) 1.0000E-03 2.7338E-013 3.281E-14 1.00E+00 3.281E-14
HSO3 (-a) 1.0000E-03 7.7365E-003 9.284E-04 1.00E+00 9.284E-04
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H20 8.2713E+00 8.2522E+000 9.903E-01 1.00E+00 9.903E-01 02 (a) 0. 3.34 a 4 = 1.00E+00 4.006E-05
H(+a) 3.0000E-03 7.7365E-003 9.284E-04 1.00E+00 9.284E-04 Total 8.2768E+00  8.33728+000
OH(-a) 1.0000E-03 2.7338E-013 3.281E-14 1.00E+00 3.281E-14
HSO3 (-a) 1.0000E-03 7.7365E-003 9.284E-04 1.00E+00 9.284E-04 PHASE 2 MOLE FRACT
S03(-2a) 5.0000E-04  5.3875E-009  6.465E-10 1.00E+00 6.465E-10 H20 (g) 0.0000E+00 1.2770E-002 6.014E-02 1.00E+00 6.014E-02
502 (a) 0.0000E+00 6.5368E-002 7.844E-03 1.00E+00 7.844E-03 02 (g) 1 3938E-01 1 39058-001 6. 548E-01 1. OOE400 6. 548E-01
02 (a) 0.0000E+00 3.0746E-004 3.690E-05 1.00E+00 3.690E-05 502 (g) 1 3487B-01 6 05238-002 2. 850E-01 1 O0E400 2. 850801
Total 8.2768E+00 8.3333E+000 Total 2.74258-01 2. 1234E-001
PHASE 2 MOLE FRACT
H20(g) 0.0000E+00 1.3874E-002 6.417E-02 1.00E+00 6.417E-02
02(g) 1.3938E-01 1.3907E-001 6.432E-01 1.00E+00 6.432E-01 Iteration 14 GMIN = _045.947704926596
502 (g) 1.3487E-01 6.3260E-002 2.926E-01 1.00E+00 2.926E-01 .
§60 deg, 0 to 5 bar
Temperature 333.15 K
Total 2.7425E-01 2.1621E-001 Pressure 3.367 bar
Volume 6.770E-02 m3 ( NPT )

Iteration 14 GMIN =
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3 (-a)
503 (-2a)
502 (a)
02 (a)
Total :

PHASE 2
H20 (g)
02(g)
S02(g)
Total

-945.960978418851

333.15 K

3.163 bar
7.204E-02 m3 ( NPT )
-8.467E-01 kJ

-5.699E+00 J/K

14 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2527E+000 9.901E-01 1.00E+00 9.901E-01
3.0000E-03 7.8143E-003 9.375E-04 1.00E+00 9.375E-04
1.0000E-03 2.7075E-013 3.248E-14 1.00E+00 3.248E-14
1.0000E-03 7.8142E-003 9.375E-04 1.00E+00 9.375E-04
5.0000E-04 5.3888E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 6.6684E-002 8.000E-03 1.00E+00 8.000E-03
0.0000E+00 3.2069E-004 3.847E-05 1.00E+00 3.847E-05
8.2768E+00 8.3353E+000
MOLE FRACT
0.0000E+00 1.3301E-002 6.209E-02 1.00E+00 6.209E-02
1.3938E-01 1.3906E-001 6.491E-01 1.00E+00 6.491E-01
1.3487E-01 6.1867E-002 2.888E-01 1.00E+00 2.888E-01

2.7425E-01 2.1423E-001

Iteration 14 GMIN =
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02(a)
Total

-945.954209155361

333.15 K

3.265 bar
6.980E-02 m3 ( NPT )
-8.933E-01 kJ

-5.891E+00 J/K

14 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY

mol mol COEFFICI

8.2713E+00 8.2531E+000 9.899E-01 1.00E+00 9.899E-01
3. 3 7. 3 9. 1.00E+00 9.462E-04
1.0000E-03 2.6827E-013 3.218E-14 1.00E+00 3.218E-14
1. 3 7. 3 9. 1.00E+00 9.462E-04
5.0000E-04 5.3901E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 6.7954E-002 8.151E-03 1.00E+00 8.151E-03

4 1.00E+00 4.006E-05

8.2768E+00 8.3372E+000

Appendix A Page 15

Reaction enthalpy

Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
503 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

-9.373E-01 kJ

-6.075E+00 J/K
14 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2536E+000
3.0000E-03 7.9595E-003
1.0000E-03 2.6595E-013
1.0000E-03 7.9595E-003
5.0000E-04 5.3912E-009
0.0000E+00 6.9179E-002
0.0000E+00 3.4744E-004

8.2768E+00 8.3390E+000

MOLE
0.0000E+00 1.2276E-002
1.3938E-01 1.3903E-001
1.3487E-01 5.9227E-002

2.7425E-01 2.1054E-001

FRACT ACTIVITY ACTIVITY

COEFFICI

9.898E-01 1.00E+00 9.898E-01
9.545E-04 1.00E+00 9.545E-04
3.189E-14 1.00E+00 3.189E-14
9.545E-04 1.00E+00 9.545E-04
6.465E-10 1.00E+00 6.465E-10
8.296E-03 1.00E+00 8.296E-03
4.166E-05 1.00E+00 4.166E-05
FRACT

5.831E-02 1.00E+00 5.831E-02
6.604E-01 1.00E+00 6.604E-01

2.813E-01 1.00E+00 2.813E-01

Iteration 13 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

= -945.941447455312

333.15 K

3.469 bar
6.573E-02 m3 ( NPT )
-9.792E-01 kJ

-6.250E+00 J/K

13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2540E+000
3.0000E-03 8.0274E-003
1.0000E-03 2.6377E-013
1.0000E-03 8.0274E-003
5.0000E-04 5.3923E-009
0.0000E+00 7.0361E-002
0.0000E+00 3.6096E-004

8.2768E+00 8.3407E+000

MOLE
0.0000E+00 1.1815E-002
1.3938E-01 1.3902E-001
1.3487E-01 5.7977E-002

2.7425E-01 2.0881E-001

Appendix A Page 16

FRACT ACTIVITY ACTIVITY
COEFFICI

.896E-01
.624E-04 .00E+00 .624E-04
.162E-14 .00E+00 .162E-14

9 1.00E+00 9
9 1 9
3 1 3
9.624E-04 1.00E+00 9.624E-04
6 1 6
8 1 8
4 1 4

.896E-01

.465E-10 .00E+00 .465E-10
.436E-03 .00E+00 .436E-03
.328E-05 1.00E+00 4.328E-05

FRACT

5.658E-02 1.00E+00 5.658E-02
6.658E-01 1.00E+00 6.658E-01
2.777E-01 1.00E+00 2.777E-01




vzig) 1.3938m-UL  1.3YUZE-UUL  ©.0D5E-UL 1.UUETUU ©.0J8E-UL

Iteration 13 GMIN = -945.923943725088

502 (g) 1.3487E-01 5.7977E-002 2.777E-01 1.00E+00 2.777E-01
Total : 2.7425E-01 2.0881E-001 560 deg, 0 to 5 bar
Temperature 333.15 K
X Pressure 3.776 bar
Iteration 13 GMIN = -945.935420210432 Vol 6.0422-02 m3 ( NET )

-1.093E+00 kJ
-6.731E+00 J/K

Reaction enthalpy

§60 deg, 0 to 5 bar Reaction entropy

Iterati 13 Limit = 100

Temperature 333.15 K erations ( Limi )

Pressure 3.571 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 6.386E-02 m3 ( NPT ) PHASE 1: mol mol COEFFICI

Reaction enthalpy -1.019E+00 kJ

N H20 8.2713E+00 8.2550E+000 9.892E-01 1.00E+00 9.892E-01
Reaction entropy -6.4178400 /K H(+a) 3.0000E-03 8.2150E-003 9.844E-04 1.00E+00 9.844E-04
Iterations 13 ( nimie = 100 ) OH(-a) 1.0000E-03 2.5793E-013 3.091E-14 1.00E+00 3.091E-14

HSO03(-a) 1.0000E-03 8.2149E-003 9.844E-04 1.00E+00 9.844E-04

. TNEUT BHOUNT BQUIL RMOUNT MOLE FRACT Moererc: | Clvrm 503 (-2a) 5.0000E-04 5.3954E-009 6.465E-10 1.00E+00 6.465E-10
P’;‘ASE : 6 3o aEr00 8. a0a3m000 ©.894 g‘l’“?‘;; 00 5. 894m-01 502 (a) 0.0000E+00 7.3678E-002 8.828E-03 1.00E+00 8.828E-03
2(‘:) 3'0000:*03 8'0924:’003 9'7005'04 1‘00::00 9'70‘):"04 02 (a) 0.0000E+00 4.0218E-004 4.819E-05 1.00E+00 4.819E-05

a . - . - .700E- . .700E-
H . i+ - i+
OH (-a) 1.0000E-03 2.6171E-013 3.137E-14 1.00E+00 3.137E-14 Total 8:2768E+00  8.3455E+000
HSO3 (-a) 1.0000E-03 8.0924E-003 9.700E-04 1.00E+00 9.700E-04 PHASE 2 : MOLE FRACT
S03(-2a) 5.0000E-04 5.3934E-009 6.465E-10 1.00E+00 6.465E-10 H20 (g) 0.0000E+00 1.0603E-002 5.196E-02 1.00E+00 5.196E-02
502 (a) 0.0000E+00 7.1502E-002 8.571E-03 1.00E+00 8.571E-03 o2(g) 1 39388.01 1 3898E-001 6 B11E-01 1 00E00 & B11E-01
02(a) 0.0000B+00 3.7457B-004 4.490B-05 1.00B+00 4.490E-05 502 (g) 1.3487E-01 5.4472E-002 2.670E-01 1.00E+00 2.670E-01
Total : 2.7425E-01 2.0405E-001
Total : 8.2768E400 8.3424E+000
Iteration 13 GMIN = -945.918524249999
PHASE 2 : MOLE FRACT
H20 (g) 0.0000E+00 1.1385E-002 5.496E-02 1.00E+00 5.496E-02
02(g) 1.3938E-01 1.3901E-001 6.710E-01 1.00E+00 6.710E-01
S02 (g) 1.3487E-01 5.6771E-002 2.740E-01 1.00E+00 2.740E-01
Total : 2.7425E-01 2.0716E-001 $60 deg, 0 to 5 bar
Temperature 333.15 K

: Pressure 3.878 bar

Iteration = -945.929608196529 Votome 5 884E-02 m3 ( NPT )

Reaction enthalpy

-1.127E4+00 kJ

§60 deg, Reaction entropy -6.877E+00 J/K

Temperature 233.15 K Iterations 13 ( Limit = 100 )

Pressure 3.673 par INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY

Volume 6.210E-02 m3 ( NPT ) PHASE 1 ey ey comFETCT

ie“:‘?"“ e“:halpy 'fé‘):;l:;ggokjlx H20 8.2713E+00 8.2553E+000 9.890E-01 1.00E+00 9.890E-01

T tonnontxoRY 1 Chimit = 100 ) H(+a) 3.0000E-03 8.2722E-003 9.910E-04 1.00E+00 9.910E-04
erations mit = OH (-a) 1.0000E-03 2.5619E-013 3.069E-14 1.00E+00 3.069E-14

INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY HSO3 (-a) 1.0000E-03 8.2722E-003 9.910E-04 1.00E+00 9.910E-04
pHASE 1 e v P 503 (-2a) 5.0000E-04 5.3963E-009 6.465E-10 1.00E+00 6.465E-10
: mo mo
502 (a) 0.0000E+00 7.4706E-002 8.950E-03 1.00E+00 8.950E-03
2N s Tmeo oTumans o.eemnt Loomo e isoorios Lidions &seeas Looties & anume
a . - . - .773E- . .773E-
: . + . +
OH (-a) 1.0000E-03 2.5977E-013 3.113E-14 1.00E+00 3.113E-14 Total 8:2768E+00  8.3469E+000
mcsio Homoo: sisrmons e o ool — wors rnce
-2a . - . - L4658~ . .465E-

H20 (g) 0. 1.0249E-002 5. 1.00E+00 5.059E-02
so2t) e Theosm002 BTolmT0s 1.00mr00 S.Toum-ol 02(g) 1.3938E-01 1.3896E-001 6.859E-01 1.00E+00 6.859E-01
Téa;__ o 270m100 8 342080000 . . : 502 (g) 1.3487E-01 5.3387E-002 2.635E-01 1.00E+00 2.635E-01
orat s . : Total : 2.7425E-01 2.0260E-001
PHASE 2 : MOLE FRACT
H20 (g) 0.0000E+00 1.0983E-002 5.342E-02 1.00E+00 5.342E-02
02(g) 1.3938E-01 1.3899E-001 6.761E-01 1.00E+00 6.761E-01 :

Iterat: 13 GMIN = -945.913282447337
502 (9) 1.3487E-01 5.5607E-002 2.705E-01 1.00E+00 2.705E-01 eration
Total : 2.7425E-01 2.0558E-001 60 deg, O to 5 bar

Temperature 333.15 K

: Pressure 3.98 bar
Iteration = -945.923943725088 iy 5 7342-02 m3 ( NPT )

Reaction enthalpy

-1.160E+00 kJ

$60 deg, Reaction entropy -7.018E+00 J/K
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sewesuss St tand INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 5.734E-02 m3 ( NPT ) PHASE 1: mol mol COEFFICI

Reaction enthalpy -1.160E+00 kJ

N 7.0 0 H20 8.2713E+00 8.2561E+000 9.886E-01 1.00E+00 9.886E-01
Reaction entropy a 18E+00 /R 100 H(+a) 3.0000E-03 8.4307E-003 1.010E-03 1.00E+00 1.010E-03
Iterations ( Limit = ) OH(-a) 1.0000E-03 2.5152E-013 3.012E-14 1.00E+00 3.012E-14

HSO3 (-a) 1.0000E-03 8.4306E-003 1.010E-03 1.00E+00 1.010E-03

. INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY 503 (-2a) 5.0000E-04 5.3989E-009 6.465E-10 1.00E+00 6.465E-10

