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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 Iodometry 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 Iodometry that reaches approximately >6%, mentioned earlier as 

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

6.8.3 Iodometry 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 SIV/kg H2O. 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.  

 

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 SO2 and O2 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-

III.  

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 SO2 and O2, highlighting deviations between prediction and chromatography values. 

 

 

 

 

 

 

 

Experiment  1  2  3  5  6  8  9  10  11 

Date  01‐Oct  01‐Oct 04‐Oct 09‐Oct 10‐Oct 12‐Oct 12‐Oct 13‐Oct 15‐Oct 

Mass of SO2 added (g)  0.75  0.64 1.49 0.34 0.38 0.89 0.85 1.66 2.57 

Mass of O2 added (g)  0.43  1.99 1.43 2.40 2.27 1.34 0.60 0.53 1.43 

Temperature (C)  60  40 40 40 60 25 25 25 40 

Mass of SO2 predicted (g)  0.77  0.63 1.48 0.37 0.35 0.85 0.84 1.50 2.60 

Predicted SO2 (%)  43.99%  13.42% 33.64% 7.03% 6.78% 24.21% 39.75% 54.48% 46.60% 

Chromatograph SO2 (%)  82.05%  19.58% 61.35% 9.77% 5.40% 33.87% 65.29% 91.01% 87.27% 

Prediction Deviation (%)  38.06%  6.16% 27.71% 2.74% 1.38% 9.66% 25.54% 36.53% 40.67% 
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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 H2 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 (SO2, O2 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 (SO2 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.  
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 Overview 

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 SO2-O2-H2O 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-Iodine 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 H2SO4, 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. 

 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 SO2 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 SO2 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). 

 

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 SI 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 

questions in this field of weak aqueous electrolyte thermodynamics. 

 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 IV, 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. 

 

7.2.6. Implementation of the Model 

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 

Figure 2. Conical Silicon/Germanium ATR prism for in‐situ determinations. 
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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. 



Chapter 7 – Conclusions & Future Work 

218 
 

 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 SO2/O2/H2O 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.  
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Appendix D.  

Mathematica Calculations 

(*-----------Begin Program to Calculate Equilibrium------------*) 
 
TCel =25; 
T=TCel + 273.15; 
Barpressure =1.2; 
Pressure = Barpressure * 0.987; 
H2OIN =8.3; 
SO2IN =