PHASE 1: mol mol COEFFICT 502 (a) 0.0000E+00 7.7588E-002 9.291E-03 1.00E+00 9.291E-03
H20 8.2713E+00 8.2556E+000 9.889E-01 1.00E+00 9.889E-01 02 (a) 0. 4. 5.485 5 1.00E+00 5.485E-05
H(+a) 3.0000E-03 8.3272E-003 9.975E-04 1.00E+00 9.975E-04 rotal 8. 27688400 8. 351084000
OH (-a) 1.0000E-03 2.5455E-013 3.049E-14 1.00E+00 3.049E-14
HSO03(-a) 1.0000E-03 8.3271E-003 9.975E-04 1.00E+00 9.975E-04 PHASE 2 : MOLE FRACT
s°g('23’ 2'2325"'3: ?"gz;gz'ggz g'gzgz'tg i‘ggz"gg :-g:i"':g H20 (g) 0.0000E+00 9.3069E-003 4.687E-02 1.00E+00 4.687E-02
32 5 o'uoou::uo 4‘2997;_004 5'15o:>05 1'002100 5'1505_05 02(q) 1.3938E-01 1.3892E-001 6.996E-01 1.00E+00 6.996E-01
b :_ai 627600400 8 348302000 . . : 502 (9) 1.3487E-01 5.0347E-002 2.535E-01 1.00E+00 2.535E-01
otal = . . Total : 2.7425E-01 1.9858E-001
PHASE 2 : MOLE FRACT
H20 (g) 0.0000E+00 9.9161E-003 4.928E-02 1.00E+00 4.928E-02
02(q) 1.3938E-01 1.3895E-001 6.906E-01 1.00E+00 6.906E-01 :

Iterat: 13 GMIN = -945.898523111164
502 (g) 1.3487E-01 5.2339E-002 2.601E-01 1.00E+00 2.601E-01 eration
Total : 2.7425E-01 2.0121E-001 $60 deg, 0 to 5 bar

Temperature 333.15 K

* * Pressure 4.286 bar
Iteration 13 GMIN = -945.908207904683 Volome 5.3272-02 n3 { NPT )

-1.250E+00 kJ
=-7.407E+00 J/K

Reaction enthalpy

§60 deg, 0 to 5 bar Reaction entropy

Temperature 333.15 R Iterations 13 ( Limit = 100 )
Pressure 4.082 bar
Vol. 5.592E-02 m3 ( NPT ) . INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Reacti thal, 1.191E+00 kJ PHASE 1: mol mol COEFFICI
a"tf"“ e“tapy ';153 00 H20 8.2713E+00 8.2563E+000 9.885E-01 1.00E+00 9.885E-01
Reaction entropy Lo xR 100 H(+a) 3.0000E-03 8.4794E-003 1.015E-03 1.00E+00 1.015E-03
Iterations ( Limit = ) OH(-a) 1.0000E-03 2.5012E-013 2.995E-14 1.00E+00 2.995E-14
HSO3 (-a) 1.0000E-03 8.4794E-003 1.015E-03 1.00E+00 1.015E-03
. INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY 503 (-2a) 5.0000E-04 5.3998E-009 6.465E-10 1.00E+00 6.465E-10
PHASE 1: mol mol COEFFICI 502 (a) 0.0000E+00 7.8486E-002 9.397E-03 1.00E+00 9.397E-03
H20 8.2713E400 8.2558E+000 9.888E-01 1.00E+00 9.888E-01 o2(a) 0. 0000E+00 4.7218E-004 5. €53E-05 1. 00Ef00 5. E53E-05
Total : 8.2768E+00 8.3522E+000
PHASE 2 : MOLE FRACT
H(sa) 3.0000E-03 8.3799E-003 1.004E-03 1.00E+00 1.004E-03 H20 (g) 0.0000E+00 9.0276E-003 4.575E-02 1.00E+00 4.575E-02
OH(-a) 1.0000E-03 2.5300E-013 3.030E-14 1.00E+00 3.030E-14 02(q) 1.3938E-01 1.3891E-001 7.039E-01 1.00E+00 7.039E-01
H503 (-a) 1 0000E-03 8. 37998-003 1.004E-03 1.00E+00 1.004E-03 502 (9) 1.3487E-01 4.9400E-002 2.503E-01 1.00E+00 2.503E-01
503 (-2a) 5.0000E-04 5.3981E-009 6.465E-10 1.00E+00 6.465E-10
S02 (a) 0.0000E+00 7.6659E-002 9.181E-03 1.00E+00 9.181E-03
02 (a) 0.0000E+00 4.4397E-004 5.317E-05 1.00E+00 5.317E-05
Total : 8.2768E+00 8.3497E+000 Total : 2.74258-01 1.9733E-001
PHASE 2 : MOLE FRACT
H20 (g) 0. °. 3 4. 1.00E+00 4.805E-02
02 (g) 1.3938E-01 1.3894E-001 6.952E-01 1.00E+00 6.952E-01 :
Iterat: 13 GMIN = -945.893895944641
s02 (g) 1.3487E-01 5.1326E-002 2.568E-01 1.00E+00 2.568E-01 eration
Total : 2.7425E-01 1.9986E-001 $60 deg, 0 to 5 bar
Temperature 333.15 K
ion 13 = 945.903291059502 Fressure 3.388 Par
Iteration GMIN = . Volume 5.204E-02 m3 ( NPT )

-1.277E+00 kJ
=-7.527E+00 J/K

Reaction enthalpy

§60 deg, 0 to 5 bar Reaction entropy

Iterations 13 ( Limit = 100 )
Temperature 333.15 K
Pressure 4.184 bar INPUT AMOUNT EQUIL AMOUNT MOLE FRACT ACTIVITY ACTIVITY
Volume 5.4568-02 m3 ( NPT ) PHASE 1: mol mol COEFFICI
Reaction enthalpy -1.221E+00 kJ H20 8.2713E+00 8.2565E+000 9.884E-01 1.00E+00 9.884E-01
Reaction entropy -7.282B400 J/K H(+a) 3.0000E-03 8.5264E-003 1.021E-03 1.00E+00 1.021E-03
Tterations 13 ( Limit = 100 ) OH (-a) 1.0000E-03 2.4879E-013 2.978E-14 1.00E+00 2.978E-14
HSO3 (-a) 1.0000E-03 8.5264E-003 1.021E-03 1.00E+00 1.021E-03
HASE 1: INEUT ““32’:" EQUIL Aﬁ‘l’m MOLE FRACT ‘:g:;‘i’;g‘ ACTIVITY 503 (-2a) 5.0000E-04 5.4005E-009 6.465E-10 1.00E+00 6.465E-10
: 502 (a) 0.0000E+00 7.9355E-002 9.500E-03 1.00E+00 9.500E-03
H20 8.2713E+00 8.2561E+000 9.886E-01 1.00E+00 9.886E-01 o (a) 0. 00008100 4 8638E-004 5. 823E-05 1 00E100 5. 823805
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S03 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20(9)
02(g)
02 (g)
Total

4005E-009

5.0000E-04 5.
0.0000E+00 7.9355E-002
0.0000E+00 4.8638E-004

8.2768E+00 8.3534E+000

MOLE
0.0000E+00 8.7634E-003
1.3938E-01 1.3889E-001
1.3487E-01 4.8483E-002

2.7425E-01 1.9614E-001

.465E-10

00E+00

6 1. 6
9.500E-03 1.00E+00 9.500E-03
5.823E-05 1.00E+00 5.823E-05
FRACT

4.468E-02 1.00E+00 4.468E-02
7.081E-01 1.00E+00 7.081E-01
2.472E-01 1.00E+00 2.472E-01

Iteration 13 GMIN =

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
= :

-945.889402062346

333.15 K
4.49 bar
5.086E-02 m3 ( NPT )
-1.304E+00 kJ

Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

-7. J/K
13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2567E+000 9.883E-01 1.00E+00 9.883E-01
3.0000E-03 8.5716E-003 1.026E-03 1.00E+00 1.026E-03
1.0000E-03 2.4751E-013 2.963E-14 1.00E+00 2.963E-14
1.0000E-03 8.5716E-003 1.026E-03 1.00E+00 1.026E-03
5.0000E-04 5.4013E-009 6.465E-10 1.00E+00 6.465E-10
0.0000E+00 8.0197E-002 9.599E-03 1.00E+00 9.599E-03
0. 5. 5 1.00E+00 5.992E-05
8.2768E+00 8.3546E+000
MOLE FRACT
0.0000E+00 8.5130E-003 4.366E-02 1.00E+00 4.366E-02
1.3938E-01 1.3888E-001 7.122E-01 1.00E+00 7.122E-01
1.3487E-01 4.7597E-002 2.441E-01 1.00E+00 2.441E-01

2.7425E-01 1.9499E-001

Iteration 13 GMIN

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy

Reaction entropy
Iterations

PHASE 1:
H20
H(+a)
OH(-a)
HSO3 (-a)
S03(-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
202 ()

= -945.885034524996

333.15 K

4.592 bar
4.974E-02 m3 ( NPT )
-1.329E+00 kJ

-7.753E+00 J/K
13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2569E+000
3.0000E-03 8.6151E-003
1.0000E-03 2.4630E-013
1.0000E-03 8.6151E-003
5.0000E-04 5.4020E-009
0.0000E+00 8.1011E-002
0.0000E+00 5.1497E-004

8.2768E+00 8.3557E+000

MOLE
0.0000E+00 8.2757E-003
1.3938E-01 1.3887E-001
1. 34R7R-01 4 &73IAR-002
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FRACT ACTIVITY ACTIVITY
COE!

FFICI

9.882E-01 1.00E+00 9.882E-01
1.031E-03 1.00E+00 1.031E-03
2.948E-14 1.00E+00 2.948E-14
1.031E-03 1.00E+00 1.031E-03
6.465E-10 1.00E+00 6.465E-10
9.695E-03 1.00E+00 9.695E-03
6.163E-05 1.00E+00 6.163E-05
FRACT

4.268E-02 1.00E+00 4.268E-02
7.162E-01 1.00E+00 7.162E-01
2 411R-01 1 00R+00 2 411R-01

PHASE 2
H20(g)
02(g)
s02 (g)
Total

MOLE
0.0000E+00 8.2757E-003
1.3938E-01 1.3887E-001
1.3487E-01 4.6738E-002

2.7425E-01 1.9388E-001

FRACT

4.268E-02 1.00E+00 4.268E-02
7.162E-01 1.00E+00 7.162E-01
2.411E-01 1.00E+00 2.411E-01

Iteration 13 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
503 (-2a)
502 (a)
02(a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

-945.880786898913

333.15 K
4.694 bar
4.867E-02 m3 ( NPT )
-1.353E+00 kJ

-7.860E+00 J/K

13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2571E+000
3.0000E-03 8.6571E-003
1.0000E-03 2.4515E-013
1.0000E-03 8.6570E-003
5.0000E-04 5.4027E-009
0.0000E+00 8.1801E-002
0.0000E+00 5.2934E-004

8.2768E+00 8.3567E+000

MOLE
0.0000E+00 8.0503E-003
1.3938E-01 1.3885E-001
1.3487E-01 4.5907E-002

2.7425E-01 1.9281E-001

FRACT ACTIVITY ACTIVITY

COEFFICI
9.881E-01 1.00E+00 9.881E-01
1.036E-03 1.00E+00 1.036E-03
2.934E-14 1.00E+00 2.934E-14
1.036E-03 1.00E+00 1.036E-03
6.465E-10 1.00E+00 6.465E-10
9.789E-03 1.00E+00 9.789E-03
6.334E-05 1.00E+00 6.334E-05

FRACT

4.175E-02 1.00E+00 4.175E-02
7.201E-01 1.00E+00 7.201E-01
2.381E-01 1.00E+00 2.381E-01

Iteration 13 GMIN
§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)

OH (-a)
HSO3(-a)
S03 (-2a)
S02 (a)
02 (a)

Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

-945.876653209255

333.15 K

4.796 bar
4.764E-02 m3 ( NPT )
-1.376E+00 kJ

-7.963E+00 J/K

13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2573E+000
3.0000E-03 8.6975E-003
1.0000E-03 2.4404E-013
1.0000E-03 8.6975E-003
5.0000E-04 5.4033E-009
0.0000E+00 8.2565E-002
0.0000E+00 5.4377E-004

8.2768E+00 8.3578E+000

MOLE
0.0000E+00 7.8360E-003
1.3938E-01 1.3884E-001
1.3487E-01 4.5102E-002

2.7425E-01 1.9177E-001

FRACT ACTIVITY ACTIVITY
COEFFICI

9.880E-01 1.00E+00 9.880E-01
1.041E-03 1.00E+00 1.041E-03
2.920E-14 1.00E+00 2.920E-14
1.041E-03 1.00E+00 1.041E-03
6.465E-10 1.00E+00 6.465E-10
9.879E-03 1.00E+00 9.879E-03
6.506E-05 1.00E+00 6.506E-05
FRACT

4.086E-02 1.00E+00 4.086E-02
7.240E-01 .00E+00 7.240E-01
2.352E-01 .00E+00 2.352E-01

BR

Iteration 13 GMIN

-945.872627898747
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Iteration 13 GMIN

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)
OH(-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20 (g)
02(g)
02 (g)
Total

-945.872627898747

333.15 K

4.898 bar
4.665E-02 m3 ( NPT )
-1.399E+00 kJ

-8.063E+00 J/K

13 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

mol mol
8.2713E+00 8.2574E+000
3.0000E-03 8.7365E-003
1.0000E-03 2.4298E-013
1.0000E-03 8.7365E-003
5.0000E-04 5.4040E-009
0.0000E+00 8.3306E-002
0.0000E+00 5.5825E-004

8.2768E+00 8.3588E+000

MOLE
0.0000E+00 7.6321E-003
1.3938E-01 1.3882E-001
1.3487E-01 4.4322E-002

2.7425E-01 1.9078E-001

FRACT ACTIVITY ACTIVITY
I

COEFFICI

9.879E-01 1.00E+00 9.879E-01
1.045E-03 1.00E+00 1.045E-03
2.907E-14 1.00E+00 2.907E-14
1.045E-03 1.00E+00 1.045E-03
6.465E-10 1.00E+00 6.465E-10
9.966E-03 1.00E+00 9.966E-03
6.679E-05 1.00E+00 6.679E-05
FRACT

4.001E-02 1.00E+00 4.001E-02
7.277E-01 1.00E+00 7.277E-01
2.323e-01 1.00E+00 2.323E-01

Iteration 14 GMIN

§60 deg, 0 to 5 bar

Temperature
Pressure

Volume

Reaction enthalpy
Reaction entropy
Iterations

PHASE 1:

H(+a)

OH (-a)
HSO3(-a)
S03 (-2a)
s02 (a)
02 (a)
Total

PHASE 2
H20(g)
02(g)
502 (g)
Total

-945.868705790543

333.15 K
5 bar

4.570E-02 m3 ( NPT )
-1.421E+00 kJ

-8.159E+00 J/K

14 ( Limit = 100 )

INPUT AMOUNT EQUIL AMOUNT MOLE

FRACT ACTIVITY ACTIVITY

mol mol COEFFICI
8.2713E+00 8.2576E+000 9.878E-01 1.00E+00 9.878E-01
3.0000E-03 8.7742E-003 1.050E-03 1.00E+00 1.050E-03
1.0000E-03 2.4197E-013 2.895E-14 1.00E+00 2.895E-14
1.0000E-03 8.7742E-003 1.050E-03 1.00E+00 1.050E-03
5.0000E-04 5.4046E-009 6.465E-10 1.00E+00 6.465E-10
0. 8.4025! 1.005 1.00E+00 1.005E-02
0.0000E+00 5.7278E-004 6.852E-05 1.00E+00 6.852E-05
8.2768E+00 8.3597E+000
MOLE FRACT
0.0000E+00 7.4379E-003 3.919E-02 1.00E+00 3.919E-02
1.3938E-01 1.3881E-001 7.313E-01 1.00E+00 7.313E-01
1.3487E-01 4.3566E-002 2.295E-01 1.00E+00 2.295E-01

2.7425E-01 1.8981E-001
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Appendix D.

Mathematica Calculations

TCel =25;

T=TCel + 273.15;

Barpressure =1.2;

Pressure = Barpressure * 0.987;

H20IN =8.3;

SO2IN =0.3;

O2IN = 0.10;

H2S04IN=0.01;

If[(T-273)<50,do = (1.0-4.8*10°*(T-273)%)1;
If[(T-273)>50, do = (1.0064-(2.5*%107**(T-273))—-(2.3*%10°°*(T-273)%))1;
alphasO2 = -0.030;

elec = 4.8029*107*;

Dielec = 305.7*Exp[-Exp[-12.741+0.01875*T]-(T/219)];
k =1.38045*107"¢;

Mw = 0.01802;

Na = 6.0232*10%;

PSH20 = (107(7.96681-1668.21/(T-45.15)))/760;

R = 82.06;

rH = 3.8;

zOH = -1;

zS03 = -2;

{KSO02, KH20, KHSO3};
{-3768, -13445.9, 1333.4};
kvalB = {-20,-22.4773,0};
kvalC={0.0,0 , 0};

kvalD={122.53, 140.932, -21.274};
Kvalue = Exp[ (kvalA/T)+ (kvalB*Log[T]) + (kvalC*T)+kvalD];
KS0O2 =Kvalue[[1l]];

KH20 = Kvalue[[2]];

KHSO3 =Kvalue[[3]];

HenvalA =6211.22;

[}
<]
o'
1]
o+
nn

HenvalB = 60.239;
HenvalC = -0.102974;
HenvalD = -333.362;

HenrySO2 = Exp|[ (HenvalA/T)+ (HenvalB*Log[T]) + (HenvalC*T) + HenvalD];
vstar,= 115.0;

vmolwater = 18.02*(1.001508+3.976412*10°*(T-273.15)?);
If[(T-273)<50,p = 1.0-4.8*107°*(T-273)?%];

If[(T-273)>50, p = 1.0064-(2.5*%107** (T-273))—(2.3*10°°*(T-273)?%)1;

Clear[Cl2subso, solution, solutionl, solution2, K, partmolvol];
rhotil = p/18.012%46.4;

solutionl =Solve[Log[l +18.02/ ((p) *K*R*T) ]==(—-0.42704* (rhotil-1)+2.089* (rhotil-1)*-
0.42367* (rhotil-1)3), K];

Flatten[solutionl];
K = K/.solutionl[[1]];

If[2<rhotil=<2.785, series= -2.4467+ 2.12074*rhotil, "outside range"];

If[2.785<rhotil<3.2, series = 3.02214 - 1.87085*rhotil+0.71955*rhotil?, "outside
range"];

For[i=2, i<3, ivalue = 1i;
Cl2subso = (Subscript[vstar, ivalue]/46.4)°%*(-Exp[series]);
vmol ;,.;.= K*R*T* (1-Cl2subso)



i++];

partmolvolSO2 = wvmol,/1000;
partmolvolH20 = vmolwater/1000;
partmolvolH = -0.0047;

partmolvolHSO3 = 0.035;
partmolvolOH = 0.0005;

partmolvolSO3 = 0.0197;
Ionicstrength =0.5* (molalH + molalOH + molalHSO3 + 4*molalSO3);
3
2 =
2*7T*Na*d0)‘; [L]Z
A = 1000 N Dielec*k *T

FAC:(_(A/3))*(\/ Ionicstrength /(1_,_1'2*\/ Tonicstrength .5 /1 2srog[1+1.2+

v Ionicstrength 1

Clear[Bi, Bypi, Bwateri];

Betal0 = {0.04, -0.06, 0.12};

Betal = {0.12, -0.54, 1.08};

ion= {1,2,3};

Bi[BetalO_, Betal_, ion_] := (BetalO) + (Betal)/(2*Ionicstrength)* (1-
(1+2*Sgrt [Ionicstrength]) *Exp[-2*Sqrt [Ionicstrength]]) ;

Bypi [BetaO_, Betal_, ion_] :=(Betal)*(1-

(1+2*Sgrt [Ionicstrength]+2*Ionicstrength) *Exp[ (-2*Sqrt [Ionicstrength])]);
Bwateri [BetaO_, Betal_, ion_] := Beta0 +Betal*Exp[—-2*Sqrt[Ionicstrength]];
Bi = Bi[BetalO, Betal, ion];

Bypi = Bypi[BetaO, Betal, ion];

Bwateri = Bwateri[BetaO, Betal, ion];

Bl = Bi[[1]];

Bypl = Bypil[1l];

Bwaterl = Bwateri[[1l]];

B2 = Bi[[2]];

Byp2 = Bypi[[2]];

Bwater2 = Bwateri[[2]];

B3 = Bi[[3]];

Byp3 = Bypil[31];

Bwater3 = Bwateri[[3]];

Bsum = 2*molalH* ( (molalOH*Bypl)+ (molalHSO3*Byp2)+ (molalSO3*Byp3));

do;

Vm (1/do) +molalSO2*partmolvolS02;

Vi (1/do) + (molalH*partmolvolH) + (molalOH*partmolvolOH)+ (molalHSO3*partmolvolHSO3)+
(molalSO3*partmolvolSO3) ;

vHe = (4/3) *n*Na* (rH*3) * (10~-27);

vOHc = (4/3) *s*Na* (rOH~3) * (10~-27) ;

vHSO3c = (4/3) *m*Na* (rHS0343) * (10~-27) ;

vS03c = (4/3) *n*Na* (rS03+3) * (104-27);

Ve = (molalH*vHc) + (molalOH * vOHc) + (molalHSO3*vHSO3c)+ (molalSO3*vSO3c);
VEf = Vi+ (molalSO2*partmolvolS02);

lambdas02 = -0.05+(0/T);

muSO2 = - (1/55.5) * (lambdasS02+(1/166.5));

Ds Dielec* (1+( (alphaS02*molalsS02) /Vm)) ;

LH ((elec”2)* (zH”*2))/(2*rH*k*T*Dielec) *(10”8);

LHSO3 = ((elec”2)* (zHS03%2))/(2*rHSO3*k*T*Dielec)*(1048);
LOH = ((elec”2)* (zOH”2))/(2*rOH*k*T*Dielec)* (1078);

LSO3 = ((elec”2)* (zS03”2))/(2*rSO3*k*T*Dielec)*(1078);

DIV = Dielec/Ds;
Vfec = VE - Vc;
Viec = Vi - V¢;

SUML = (molalH*LH)+ (molalOH*LOH)+ (molalHSO3*LHSO3)+ (molalSO3*LSO03);

BRAC = (DIV * molalSO2) * (-alphaS02/Vm* (Vi+ (0.5*Vc)) /Vic-
(1.5*partmolvolS0O2*Vc) / (Vic*VEce));

activitycoeffH = Exp[FAC+2* ( (molalOH*B1l)+ (molalHSO3*B2)+ (molalSO3*B3)) -

(Bsum/ (4*Ionicstrength®) )+ (BRAC*LH) + (1.5*SUML* ((DIV* ((VE*vHc)-
(Ve*partmolvolH) ) /VEc?) - (((Vi*vHe) - (Ve*partmolvolH) ) /Vic?))) 1;

activitycoeffOH = Exp[FAC + (2*Bl*molalH)- (Bsum/(4*Ionicstrength?®))+ (BRAC*LOH) +
1.5*SUML* (DIV* ( (VE*vOHc) — (Ve*partmolvolOH) ) /VEc®~ ( (Vi*vOHc) — (Ve*partmolvolOH) ) /Vic?) 1;
activitycoeffHSO3 = Exp[FAC + (2*B2*molalH)- (Bsum/ (4*Ionicstrength?))+ (BRAC*LHSO3) +
(1.5*SUML* ( (DIV* ( (VE*vHSO3c) - (Vc*partmolvolHS03) ) /VEc?) - ( ((Vi*vHSO3c) -
(Ve*partmolvolHS03)) /Vic?))) 1;

activitycoeffSO03 = Exp[ (4*FAC) + (2*B3*molalH)- (Bsum/Ionicstrength?)+ (BRAC*LSO3) +
(1.5*%SUML* ( (DIV* ( (VE*vSO3c) - (Vec*partmolvolS03)) /VEc?) - ( ((Vi*vSO3c) -
(Ve*partmolvolsS03)) /vVic?)))1;



activitycoeffS02 = Exp| (2*lambdaS02*molalS02)+ (3*muSO2*molalS02?)+ (SUML*DIV* (( (-
1.5*partmolvolS02*Ve) /VEc?*)+ (((VE + (0.5*Ve))/VEce) * (partmolvolSO2/Vm—
(DIV* (partmolvolSO2+alphasS02))/vVm))))1;

activityH20 = Exp[Mw* (((2*A)/3*Tonicstrengthi®/ (1 + 1.2+V Ionicstrength ,,_
(2*molalH* (Bwaterl*molalOH +Bwater2*molalHSO3+ Bwater3*molalSO03))-
(lambdaS02*molalS02?) — (2*muSO2*molalS02°®) - (molalH+molalOH+molalHSO3
+molalS03+molalS02) - (SUML* ( ( (—

alphaS02*molalSO2*DIV?) / (do*Vm®) * (VE+(0.5*Ve) ) /VEc) +((1.5*%Vec*DIV) / (do*VEc?) ) -
((1.5*ve) / (do*Vic?)))))1;

(a%0).,:= 0;

(a*0).. = 0;
(a*0),. = 1.7;
(a*0).. = 1.7;
c,=0.01;

c, = 0.017;

alp;, =3.1307;
alp, = 2.8730;
Beta;, =1161.7;
Beta, = 1815.4;
¥yl =1.5589;

¥2 = 1.1043;
61 =0.593*107;
62 = 2.721*107%;
(a”0),=1.06;
(ax”0),=2.86;
(a*1),=2.07;
(a*~1),=0.01;
(3~0),=8.4;
(370).=21.9;
(B*1),=1153.3;
(B*1),=1793.5;
R, .. = 0.082054;

Initguess = ((R;...*T)/Pressure);
NVFUG = 2;
f,=1;

PartpressureH20 =( (10~(7.96681-1668.21/(T-45.15)))/760);
PartpressureSO2 = Pressure — PartpressureH20;
vapmolefracH20 = PartpressureH20/Pressure;
vapmolefracSO2 = 1 —-vapmolefracH20;
yl .= vapmolefracH20;
yl, = vapmolefracS02;
TOTY = yl .+ yl,;
y. = yl,/ TOTY;
y. = yl,/TOTY;
Tempa = T;
Pressa = Pressure;
Clear[V, ETA];
Do[b; = Exp[2.30259* (-yi-6i*Tempa)];, {i, NVFUG}];
Do[
Dol
(B~0s,5)= 0.5*%((B"0):+(B"0););
(B*1:,5)= Sqrt[(B*1).*(B"1);];
If [i==] , (Bi,])=Beta;, (Bi,J)= (B"0i5)+ (B 1.3 ]1;
(a*l;;)= Sqrt[(a”l):*(a*1);];
If [i=] , (ai,j)=alp;, (ai,])= (a”0);;+ (a*l:i;)];
a;;= ai,j + (Bi, 3)/T;
+ {3,1, NVFUG}];
. {i, 1,NVFUG}];
NVFUG NVEUG

Yi* ¥Yi*aij

a, = i 3 ;
NVEUG
Z Yi*bi
b= i=1 ’
NVEUG
Yi*Ci
o, = i=l ;
ETA = b,/ (4*V);
VLO = b,/ (4*1.0000001);



VHI = Initguess * 100;

VIER = Solve[Pressure==(R; . ...*T)/V* ((1+ETA+ETA*-ETA’) / (1-ETA)*)-a./ (V(V+cy )), VI;
Len = Length[VIER];

Do[V.w:=V/.VIER[[subs]], {subs, 1, Len}];

V = Max[Table[Re[V.;.], {subs, 1, Len}l];

z =( Pressure* V)/ (R, an * T);

Do[£f,= Exp[ ((4*ETA — 3*ETA?)/(1-ETA)?) +( b,/b,* ((4*ETA — 2*ETA%)/(1-ETA)%))-(2/ (R, .

NVFUG 5 -1y e
Z Y3 *ag,j Z (-1) * (_M)m

ek THY) * ( 3= y »@a ™+l Vo 1))+ ((an*en) / (Re . wa®THV2) * (

le( )™ % (m+1) (cM)m

o (m+2) \'

+0.5))-Log[z]],
{k,1, NVFUG}];

’
TOTY =yl .+ yl;;
y. = yl,/ TOTY;
y. = yl,/TOTY;
Tempa = T;
Pressa = Pressure;
Clear[waterV, ETA];

Do[b; = Exp[2.30259* (—yi-6i*Tempa)];, {i, NVFUG}];
Do[
Do[
(B*0s,5)= 0.5% ((B*0):+(B"0),);
(B*1;,5)= Sqgrt[(B*1).*(B*1);];
If [i=3 , (Bi,]j)=Beta;, (Bi,Jj)= (B*0.;)+ (B*1l.,)1;
(a*1;,;)= Sqgrt[ (a*l).* (a*1);];
If [i=3 , (ai, j)=alp;, (ai,j)= (a”0);s+ (a*l.,,)];
a,;= ai,j + (Bi,3)/T;
+ 13,1, NVFUG}];
, {i, 1,NVFUG}];

NVFUG NVFUG
Yi* ¥Yj*aij
a, = il 3 ;
NVFUG
Z yi*bj
b= i ;
NVFUG
Yi*Cy
Cu = i=1 i

Clear[waterV];

ETA = b,/ (4*waterV);

BOX =( 1 + ETA + ETA*+ETA’) / (1-ETA)?3;

VVIER = Solve[Pressure == ((R; . ..*T)/waterV*BOX) - a,/ (waterV* (waterV+c,)), waterV];

Len = Length[VVIER];

Do[waterV...=waterV/.VVIER[[subs]], {subs, 1, Len}];

waterV= Max[Table[Re[waterV.,.], {subs, 1, Len}]];

purez =( Pressure* waterV)/(R, .. * T);

fourevater= ExXp[ ((4*ETA - 3*ETA?)/ (1-ETA)’) +( b,/b,* ((4*ETA - 2*ETA’) / (1-ETA)’))-(2/ (R, .

NVFUG m
ZYj*al,j i(_l) *( Cu )m

m+1 waterV

wn*Trwaterv) * ( 371 ) *(m=l +1) )+ ((au*c1) / (R, . wn*T*waterV) * (
i(-l)m*(mu) ( cu )m

*
o (m +2) waterV

+0.5) ) -Log[purez]];
fugcoeffpureH20 = £ . .ate:;

guesspartpressureH20 =( (107 (7.96681-1668.21/(T-45.15)))/760)*1;
Clear[vapmolefracS0O2, vapmolefracH20];
guessvapmolefracH20 = guesspartpressureH20/Pressure;
guessvapmolefracSO2 = 1 - guessvapmolefracH20;
guessmolesH20 = H20IN;

guessmolalH = 0.9%107%;

guessmolalOH = KH20/guessmolalH;

guessmolalSO2 = 0.05* (SO2IN);

guessmolalHSO3 = (KSO2*guessmolalS02)/ (guessmolalH);
guessmolalSO3 = (KHSO3*guessmolalHSO3)/ (guessmolalH);



guessVaprate= 3;

S1=KH20==(activitycoeffH * molalH *activitycoeffOH * molalOH)/ (activityH20);

S2 =KSO2 ==((activitycoeffH*molalH * activitycoeffHSO3 * molalHSO03)/ (activitycoef£fS02
*molalSO2*activityH20));

S3 =KHSO3== ((activitycoeffH*molalH * activitycoeffS03 * molalSO3)/ (activitycoeffHSO3
*molalHS03));

(* Vapour liquid equilibria expressions labelled as book ¥*)

S5 = vapmolefracH20 * £, *Pressure ==activityH20* PSH20 *
fugcoeffpureH20*Exp [ (partmolvolH20 *1000* (Pressure— PSH20))/(R*T)];

S6 = vapmolefracSO2 * £, * Pressure == molalSO2*activitycoeffSO2*HenrySO2*
Exp[ (partmolvolSO2 *1000* (Pressure— PSH20))/(R*T)];

(*
____*)

(* other system equations¥*)

(* vapour phase balance *)
S8 = vapmolefracSO2 + vapmolefracH20 == 1;

(* sulphur balance ¥*)
S9 = (molesH20/55.51* (m0olalSO2 + molalHSO3 + molalSO3)) + (vapmolefracSO2*Vaprate)

SO2IN ;

(* hydrogen balance ¥*)
S10 = (2*molesH20) + (molesH20/55.51* (molalH + molalOH + molalHSO3)) +
(2*vapmolefracH20*Vaprate) ==2*H20IN ;

(* electroneutrality *)
S11l = molalH == (molalOH + molalHSO3 + (2*molalS03));

Unknowns= FindRoot [
{s1, s2, s3, s5,s86,S88, S9,s810,S11},

{{molesH20, guessmolesH20,10}, {molalH, guessmolalH,1l}, {molalOH,
guessmolalOH, 1}, {molalSO2, guessmolalSO2,10}, {molalHSO3, guessmolalHSO3,1},
{molalsSO3, guessmolalS03,1}, {vapmolefracH20, guessvapmolefracH20,1},
{vapmolefracSO2, guessvapmolefracSO2,1}, {Vaprate,
guessVaprate, 5} },Method-"Secant"];

molesH20 = molesH20/.Unknowns;

molalH = molalH/.Unknowns;

molalOH = molalOH/.Unknowns;

molalSO2 = molalSO2/.Unknowns;

molalHSO3 = molalHSO3/.Unknowns;

molalSO3 = molalSO3/.Unknowns;
vapmolefracH20 = vapmolefracH20/.Unknowns;
vapmolefracSO2 = vapmolefracSO2/.Unknowns;
Vaprate= Vaprate/.Unknowns;
molalHSO4=molalHSO3;

molalSO4=molalSO03;
vapmolefracO2=1-vapmolefracH20-vapmolefracS02+0.01;
molalSO2ag=molalSO3+molalHSO3-.1;
molalSO3ag=molalS03*0.001;
molalH2SO4ag=molalHSO4+molalS04+.02;

(* Clear the values for Vapour Mole Fractions ¥*)

Clear[vapmolefracO2, vapmolefracSO3, vapmolefracSO2, vapmolefracH2SO4,
vapmolefracH20];

(* Clear the values for Ion Mole values *)

Clear[molalH, molalOH, molalHSO3, molalHSO4, molalSO3, molalSO4];

(* Clear the values for Liquid Mole values *)

Clear[molesSO2, molesH20, molesO2, molesSO3, molesH2S0O4, molalSO3aq, molalSO2aq,
molalH2SO4aq];

(* Clear the values for K Values *)

Clear[KH20, KH2S0O4, KHSO4, KH2S04G, KSO3, KSO02,KHSO3];

(* Clear the values for Partial Molar Volumes¥*)

Clear[partmolvolH2S0O4, partmolvolH20, partmolvolO2, partmolvolSO3, partmolvolSO2];
(* Clear the values for Partial Pressures¥*)

Clear[vapmolefracH2S0O4, vapmolefracH20, vapmolefracO2, vapmolefracSO3,
vapmolefracS02]

(* Clear the values for the other necessary variables¥*)



Clear[p, Subst,Vaprate, IonicStrength,Totpress, TotalMolalH2SO4, TotalMolalSO2,
TotalMolalSO3]; *)

Pressure = Barpressure * 0.987;

T=TCel + 273.15;

guesspartpressureH20 =Pressure*.l;

guesspartpressureS0O2 =Pressure*.5*SO2IN;
guesspartpressure02 = Pressure - (guesspartpressureH20 +
guesspartpressureSO2+guesspartpressureH2S04 ) ;
guesspartpressureH2S04 =Pressure*.01*H2SO4IN;

(* Define Constants *)

If[(T-273)<50,do = (1.0-4.8*10°°*(T-273)%)1;

If[(T-273)>50, do = (1.0064-(2.5*%107**(T-273))=(2.3*10°°*(T-273)?%))]; (*Density of
Water¥*)

alphaSO2 -0.030;

alphaso3 -0.030; (*added¥*)

alphaH2S04 = -0.030; (*added¥*)

elec = 4.8029*107*°;

Dielec = 305.7*Exp[-Exp[-12.741+0.01875*T]-(T/219)];

k =1.38045*107'%; (*Boltzmann Constant¥*)

Mw = 0.01802; (*MW of Water¥*)

Na = 6.0232*10%; (*Avogadros Number*)

PSH20 = (107(7.96681-1668.21/(T-45.15)))/760; (*Vapour Pressure of Water*)
R = 82.06; (*Gas Constant, need units¥*)

(*Ionic Radius - Check Numbers of sulfate and bisulfate¥*)
rH = 3.8
rHSO3 =
rOH = 3.
rSO03 = 2.8;
rHSO4 = 2.7;
rSo4 = 2.8

2.7;
5;

’

(*Electric Charge¥*)
zH = 1;

zHS03 = -1;

zOH = -1;

(* *)

(* *)

(* Calculation of equilibrium constants for liquid phase reactions
The order is the following:

1=S02 dissociation

2=Water hydrolysis

3=Bisulphite formation

4=Sulphuric Acid Strong dissociation

5=Bisulfate formation

6=Sulfuric acid formation

*)

(* Substituted K values for values within property databanks *)
(*

Subst = {KSO2, KH20, KHSO3, KH2S04, KHSO4, KSO03, KH2S04G};
kvalA = {-3768, -13445.9, 1333.4,1333.4,1333.4,1333.4,1333.4};
kvalB = {-20,-22.4773,0,0,0,0,0};

kvalc={0.0,0 , 0,0,0,0,0};
kvalD={122.53, 140.932, -21.274, -21.274, -21.274, -21.274, -21.274},;
Kvalue = Exp[ (kvalA/T)+ (kvalB*Log[T]) + (kvalC*T)+kvalD];

(*Print ["Equilibrium constants for liquid phase reactions"]*)

KS0O2 =Kvalue[[1l]];
KH20 = Kvalue[[2]]
KHSO3 =Kvalue[[3]]
KH2S04 =Kvalue[[4]
KHSO4 =Kvalue[[5]]
KSO3 =Kvalue[[6]];
KH2S04G =Kvalue[[7]];

;
;
1;
;

*)

(*These values are fitted from the HSC rate bank - Reaction Equations - Correct if
needed¥*)

KSO2 =N[3*10”(—-6) *TCel*TCel-0.0006*TCel+0.0292];



KH20 =N[9*10~ (-17) *TCel*TCel-5*10* (-15) *TCel+9*10* (-14)];

KHSO3 =N[3*10%(-12) *TCel*TCel-1*10* (-9) *TCel+9*10~ (-8)1;

KH2S04 =N[3*10~(12) *Exp[-0.089*TCel]];

KHSO4 =N[2*10%(-6) *TCel”2-0.0004*TCel+0.0183];

KSO3 =N[9*10” (-15) *Exp[0.1245*TCel]]; (*Formation of acid under trioxide dissolution¥*)
KH2S04G =N[3*10%(-11) *Exp[0.111*TCel]];

(* *)
(*Calculation of ionic quantities for activity coefficient calculation¥*)
(*

litwater=H20IN*Mw/do;

Print["Liters of water: ", litwater];

contribHl=Sqrt [KH20];

molalO2=Sqrt [KH20];

molalHSO3=

*)

(* *)
(*Calculation of Henry's constant for Subscript[SO, 2]%*)

HenvalA =6211.22;

HenvalB = 60.239;
HenvalC = -0.102974;
HenvalD = -333.362;

HenrySO2 = Exp|[ (HenvalA/T)+ (HenvalB*Log[T]) + (HenvalC*T) + HenvalD];
(*Print ["Calculated Henry's Constant = ", HenrySO02]; *)

(* *)
(*Calculation of Henry's constant for Subscript[SO, 3] - INCORRECT VALUES¥*)

HenvalA =6211.22;

HenvalB = 60.239;
HenvalC = -0.102974;
HenvalD = -333.362;

HenrySO3 = Exp|[ (HenvalA/T)+ (HenvalB*Log[T]) + (HenvalC*T) + HenvalD];

(* *)
(*Calculation of Henry's constant for Subscript[H, 2] Subscript[SO, 4] - INCORRECT
VALUES*)

HenvalA =6211.22;

HenvalB = 60.239;
HenvalC = -0.102974;
HenvalD = -333.362;

HenryH2S04 = Exp|[ (HenvalA/T)+ (HenvalB*Log[T]) + (HenvalC*T) + HenvalD];

(* *)
(* Calculation of Henry's Constant for 02 ¥*)
KHdash = Exp[1/(8.3144*T) ((0.046*T?)+(203.357*T*Log[T/298])-((299.378+0.092*T) * (T-

298))-20.591*10%)1;
HenryO2 = 1/KHdash;
*

Print["Calculated Henry's Constant = ", HenryH2SO04];

Print["Calculated Henry's Constant Subscript[O, 2] = ", HenryO2];
Print["Calculated Henry's Constant = ", HenrySO3];

*)

(* *)

(*Brelvi & O'Connell Correlation for Partial Molar volume¥)

(* vsubso = partial molar volume at infinite dilution, cm”3/g mole (Overscript]|v,
_1%0);

R = gas constant, 82.06 atm cm*3/g mole K (R);

T = Temperature, Kelvins;

Cl2subso = reduced volume integral of the molecular direct correlation function
Subscript[c, ij] at infinite dilution (Subscript[C, 12]%0);



K2subso = isothermal compressibility at infinite dilution, atm”-1 (Subscript [K,
2]%0);

vistar = characteristic volume of i, cm”3/g mole. For nonpolar species the critical
volume, Subscript[v, c], may be used; experimental compressibility data may be used
to determaine v** for polar compounds. (Subscript[v, i]*¥*);

rho = pure solvent density, g mole/cm*3 (p);

rhotil = reduced density = Subscript[pv, 2]** (Overscript[p, ~]); *)

(* the numbers 1 2 and 3 are the opposite way round to the book *)

(* 1 - water *)
(* 2 — sulphur dioxide *)
(* 3 - oxygen *)

(* 4 — sulphur trioxide *)
(* 5 — sulfuric acid *)

(*vstar and molecular weight Linear Solution - see Vstar Calculationt*)
(*END vstar and molecular weight Linear Solutiont*)

(* vstar values from Zemaitis *)
vstar,= 46.4;

vstar,= 115.0;

vstar; = 74.4;

vstar,= 132;

vstars= 154;

(* the molar volume of water is calculated using this equation *)
vmolwater = 18.02*(1.001508+3.976412*10°* (T-273.15)?%);

(*Calculation of density of water using equation from Handbook*)
If[(T-273)<50,p = 1.0-4.8*10°*(T-273)°];
If[(T-273)>50, p = 1.0064-(2.5*%107** (T-273))—(2.3*10°°*(T-273)%) 1;

Clear[Cl2subso, solution, solutionl, solution2, K, partmolvol];
rhotil = p/18.012%46.4;

solutionl =Solve[Log[l +18.02/ ((p) *K*R*T) ]==(-0.42704* (rhotil-1)+2.089* (rhotil-1)*-
0.42367* (rhotil-1)3), K];

Flatten[solutionl];
K = K/.solutionl[[1]];

If[2<rhotil=<2.785, series= -2.4467+ 2.12074*rhotil, "outside range"];

If[2.785<rhotil<3.2, series = 3.02214 - 1.87085*rhotil+0.71955*rhotil?, "outside
range"];

For[i=2, i<6, ivalue = 1i;

Cl2subso = (Subscript[vstar, ivalue]/46.4)°%* (-Exp[series]);
vmol ;,.,..= K*R*T* (1-Cl2subso);

it++]

partmolvolSO2aq = vmol,/1000;

partmolvolSO2 = vmol,/1000;
partmolvolH20 = vmolwater/1000;
partmolvolO2 = vmol,/1000;
partmolvolSO3agq vmol,/1000;

partmolvolH2S04 = vmol,/1000;

(*Print ["Calculated partial molar volumes"]

Print["Partial molar volume of SO2 = ", partmolvolSO2, " dm3/mol"]
Print ["Partial molar volume of H20 = ", partmolvolH20, " dm3/mol"]
Print["Partial molar volume of 02 = ", partmolvolO2, "dm3/mol"]
Print[]

Print["in zemaitis the henry's law equation says these should be in dm3 per mole but

then in the calculations they give cm3 per mole and analysis of the exponential term

would indicate that cm3 mol is the appropriate unit, need to calculate in dm3 for the
activity coefficient equations though"]

Print[]*)

(* rest of partial molar volumes from table in appendix 9.1 Zemaitis - Check Partial
Molar Volumes¥*)

partmolvolH = -0.0047;

partmolvolHSO3 = 0.035;

partmolvolOH = 0.0005;

partmolvolSO3 = 0.0197;

partmolvolHSO4 = 0.035%*1.2;



partmolvolSO4 = 0.035*%1.2;
(* partial molar volume of oxygen in water from Bignell J Phys Chem 1984, 88, 5409 -
5412 *)

partmolvolO2bignell = (31.73 - 0.0919*TCel + 0.00267*(TCel”2))/1000;

(*

Print["Partial molar volume of 02 from bignell = ", partmolvolO2bignell, " m”*3 mol”-
1"1;

*)

(* Bignells paper had an incorrect unit the value given by Brelvi and O'Connell is in
the right unit ¥)

(* partial molar volume is the contribution that a component makes to the total
volume of a sample partial molar volume of a substance A in a mixture is the change
in volume on the addition of 1 mol A to a large excess of the mixture ¥*)

(* Zhou and Battino gave the partial molar volume of oxygen as 32 cm3 mol-1 *)

(* *)

(* Calculation of fugacity coefficients for each species using Nakamura equation of
state *)

(*<<Miscellaneous RealOnly" *)

(* Define constants; 1 = water, 2 = sulphur dioxide 3 = oxygen , 4 = sulfur
trioxide, 5 = sulphuric acid

THESE ARE ALL FAKE*)

(a”0):.= 0;
(a”0).,.
(a”0)4,5
(a”0) 1,4
(a®0) 1,5
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.19;
.19;

NN

(a”0) 2,1 .7
(a*0),2
(a*0) 2,3
(a”0)2,,

(a”0)2,s

I uwnn
CRNR R

[y

[y
O

(a”0)s,1
(a”0)s,2
(a”0)s,3
(a”0)s,.
(a”0)s,s

o
NNMNNDDN

(a”0) .1
(a”0).,2
(a”0) 4,5
(a”0) 4,4
(a”0) 45

o nn
BB NDNDDN

(a%0)s,1
(a”0)s,.
(a”0)s,5
(a”0)s,.
(a”0)s,s

b www

.01;
0.017;
0;

.017;

0;

C:=

Q
N
nmonnno

3.1307;
2.8730;
1.5324;
1.5324;
1.5324;

Q2 Q8
[y
T
nonon

Q

'—I
9

non

1161.7;
1815.4;
8.56;
8.56;
8.56;

>
(]
ct
[\
o

|

¥l =1.5589;



¥2 = 1.1043;

¥3 = 1.2458;

¥4 =1.5589;

¥5 =1.5589;

61 =0.593*%107;
62 = 2.721*%107%;
63 = 1.199*107°%;
64 = 1.199*107°%;
65 = 1.199*107°%;

(* nonpolar and polar contributions *)

(a*0);=1.06;
(a*0),=2.86;

(a*0),=1.5324;
(a*0) ,=1.5324;
(a*0),=1.5324;

(a*1),=2.07;
(a*1),=0.01;
(a*1),=0.0;
(a*1),=0.0;
(a*1):=0.0;

(B~0).=8.4;

(B~0).=21.9;
(B~0),=8.56;
(B~0).,=8.56;
(B~0)s=8.56;

(B*1),=1153.3;
(B*1).=1793.5;
(B~1):=0;
(B*1).=0;
(B*1)s=0;

(* Calculation of fugacity coefficients

R, .. = 0.082054;

Initguess = ((R; . ..*T)/Pressure);

NVFUG = 5;

(* 1 = water, 2 = sulphur dioxide, 3 = oxygen , 4= SO03, 5=H2S04%*)

guessvapmolefracH20 = guesspartpressureH20/Pressure;
guessvapmolefracSO2 = guesspartpressureSO2/Pressure;
guessvapmolefracO2 = guesspartpressureO2/Pressure;
guessvapmolefracSO3 = guesspartpressureS02/Pressure*.075;
guessvapmolefracH2S04 = guesspartpressureH2S04/Pressure;

yl,= guessvapmolefracH20;

yl, = guessvapmolefracS02;
yl; = guessvapmolefracO2;
yl, = guessvapmolefracSO03;
yl; = guessvapmolefracH2S04;

TOTY = yl .+ yl, + yls+yl.,+yls;

y: Yll/ TOTY;
y. = yl,/TOTY;
y-=y1l,/TOTY;
y.=yl,/TOTY;
ys=y1l./TOTY;

Tempa = T;

Pressa = Pressure;

Clear[V, ETA];

Do[b; = Exp[2.30259* (-yi-6i*Tempa)];, {i, NVFUG}];

Do[
Do[
(B*0s,5)= 0.5%((B*0):+(B"0),);
(B*1;,;)= Sqrt[(B*1).*(B"1);];
If [i=3 , (Bi, j)=Beta;, (Bi,J)= (B"0.5)+ (B*1.5)1;



(a*l;;)= Sqrt[(a”l):*(a*1);];
If [i=] , (ai,j)=alp;, (ai,])= (a”0);;+ (a*l:i;)];
a;;= ai,j + (Bi,J)/T;
+ {3,1, NVFUG}];
» {i, 1,NVFUG}];

NVFUG NVFUG
Yi* ¥j*aij
a, = i=1  j=1 ;
NVFUG
yi*bj
b= i ;
NVFUG
Yi*Cy

Cy = i=1 ;

ETA = b,/ (4*V);

VLO
VHI

b,/ (4*1.0000001) ;
Initguess * 100;

(*

Print["Initial Guess for Molar Volume from ideal gas law = ", Initguess];
Print["Molar volume boundary"];

Print ["Possible highest wvalue = ", VHI];

Print ["Possible lowest value = ", VLO];

Print[];

*)

VIER = Solve[Pressure==(R;  ..*T)/V*((1+ETA+ETA’-ETA’) / (1-ETA)’) -a,/ (V(V+cy )), VI;

Len = Length[VIER];
Do[V.w:=V/.VIER[[subs]], {subs, 5, Len}];
Vsol = Table[V..., {subs, 5, Len}];

Vsol;

V = Max[Vsol];

z =( Pressure* V)/ (R, an * T);

Do[f,= Exp[ ((4*ETA - 3*ETA’) /(1-ETA)?) +( bi/b.*((4*ETA — 2*ETA’)/(1-ETA)°*))-(2/(R..

NVEUG 5 (-1)® Cy\n
w2 (Y]
wn*THV) % (37 ) x(mat MY #1))+ ((2*C) / (Ry | cn®¥THV?) * (
i.l(—l)‘“*(m+1) (CM)m
- .=
m+2 \'
m=1 (m+2) +0.5))-Log[z]],
{k,1, NVFUG}];
(*
Print["molar volume = ", V, " 1l/mole"]
Print ["fugacity coefficient of water = ", Subscript[f, 1]];
Print ["Fugacity coefficient of sulphur dioxide = ", Subscript[f, 2]];
Print ["Fugacity coefficient of oxygen = ", Subscript[f, 3]];
Print ["Fugacity coefficient of SO3 = ", Subscript[f, 4]];
Print ["Fugacity coefficient of H2S04 = ", Subscript[f, 5]];
*)
(* *)
(* *)

(* calculation of pure water fugacity using Nakamura equation of state *)
(* 1 = water, 2 = nothing ¥*)

NVFUG = 1;

yl = 1;

yl, = 0;

TOTY = yl .+ yl,;
Y: 1/ TOTY;

Tempa = T;
Pressa = Pressure;

Clear[waterV, ETA];

Do[b; = Exp[2.30259* (—yi-6i*Tempa)];



(*Print [SubscriptBox["b",i]//DisplayForm, " = ",6Subscript[b, i] 1;*), {i, NVFUG}];

Do[
Do[
(B*0:,5)= 0.5% ((B*0).+(B"0););
(B*1;,5)= Sqgrt[(B*1).*(B*1);];
If [i=3 , (Bi, j)=Beta;, (Bi,J)= (B"0.5)+ (B*1.,)];
(a*l; ;)= Sqgrt[ (a*l).* (a*1l);];
If [i=] , (ai, j)=alp:, (ai,J)= (a”0);s+ (a*l.;)];
a,;= ai,j + (Bi,3)/T;
+ {3,1, NVFUG}];
, {i, 1,NVFUG}];

NVEUG NVFUG
Yi* ¥Yj* ai,j
a, = il 3 ;
NVFUG
Z yi*bj
b= i ;
NVFUG
Yi*Ci
oy = sl ;

Clear[waterV]

ETA = b,/ (4*waterV);

BOX =( 1 + ETA + ETA*+ETA’)/ (1-ETA)°>;

VVIER = Solve[Pressure == ((R, . ..*T)/waterV*BOX) - a,/(waterV* (waterV+cy,)), waterV];

Len = Length[VVIER];
Do[waterV...=waterV/.VVIER[[subs]], {subs, 5, Len}];
Vsol = Table[waterV.,., {subs,5, Len}];

waterV = Max[Vsol];

(* Calculation of compressibility factor¥)

purez =( Pressure* waterV)/(R, .. * T);

frurevater= EXp[ ((4*ETA - 3*ETA?) / (1-ETA)*) +( bi/by* ((4*ETA - 2*ETA’)/(1-ETA)’))-(2/ (R..

G m
N%Yj*al,j i(—l) *( ey )m

wn*T*waterv) * ( J=1 ) *(m=l m+1 waterV +1) )+ ((av*c1) / (Ry . .n*T*waterV) * (
i(_l)m*(ml) ( cu )m

*
o (m +2) waterV

+0.5))-Log[purez]];

fugcoeffpureH20 = fi .ccuater;

(*Print ["fugacity coefficient for pure water = ", fugcoeffpureH20]*)

* *)
(* Calculation of activity coefficient of oxygen in sulphur dioxide electrolyte
solution from UEA paper Clegg and Brimblecombe
Modify with sulphuric Acid and Sulfur Trioxide¥*)

A02,H= -0.2379 + 81.450/T;

A02,0H= 0.93318 - 430.552/T+49860.8/T?;
A02,HS03= (15.571/T)/2;

2A02,803= 15.571/T;

£02,H,0H=0;
£02,H,HSO03=0;
£02,H,S03=0;

activitycoeffO02 = Exp[ (2*molalH*A02,H) +2*((molalOH*A02,0H) +(molalHSO3 *
A02,HSO03) + (molalsSO3 *A02,S03))+((molalH*molalOH*Z02, H, OH) +
(molalH*molalHSO3*£02,H, HSO3) + (molalH*molalsS0O3 * £02,H,S03))1;

(* ionic strength ¥*)

IonicStrength =0.5* (molalH + molalOH + molalHSO3 + 4*molalSO3+4*molalSO4+molalHSO4) ;
(*

Print["Ionic strength = ", IonicStrength];

*)



(* *)
* *)
(* The Debye-Huckel constant, A, is calculated as follows ¥*)

3
2 =
(Z*H*Na*dO)% [__:EES___]Z
A = *

(*
Print ["Debye—-Huckel constant A = ", A];
*)

(* Debye—-Huckel term *)

FAC=(_(1_\/3))*(\/IonicStrength /(1+1'2;V TonicStrength .5 o/1 2xrog[1+1.2+
V IonicStrength |,

(*

Print ["Debye-Huckel term FAC = ", FAC];

*)

(* *)
(* *)
(*ion—-ion interactions using standard Pitzer terms¥*)

’

Clear[Bi, Bypi, Bwateri];

(* species specific coefficients (water-sulphur dioxide system) values in order,
H+OH-, H+HSO3-, H+SO03- , H+HSO4-, H+SO04--
INCORRECT DATA - MODIFY!*)

Beta0 = {0.04, 0.06, 0.12, .02, .02};

Betal = {0.12, 0.54, 1.08, .02, .02};

ion= {1,2,3/ 4! 5};

Bi[BetaO_, Betal_, ion_] := (BetalO) + (Betal)/(2*IonicStrength)* (1-

(1+2*Sqgrt [TonicStrength]) *Exp[-2*Sqrt [TonicStrength]]);

Bypi [BetaO_, Betal_, ion_] :=(Betal)*(1-
(1+2*Sgrt [IonicStrength]+2*IonicStrength) *Exp[ (-2*Sqrt [IonicStrength])]);

Bwateri [BetaO_, Betal_ , ion_] := BetaO +Betal*Exp[-2*Sqrt[IonicStrength]];

Bi = Bi[BetalO, Betal, ion];
Bypi = Bypi[BetaO, Betal, ion];
Bwateri = Bwateri[BetaO, Betal, ion];

Bl = Bi[[1]1];
Bypl = Bypil[1l]l];
Bwaterl = Bwateri[[1l]];

B2 = Bi[[2]];
Byp2 = Bypill[2]];
Bwater2 = Bwateri[[2]];

B3 = Bi[[3]];
Byp3 = Bypil[311];
Bwater3 = Bwateri[[3]];

B4 = Bi[[4]];
Byp4 = Bypil[4]1];
Bwater4 = Bwateri[[4]];

B5 = Bi[[5]1];
Byp5 = Bypil[5]11];
Bwater5 = Bwateri[[5]];

Bsum =

2*molalH* ( (molalOH*Bypl) + (molalHSO3*Byp2) + (molalSO3*Byp3) + (molalHSO4*Byp4) + (molalSO4*
Byp5));

(* *)

(*ion molecule interaction coefficients from dielectric effects*)

do;

(*

Print ["Density of water = ", do, " kg/dm*3"]

*)




(* a. volume of neutral solution excluding ions, dm*3/kg of Subscript[H, 2]0 / NOTE
THAT THERE IS NO H2SO04!*)
Vm = (1/do)+molalSO2ag*partmolvolSO2+molalSO3ag*partmolvolSO3aqg;

(* b. volume of ionic solution excluding neutral solutes, dm”*3/kg Subscript[H, 2]0 *)
Vi = (1/do)+ (molalH*partmolvolH) + (molalOH*partmolvolOH)+ (molalHSO3*partmolvolHSO3)+
(molalSO3*partmolvolSO3) + (molalSO4*partmolvolS0O4)+ (molalHSO4*partmolvolHSO4) ;

(* ¢. volume of ionic cavities for ion i, dm/mole *)
vHec = (4/3) *n*Na* (rH*3) * (107-27) ;
vOHc = (4/3) *m*Na* (rOH~3) * (107~-27) ;

VHSO3c = (4/3) *m*Na* (rHSO343) * (10~-27) ;
vSO3c = (4/3) *m*Na* (rSO3~3) * (10~-27) ;
VHSO4c = (4/3) *m*Na* (rHS04~3) * (10~-27) ;
vSO4c = (4/3)*m*Na* (rS04+3)* (10~-27) ;

(* d. volume of all ionic cavities, dm”*3/kg Subscript[H, 2]0 *)
Ve = (molalH*vHc) + (molalOH * vOHc) +
(molalHSO3*vHSO3c) + (molalSO03*vS03c) + (molalS04*vSO4c) + (molalHSO4*vHSO4c) ;

(* e. volume of real solution dm*3/kg Subscript[H, 2]0 *)

VEf = Vi+ (molalSO2ag*partmolvolSO2)+ (molalSO3ag*partmolvolSO3aq);
(*
*)
(* molecule molecule interactions + CORRECT FOR S0O3-S0O3 and 02-027?7%)
(*lambdasSO2 = 0.0275+(0/T) *)

lambdas02 = -0.05+(0/T);

musSO2 = - (1/55.5) * (lambdasS02+(1/166.5));

(*SAME LAMBDA WITH SO2*%*)

lambdaso3 = -0.05+(0/T);

muSO03 = -(1/55.5)* (lambdasSO3+(1/166.5));
muH2S04=muS03*3;

(* What is this haha get rid of this!¥)

(* Dielectric constant of soln without ions *)
Ds = Dielec* (1+(((alphaSO2*molalSO2aq)+ (alphaSO03*molalS03))/Vm));
(* *)

vapmolefracH2SO4=vapmolefracS0O2*.1;
vapmolefracSO3=vapmolefracS02*01;

(* *)

(*dimensionless constant of dielectric contribution of ion i in activity
coefficient*)

LH = ((elec”2)* (zH"2))/(2*rH*k*T*Dielec)*(1078);

LHSO3 = ((elec”2)* (zHS0372))/(2*rHSO3*k*T*Dielec)*(1048);
LOH = ((elec”2)* (zOH”2))/(2*rOH*k*T*Dielec)*(1078);

LSO3 = ((elec”2)* (zS0372))/(2*rSO3*k*T*Dielec)*(10”8);
LHSO4 = ((elec”2)* (zHS0472))/(2*rHSO4*k*T*Dielec)*(1048);
LS04 = ((elec”2)* (zS04~2))/(2*rSO4*k*T*Dielec)*(10”8);

(* *)
(*Definition of terms often used to simplify the activity coefficient equations*)

DIV = Dielec/Ds;
Vfec = VE - Vc;
Viec = Vi - Vg¢;

SUML = (molalH*LH)+ (molalOH*LOH)+ (molalHSO3*LHSO3)+ (molalSO3*LSO0O3);
BRAC = (DIV * molalSO2aq) * (-alphaS02/Vm* (Vi+(0.5*Ve)) /Vic—-
(1.5*partmolvolS0O2*Vc) / (Vic*VEce)) ;

(* OXYGEN *)
Calcppoxygen = vapmolefracO2 * Barpressure;

PartialO2bar = Calcppoxygen;

PartialO2atm = PartialO2bar * 0.987;

T =TCel + 273.15;
conc = PartialO2atm*Exp[1l/(8.3144*T) ((0.046*T?)+(203.357*T*Log[T/298])-
((299.378+0.092*T) * (T-298) )-20.591*10°) ];

(* *)
(*ERASE AFTER THIS : DEBUGGING AREA¥)



activitycoeffH = Exp[FAC+2* ((molalOH*Bl)+ (molalHSO3*B2)+ (molalSO3*B3)) -
(Bsum/ (4*IonicStrength?) )+ (BRAC*LH) + (1.5*SUML* ((DIV* ((VE*vHc)-
(Ve*partmolvolH) ) /VEc?) — (( (Vi*vHe) - (Ve*partmolvolH)) /Vic?))) 1;

(*
*)
(* OH- hydroxide ion activity coefficient ¥*)

activitycoeffOH = Exp[FAC + (2*Bl*molalH)- (Bsum/(4*IonicStrength?))+ (BRAC*LOH) +
1.5*SUML* (DIV* ( (VE*vOHc) — (Ve*partmolvolOH) ) /VEc’- ( (Vi*vOHce) — (Ve*partmolvolOH) ) /Vic?) ];

(*
*)
(* HSO4- bisulphate ion activity coefficient - CORRECT?*)

activitycoeffHSO4= Exp[FAC + (2*B2*molalH)- (Bsum/ (4*IonicStrength’))+ (BRAC*LHSO4) +
(1.5*%SUML* ( (DIV* ( (VE*vHSO4c) - (Ve*partmolvolHSO04) ) /VEc?) — ( ( (Vi*vHSO4c) -
(Ve*partmolvolHSO4)) /Vic?))) 1;

(*
*)
(* HSO3- bisulphite ion activity coefficient *)

activitycoeffHSO3 = Exp[FAC + (2*B2*molalH)- (Bsum/ (4*IonicStrength?))+ (BRAC*LHSO3) +
(1.5*%SUML* ( (DIV* ( (VE*vHSO3c) - (Ve*partmolvolHS03) ) /VEc?) — ( ( (Vi*vHSO3c) -
(Ve*partmolvolHS03)) /Vic?)))1;

(*
*)
(* SO3-- sulphite ion activity coefficient ¥*)

activitycoeffSO3 = Exp[ (4*FAC) + (2*B3*molalH)- (Bsum/IonicStrength?)+ (BRAC*LSO3) +
(1.5*SUML* ((DIV* ( (VE*vSO3c) - (Ve*partmolvolS03)) /VEc?) - (((Vi*vSO3c) -
(Ve*partmolvolS03)) /Vic?)))1;

(*
*)
(* SO4-- Sulphate Ion activity coefficient *)

activitycoeffSO4 = Exp[ (4*FAC) + (2*B3*molalH)- (Bsum/IonicStrength?)+ (BRAC*LSO4) +
(1.5*%SUML* ( (DIV* ( (VE*vSO4c) - (Ve*partmolvolS04)) /VEc?) — ( ((Vi*vSO4c) -
(Ve*partmolvolSO4)) /Vic?))) 1;

(*
*)
(*S02 Sulphur dioxide activity coefficient¥)

activitycoeffS02 = Exp[ (2*lambdaS02*molalSO2aq)+ (3*muSO2*molalSO2aq®)+ (SUML*DIV* (( (-
1.5*partmolvolSO2aq*Ve) /VEc?)+ (((VE + (0.5*Ve)) /VEc) * (partmolvolSO2aq/Vm—

(DIV* (partmolvolSO2ag+alphaS02))/Vm))))1;

(*
*)
(*SO3 Sulphur trioxide activity coefficient*)

activitycoeffSO3aq = Exp[ (2*lambdaSO3*molalSO3aq) +
(3*muSO3*molalSO3aq’) + (SUML*DIV* ( ((-1.5*partmolvolSO3aq*Vce) /VEc?)+ (((VE +
(0.5*Ve)) /VEce) * (partmolvolSO3aq/Vm— (DIV* (partmolvolSO3ag+alphaS03))/vm))))1;
(*
*)
(*H2S04 Sulfuric Acid activity coefficient¥)

activitycoeffH2S04 = Exp[ (3*muH2SO4*molalH2SO4aq’)+ (SUML*DIV* (( (-
1.5*partmolvolH2S04*Vc) /VEc?)+ (((VE + (0.5*Ve)) /VEc) * (partmolvolH2S04/Vm—
(DIV* (partmolvolH2S0O4+alphaH2S04)) /Vm))))1;

(*
*)
(* Water activity ¥*)

activityH20 = Exp[Mw* (((2*A)/3*TonicStrengthi®/ (1 + 1.2+V IonicStrength ,,_

(2*molalH* (Bwaterl*molalOH +Bwater2*molalHSO3+
Bwater3*molalSO3+Bwater4*molalHSO4+Bwater5*molalsSo4))

- (lambdaS0O2*molalSO2aqg’) - (lambdaS03*molalS03?)

- (2*musS02*molalsS02aqg’) — (2*muSO3*molalsS03?)

—(molalH+molalOH+molalHSO3 +molalSO3+molalSO2aq)— (SUML* ( ( (-
alphaS0O2*molalSO2aq*DIV?) / (do*Vm’) * (VE+ (0.5%Vc) ) /VEc)+ ((1.5*Vec*DIV) / (do*VEc?) ) -
((1.5*ve) / (do*Vic?)))))1;

(* *)

(* Liquid phase reaction equations labelled as book *)

S1=KH20==(activitycoeffH * molalH *activitycoeffOH * molalOH)/ (activityH20) ;

S2 =KSO2 ==((activitycoeffH*molalH * activitycoeffHSO3 * molalHSO03)/ (activitycoef£fS02
*molalSO2ag*activityH20));



S3 =KHSO3== ((activitycoeffH*molalH * activitycoeffS03 * molalSO3)/ (activitycoeffHSO3
*molalHS03));
S4 =KHSO4== ((activitycoeffH*molalH * activitycoeffS04 * molalSO4)/ (activitycoeffHS04
*molalHS04));

S5= KH2S04 == ((activitycoeffH*molalH * activitycoeffHSO04 *
molalHSO4) / (activitycoeffH2S04 *molalH2SO4ag*activityH20));
S6= KSO3 == ((activitycoeffH2S04 * molalH2SO4aq)/ (activitycoeffSO3aq

*molalSO3ag*activityH20));

(* Gas phase reaction equation *)

S7 = KH2S04G

= (fugcoeffpureH20*vapmolefracH20*f,*vapmolefracS03) / (f;*vapmolefracH2S04) ;

(* Vapour liquid equilibria expressions labelled as book ¥*)

S8 = vapmolefracH20 * f, *Pressure ==activityH20* PSH20 *
fugcoeffpureH20*Exp [ (partmolvolH20 *1000* (Pressure— PSH20))/(R*T)];

S9= vapmolefracSO2 * f, * Pressure == molalSO2ag*activitycoeffSO2*HenrySO2*
Exp[ (partmolvolSO2 *1000* (Pressure— PSH20))/ (R*T)];

S10= vapmolefracO2 * f; * Pressure == molalO2 * activitycoeffO2 * HenryO2 *
Exp[ (partmolvolO2*1000* (Pressure — PSH20))/(R*T)];

S1ll= vapmolefracSO3 * f, * Pressure == molalSO3aq * activitycoeffSO3aq * HenrySO03 *
Exp[ (partmolvolS03*1000* (Pressure — PSH20))/(R*T)];

S12= vapmolefracH2S04 * £, * Pressure == molalH2SO4aq * activitycoeffH2S04 *
HenryH2S04 * Exp[ (partmolvolH2S04*1000* (Pressure — PSH20))/(R*T)];

(*
————%)
(*
————%)

(* other system equations*)

(* vapour phase balance *)

S13 = vapmolefracSO2 + vapmolefracH20 +
vapmolefracO2+vapmolefracSO3+vapmolefracH2S04== 1;

(* sulphur balance ¥*)

S14 = (molesH20/55.51* (molalSO2aq + molalHSO3 +
molalSO3+molalSO4+molalHSO4+molalSO3ag+molalH2SO4aq)) + (vapmolefracSO2*Vaprate)

+ (vapmolefracH2SO4*Vaprate) == SO2IN+H2SO4IN ;

(* hydrogen balance ¥*)

S15 = (2*molesH20) + (molesH20/55.51* (molalH + molalOH + molalHSO3+molalHSO4)) +
(2*vapmolefracH20*Vaprate) + (2*vapmolefracH2SO4*Vaprate) ==2*H20IN +2H2SO41IN;

(* oxygen balance ¥*)

S16 =molesH20 +(molesH20/55.51* (2*molalO2+2*molalSO2aq + 3*molalHSO3 +
3*molalSO3+molalOH+4*molalSO4+4*molalHSO4+3*molalSO3ag+4molalH2S04aq) )+ (2*vapmolefrac
02 * Vaprate)+ (2*vapmolefracSO2*Vaprate) + (3*vapmolefracSO3*Vaprate) +
(4*vapmolefracH2SO4*Vaprate) + (vapmolefracH20*Vaprate) == 2*02IN + 2*SO2IN +
H20IN+4*H2SO41IN;

(* electroneutrality *)

S17 = molalH == (molalOH + molalHSO3 + molalHSO4 + (2*molalSO3)+(2*molalSO4));
$RecursionLimit=1000;

(* *)

(* set initial guess for the liquid compositions *)

(*guessmolesH20 = H2O0IN; *)

guessmolalO2 =02IN/H20IN/0.01801*.01;

guessmolalH =0.19462654819466652" ;

guessmolalOH = _1.1249617342965978" *~-10;

guessmolalSO2aq = 1;

guessmolalSO3aq =_ 1.412569707920273" *~-7;

guessmolalHSO3 = 0.19462626556822873";

guessmolalSO3 = 0.0000000000005/H20IN/0.018;

guessmolalSO3aqg =0.00000000006/H20IN/0.018;

guessmolalHSO4 =0.098/H20IN/0.018;

guessmolalH2SO4aq =0.007/H2S04IN/0.018;

guessmolalSO4 = 0.003/H20IN/0.018;

guessmolalO2=guessmolalSO2aq;

(* initial guess for vapour rate AND vapmolefracs *)

guessvapmolefracS0O2 = .3;

guessvapmolefracO2 = .65;

guessvapmolefracS0O3 =.001;

guessvapmolefracH2S0O4 = .001;

guessVaprate=3.5;

guessvapmolefracH20 = .02;

(* *)

(*NSolve[{S1l,S2,S3,84,S85,S86,S7,S8,S89,S10,S11,S12,S13,S14,S15,S16,S17}, {molesH20,molal
H, molalOH,
molalSO2aq, molalSO3aq,molalHSO3,molalHS0O4,molalH2S0O4aq, molalSO4,molalS0O3, vapmolefracH
20, vapmolefracS0O2, vapmolefracS03, vapmolefracH2S04, Vaprate,molalO2, vapmolefrac02}] *)

*

Module[{s=0,e=0}, {



*)
minimalroots=1.6589141546643201" *~-36;
FindRoot [
{s1, s2, s3,s4, 8s5,s6,S7, s8, s9,s10,s11, si12, S13,sS14, s15, sS16, S17},
(*Equations*)
{

{molesH20,H20IN, 10},

{molalH, guessmolalH, .01},

{molalOH, guessmolalOH, .0001},
{molalsO2aq, guessmolalSO2aq, 5},
{molalsO3aq, guessmolalSO3aq,10},
{molalHSO3, guessmolalHS03,10},
{molalHSO4, guessmolalHS04,10},
{molalH2S0O4aq, guessmolalH2S0O4aq, 10},
{molalSO4, guessmolalS0O4,100},
{molalSO3, guessmolalsS03,100},
{vapmolefracH20, .01,100},
{vapmolefracso2, .1,100},
{vapmolefracSO3, .001,100},
{vapmolefracH2S04, .005,100},
{Vaprate, 1,100},

{molalO2, 0.0005,100},
{vapmolefracO2, 0.5,100}

} , MaxIterations-5000, Method-'"Secant", AccuracyGoal-20,PrecisionGoal-20

1;

(* *)
PSO2 = -131.2450+1.66627*T-0.00705849*T?+0.00001001305*T*; (*Second Phase S02*)
VessVol =((Vaprate* R * T)/Pressure)/1000;
VessVol2 = Vaprate * V;

kgwater = molesH20%*0.018015;

volumeofliquid = Vf * kgwater;

Vesselvolume = VessVol2 + volumeofliquid;
Calcppoxygen = vapmolefracO2 * Barpressure;
CalcppS0O2 = vapmolefracSO2 * Barpressure;
CalcppH20 = vapmolefracH20 * Barpressure;
TotalMolalSO2 = molalSO2 + molalHSO3 + molalSO3;
moleslitreH = molalH/VE;

moleslitreSO3 = molalSO3 /VE£;

moleslitreHSO3 = molalHSO3 /VE£;

moleslitreSO2 = molalSO2 /VE£;

moleslitreOH = molalOH /VE;

molesH = molalH*kgwater;

molesOH = molalOH*kgwater;

molesS02 molalSO2*kgwater;

molesSO3 molalSO3*kgwater;

molesHSO3 = molalHSO3*kgwater;

molesSO4 = molalSO4*kgwater;

molesHSO4 = molalHSO4*kgwater;

molesO2 = molalO2*kgwater;

totalmolesSO2 = molesSO2 + molesSO3+ molesHSO3;

pHact = -Log[10, (moleslitreH*activitycoeffH)];
pPH = -Log[10, moleslitreH];
PartialO2bar Calcppoxygen;

PartialO2atm = PartialO2bar * 0.987-PartialO2bar*H2SO4IN;

T =TCel + 273.15;

conc = PartialO2atm*Exp[1l/(8.3144*T) ((0.046*T?)+(203.357*T*Log[T/298])-
((299.378+0.092*T) * (T-298) )-20.591*10%) ];

(*End of Calculations*)



Appendix E.

Macros in Visual Basic

Example to generate a continuous buffered sample clocked digital pulse train
from a Counter Output Channel.

Public Class MainForm
Inherits System.Windows.Forms.Form

Private idleState As COPulseldleState

Private WithEvents dutyCycleMaxTextBox As System.Windows.Forms.TextBox

Private WithEvents channelParameterGroupBox As
System.Windows.Forms.GroupBox

Private WithEvents counterComboBox As System.Windows.Forms.ComboBox

Private WithEvents idleStateGroupBox As System.Windows.Forms.GroupBox

Private WithEvents highRadioButton As System.Windows.Forms.RadioButton

Private WithEvents lowRadioButton As System.Windows.Forms.RadioButton

Private WithEvents physicalChannellabel As System.Windows.Forms.Label

Friend WithEvents clockSourcelLabel As System.Windows.Forms.Label

Private WithEvents dutyCycleMaxLabel As System.Windows.Forms.Label

Private WithEvents dutyCycleMinTextBox As System.Windows.Forms.TextBox

Private WithEvents frequencyTextBox As System.Windows.Forms.TextBox

Private WithEvents frequencylLabel As System.Windows.Forms.Label

Private WithEvents pwmParametersGroupBox As
System.Windows.Forms.GroupBox

Private WithEvents dutyCycleMinLabel As System.Windows.Forms.Label

Private WithEvents timingParametersGroupBox As
System.Windows.Forms.GroupBox

Friend WithEvents clockSourceTextBox As System.Windows.Forms.TextBox

Friend WithEvents ratelabel As System.Windows.Forms.Label

Friend WithEvents samplesLabel As System.Windows.Forms.Label

Friend WithEvents samplesPerChannelNumeric As
System.Windows.Forms.NumericUpDown

Friend WithEvents rateNumeric As System.Windows.Forms.NumericUpDown

Private WithEvents stopButton As System.Windows.Forms.Button

Private WithEvents startButton As System.Windows.Forms.Button

Private myTask As Task

#Region Windows Form Designer generated code
Public Sub New /()
MyBase.New ()
Application.EnableVisualStyles()

'This call is required by the Windows Form Designer.
InitializeComponent ()

'Add any initialization after the InitializeComponent () call
idleState = COPulseIdleState.Low

counterComboBox.Items.AddRange (DagSystem.Local.GetPhysicalChannels (PhysicalC
hannelTypes.CO, PhysicalChannelAccess.External))
If (counterComboBox.Items.Count > 0) Then



counterComboBox.SelectedIndex = 0
End If

End Sub

'Form overrides dispose to clean up the component list.
Protected Overloads Overrides Sub Dispose(ByVal disposing As Boolean)
If disposing Then
If Not (components Is Nothing) Then
components.Dispose ()

End If
End If
MyBase.Dispose (disposing)

End Sub

'Required by the Windows Form Designer
Private components As System.ComponentModel.IContainer

'NOTE: The following procedure is required by the Windows Form Designer

'It can be modified using the Windows Form Designer.

'Do not modify it using the code editor.

<System.Diagnostics.DebuggerStepThrough()> Private Sub

InitializeComponent ()
Dim resources As System.ComponentModel.ComponentResourceManager =
New System.ComponentModel.ComponentResourceManager (GetType (MainForm) )

Me.dutyCycleMaxTextBox = New System.Windows.Forms.TextBox
Me.channelParameterGroupBox = New System.Windows.Forms.GroupBox
Me.counterComboBox = New System.Windows.Forms.ComboBox
Me.idleStateGroupBox = New System.Windows.Forms.GroupBox
Me.highRadioButton = New System.Windows.Forms.RadioButton
Me.lowRadioButton = New System.Windows.Forms.RadioButton
Me.physicalChannellLabel = New System.Windows.Forms.Label
Me.clockSourcelabel = New System.Windows.Forms.Label
Me.dutyCycleMaxLabel = New System.Windows.Forms.Label
Me.dutyCycleMinTextBox = New System.Windows.Forms.TextBox
Me.frequencyTextBox = New System.Windows.Forms.TextBox
Me.frequencyLabel = New System.Windows.Forms.Label
Me.pwmParametersGroupBox = New System.Windows.Forms.GroupBox
Me.dutyCycleMinLabel = New System.Windows.Forms.Label
Me.timingParametersGroupBox = New System.Windows.Forms.GroupBox
Me.clockSourceTextBox = New System.Windows.Forms.TextBox
Me.rateLabel = New System.Windows.Forms.Label
Me.samplesLabel = New System.Windows.Forms.Label
Me.samplesPerChannelNumeric = New System.Windows.Forms.NumericUpDown

Me.rateNumeric = New System.Windows.Forms.NumericUpDown
Me.stopButton = New System.Windows.Forms.Button
Me.startButton = New System.Windows.Forms.Button

Me.channelParameterGroupBox.SuspendLayout ()
Me.idleStateGroupBox. SuspendLayout ()
Me .pwmParametersGroupBox.SuspendLayout ()
Me.timingParametersGroupBox.SuspendLayout ()
CType (Me.samplesPerChannelNumeric,
System.ComponentModel.ISupportInitialize) .BeginInit ()
CType (Me.rateNumeric,
System.ComponentModel.ISupportInitialize) .BeginInit ()
Me . SuspendLayout ()

'dutyCycleMaxTextBox

Me.dutyCycleMaxTextBox.Location = New System.Drawing.Point (112, 82)
Me.dutyCycleMaxTextBox.Name = "dutyCycleMaxTextBox"



Me.dutyCycleMaxTextBox.Size = New System.Drawing.Size (132, 20)
Me.dutyCycleMaxTextBox.TabIndex = 11
Me.dutyCycleMaxTextBox.Text = "0.8"

|l

'channelParameterGroupBox

]

Me.channelParameterGroupBox.Controls.Add (Me.counterComboBox)

Me.channelParameterGroupBox.Controls.Add (Me.idleStateGroupBox)

Me.channelParameterGroupBox.Controls.Add (Me.physicalChannelLabel)

Me.channelParameterGroupBox.FlatStyle =
System.Windows.Forms.FlatStyle.System

Me.channelParameterGroupBox.Location = New System.Drawing.Point (10,
9)

Me.channelParameterGroupBox.Name = "channelParameterGroupBox"

Me.channelParameterGroupBox.Size = New System.Drawing.Size (250, 117)

Me.channelParameterGroupBox.TabIndex = 7

Me.channelParameterGroupBox.TabStop = False

Me.channelParameterGroupBox.Text = "Channel Parameters:"

|l

'counterComboBox

]

Me.counterComboBox.Location = New System.Drawing.Point (112, 16)

Me.counterComboBox.Name = "counterComboBox"

Me.counterComboBox.Size = New System.Drawing.Size (132, 21)

Me.counterComboBox.TabIndex = 1

Me.counterComboBox.Text = "Devl/ctrQ"

]

'idleStateGroupBox

Me.idleStateGroupBox.Controls.Add (Me.highRadioButton)

Me.idleStateGroupBox.Controls.Add (Me.lowRadioButton)

Me.idleStateGroupBox.FlatStyle =
System.Windows.Forms.FlatStyle.System

Me.idleStateGroupBox.Location = New System.Drawing.Point (6, 43)

Me.idleStateGroupBox.Name = "idleStateGroupBox"

Me.idleStateGroupBox.Size = New System.Drawing.Size (238, 64)

Me.idleStateGroupBox.TabIndex = 6

Me.idleStateGroupBox.TabStop = False

Me.idleStateGroupBox.Text = "Idle State:"

'highRadioButton

]

Me.highRadioButton.FlatStyle = System.Windows.Forms.FlatStyle.System
Me.highRadioButton.Location = New System.Drawing.Point (123, 24)
Me.highRadioButton.Name = "highRadioButton"

Me.highRadioButton.Size = New System.Drawing.Size (64, 24)
Me.highRadioButton.TabIndex = 1

Me.highRadioButton.Text = "High"

'lowRadioButton

]

Me.lowRadioButton.Checked = True

Me.lowRadioButton.FlatStyle = System.Windows.Forms.FlatStyle.System
Me.lowRadioButton.Location New System.Drawing.Point (51, 24)
Me.lowRadioButton.Name = "lowRadioButton"

Me.lowRadioButton.Size = New System.Drawing.Size (64, 24)
Me.lowRadioButton.TabIndex = 0

Me.lowRadioButton.TabStop = True

Me.lowRadioButton.Text = "Low"

'physicalChannellLabel



Me.physicalChannellLabel.FlatStyle =
System.Windows.Forms.FlatStyle.System

Me.

'c
]

physicalChannellLabel.Location = New System.Drawing.Point (8, 23)

.physicalChannellLabel .Name = "physicalChannelLabel"
.physicalChannellLabel.Size = New System.Drawing.Size (72, 16)
.physicalChannelLabel.TabIndex = 0
.physicalChannellabel.Text = "Counter(s):"

lockSourceLabel

Me.clockSourceLabel.FlatStyle =
System.Windows.Forms.FlatStyle.System

Me.clockSourcelLabel.Location = New System.Drawing.Point (8, 21)
Me.clockSourceLabel.Name = "clockSourceLabel"
Me.clockSourceLabel.Size = New System.Drawing.Size (80, 16)
Me.clockSourcelLabel.TabIndex = 6

Me.clockSourcelLabel.Text = "Clock Source:"

]

'dutyCycleMaxLabel

Me.dutyCycleMaxLabel.FlatStyle =
System.Windows.Forms.FlatStyle.System
.dutyCycleMaxLabel.Location = New System.Drawing.Point (6, 86)
.dutyCycleMaxLabel.Name = "dutyCycleMaxLabel"

Me

.dutyCycleMaxLabel.Size = New System.Drawing.Size (104, 16)
.dutyCycleMaxLabel.TabIndex = 10
.dutyCycleMaxLabel.Text = "Duty Cycle Max:"

'dutyCycleMinTextBox

Me.
Me.
Me.

dutyCycleMinTextBox.Location = New System.Drawing.Point (112, 51)
dutyCycleMinTextBox.Name = "dutyCycleMinTextBox"
dutyCycleMinTextBox.Size = New System.Drawing.Size (132, 20)

Me.dutyCycleMinTextBox.TabIndex = 9

Me.dutyCycleMinTextBox.Text = "0.5"

]

'frequencyTextBox

|l

Me.frequencyTextBox.Location = New System.Drawing.Point (112, 19)
Me.frequencyTextBox.Name = "frequencyTextBox"
Me.frequencyTextBox.Size = New System.Drawing.Size (132, 20)
Me.frequencyTextBox.TabIndex = 7

Me.frequencyTextBox.Text = "1000.0"

]

'frequencyLabel

]

Me.frequencylLabel.FlatStyle = System.Windows.Forms.FlatStyle.System
Me.frequencyLabel.Location = New System.Drawing.Point (8, 24)
Me.frequencyLabel.Name = "frequencyLabel"
Me.frequencyLabel.Size = New System.Drawing.Size (120, 16)
Me.frequencylLabel.TabIndex = 6

Me.frequencylabel.Text = "Frequency (Hz):"

'pwmParametersGroupBox

Me.
Me.
Me.
Me.
Me.

pwmParametersGroupBox.Controls.Add (Me
pwmParametersGroupBox.Controls.Add (Me
pwmParametersGroupBox.Controls.Add (Me.dutyCycleMinTextBox)
pwmParametersGroupBox.Controls.Add (Me
pwmParametersGroupBox.Controls.Add (Me

.dutyCycleMaxTextBox)
.dutyCycleMaxLabel)

.dutyCycleMinLabel)
.frequencyTextBox)



252)

.pwmParametersGroupBox.Controls.Add (Me.frequencyLabel)
.pwmParametersGroupBox.Location = New System.Drawing.Point (10,

.pwmParametersGroupBox.Name = "pwmParametersGroupBox"
.pwmParametersGroupBox.Size = New System.Drawing.Size (250, 110)
.pwmParametersGroupBox.TabIndex = 9

.pwmParametersGroupBox.TabStop = False

.pwmParametersGroupBox.Text = "Pulse-width Modulation Parameters:"

'dutyCycleMinLabel

Me.dutyCycleMinLabel .FlatStyle =
System.Windows.Forms.FlatStyle.System

.dutyCycleMinLabel.Location = New System.Drawing.Point (8, 55)
.dutyCycleMinLabel .Name = "dutyCycleMinLabel"
.dutyCycleMinLabel.Size = New System.Drawing.Size (104, 16)
.dutyCycleMinLabel.TabIndex = 8

.dutyCycleMinLabel.Text = "Duty Cycle Min:"

Me

'timingParametersGroupBox

Me.

Me

Me.
Me.

timingParametersGroupBox.Controls.Add
.timingParametersGroupBox.Controls.Add
timingParametersGroupBox.Controls.Add
timingParametersGroupBox.Controls.Add

.clockSourceLabel)
.clockSourceTextBox)
.ratelLabel)

(Me
(Me
(Me
(Me.samplesLabel)

Me.timingParametersGroupBox.Controls.Add (Me.samplesPerChannelNumeric)
.timingParametersGroupBox.Controls.Add (Me.rateNumeric)
.timingParametersGroupBox.Location = New System.Drawing.Point (10,

132)

Me
Me

.timingParametersGroupBox.Name = "timingParametersGroupBox"
.timingParametersGroupBox.Size = New System.Drawing.Size (250, 114)
.timingParametersGroupBox.TabIndex = 8
.timingParametersGroupBox.TabStop = False
.timingParametersGroupBox.Text = "Timing Parameters:"

'clockSourceTextBox

Me.clockSourceTextBox.Location = New System.Drawing.Point (112, 19)
Me.clockSourceTextBox.Name = "clockSourceTextBox"
Me.clockSourceTextBox.Size = New System.Drawing.Size (132, 20)
Me.clockSourceTextBox.TabIndex = 7

Me.clockSourceTextBox.Text = "/Devl/PFI7"

|l

'ratelLabel

]

Me.rateLabel.FlatStyle = System.Windows.Forms.FlatStyle.System
Me.ratelLabel.Location = New System.Drawing.Point (8, 85)
Me.ratelLabel .Name = "rateLabel"

Me.rateLabel.Size = New System.Drawing.Size (64, 16)
Me.rateLabel.TabIndex = 10

Me.rateLabel.Text = "Rate (Hz):"

|l

'samplesLabel

]

Me.samplesLabel.FlatStyle = System.Windows.Forms.FlatStyle.System
Me.samplesLabel.Location = New System.Drawing.Point (8, 53)
Me.samplesLabel.Name = "samplesLabel"

Me.samplesLabel.Size = New System.Drawing.Size (104, 16)
Me.samplesLabel.TabIndex = 8

Me.samplesLabel.Text = "Samples / Channel:"



'samplesPerChannelNumeric

Me.samplesPerChannelNumeric.Location = New System.Drawing.Point (112,
51)

Me.samplesPerChannelNumeric.Maximum = New Decimal (New Integer ()
{1000000, 0O, 0, 0O}

Me.samplesPerChannelNumeric.Name = "samplesPerChannelNumeric"

Me.samplesPerChannelNumeric.Size = New System.Drawing.Size (132, 20)

Me.samplesPerChannelNumeric.TabIndex = 9

Me.samplesPerChannelNumeric.Value = New Decimal (New Integer () {1000,
0, 0, 0})

]

'rateNumeric

]

Me.rateNumeric.DecimalPlaces = 2

Me.rateNumeric.Location = New System.Drawing.Point (112, 83)

Me.rateNumeric.Maximum = New Decimal (New Integer () {1000000, 0, O,
0})

Me.rateNumeric.Name = "rateNumeric"

Me.rateNumeric.Size = New System.Drawing.Size (132, 20)

Me.rateNumeric.TabIndex = 11

Me.rateNumeric.Value = New Decimal (New Integer() {100, 0, 0, 0})

]

'stopButton

]

Me.stopButton.Enabled = False

Me.stopButton.FlatStyle = System.Windows.Forms.FlatStyle.System

Me.stopButton.Location = New System.Drawing.Point (266, 56)

Me.stopButton.Name = "stopButton"

Me.stopButton.Size = New System.Drawing.Size (96, 32)

Me.stopButton.TabIndex = 6

Me.stopButton.Text = "Stop"

]

'startButton

]

Me.startButton.FlatStyle = System.Windows.Forms.FlatStyle.System

Me.startButton.Location = New System.Drawing.Point (266, 18)

Me.startButton.Name = "startButton"

Me.startButton.Size = New System.Drawing.Size (96, 32)

Me.startButton.TabIndex = 5

Me.startButton.Text = "Start"

]

'MainForm

]

Me.AutoScaleBaseSize = New System.Drawing.Size (5, 13)

Me.CllentSlze = New System.Drawing.Size (372, 370)

Me.Controls.Add (Me.channelParameterGroupBox)

Me.Controls.Add (Me.pwmParametersGroupBox)

Me.Controls.Add (Me.timingParametersGroupBox)

Me.Controls.Add (Me.stopButton)

Me.Controls.Add (Me.startButton)

Me.FormBorderStyle =

System.Windows.Forms.FormBorderStyle.FixedDialog

Me.

Icon CTyp

System.Drawing.Icon)

Me .MaximizeBox
Me.
Me.StartPosition

Name = "Mai

e (resources.GetObject ("S$this.Icon"),

False
nForm"

System.Windows.Forms.FormStartPosition.CenterScreen

Me.Text = "Digital Pulse Train - Continuous

— Buffered"



Me.channelParameterGroupBox.ResumelLayout (False)
Me.idleStateGroupBox.ResumeLayout (False)
Me.pwmParametersGroupBox.ResumelLayout (False)
Me .pwmParametersGroupBox.PerformLayout ()
Me.timingParametersGroupBox.ResumeLayout (False)
Me.timingParametersGroupBox.PerformLayout ()
CType (Me.samplesPerChannelNumeric,
System.ComponentModel.ISupportInitialize) .EndInit ()
CType (Me.rateNumeric,
System.ComponentModel .ISupportInitialize) .EndInit ()
Me.ResumelLayout (False)

End Sub

#End Region

Private Sub startButton_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles startButton.Click
Dim samplesPerChannel As Integer =
Convert.ToInt32 (samplesPerChannelNumeric.Value)
Dim rate As Double = Convert.ToDouble(rateNumeric.Value)
Dim frequency As Double = Convert.ToDouble (frequencyTextBox.Text)
Dim dutyCycleMin As Double =
Convert.ToDouble (dutyCycleMinTextBox.Text)
Dim dutyCycleMax As Double =
Convert.ToDouble (dutyCycleMaxTextBox.Text)
Dim dutyStep As Double = (dutyCycleMax - dutyCycleMin) /
samplesPerChannel

Try
Dim data(samplesPerChannel - 1) As CODataFrequency
For I As Integer = 0 To data.Length - 1
data(I) = New CODataFrequency (frequency, dutyCycleMin +
dutyStep * I)
Next

myTask = New Task()

myTask.COChannels.CreatePulseChannelFrequency (counterComboBox.Text,
"ContinuousPulseTrain", COPulseFrequencyUnits.Hertz,
idleState, 0.0, _

frequency, _
dutyCycleMin)

myTask.Timing.ConfigureSampleClock (clockSourceTextBox.Text,
rate,
SampleClockActiveEdge.Rising,
SampleQuantityMode.ContinuousSamples)

Dim writer As CounterSingleChannelWriter = New
CounterSingleChannelWriter (myTask.Stream)
writer.WriteMultiSample (False, data)

AddHandler myTask.Done, AddressOf OnTaskDone
myTask.Start ()

startButton.Enabled = False
stopButton.Enabled = True



Catch ex As DagException
MessageBox.Show (ex.Message)
myTask.Dispose ()
startButton.Enabled = True
stopButton.Enabled = False

End Try

End Sub

Private Sub stopButton_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles stopButton.Click
myTask.Stop ()
myTask.Dispose ()
startButton.Enabled = True
stopButton.Enabled = False
End Sub

Private Sub lowRadioButton_CheckedChanged (ByVal sender As Object, ByVal
e As System.EventArgs) Handles lowRadioButton.CheckedChanged
idleState = COPulseldleState.Low
End Sub

Private Sub highRadioButton_CheckedChanged (ByVal sender As Object, ByVal
e As System.EventArgs) Handles highRadioButton.CheckedChanged
idleState = COPulselIdleState.High
End Sub

Private Sub OnTaskDone (ByVal sender As Object, ByVal e As
TaskDoneEventArgs)
Try
stopButton.Enabled = False
startButton.Enabled = True
e.CheckForException ()
myTask.Stop ()
myTask.Dispose ()
myTask = Nothing
Catch ex As Exception
MessageBox.Show (ex.Message)
myTask.Stop ()
myTask.Dispose ()
myTask = Nothing
End Try
End Sub
End Class







































	Body
	Mo's Thesis Chapter 1
	Mo's Thesis Chapter 2
	Mo's Thesis Chapter 3
	Mo's Thesis Chapter 4 - Modelling
	Mo's Thesis Chapter 5 - Experimental Design
	Mo's Thesis Chapter 6 - Results & Discussion
	Mo's Thesis Chapter 7 - Conclusions

	Appendixes
	Appendix A Experimental Procedure
	Appendix B LabVIEW Program
	Appendix C HSC Calculation Example
	Appendix D - Mathematica Calculations
	Appendix E - Macros in Visual Basic
	Appendix F Publications
	Appendix G Technical Drawings

	Consolidated Reference List

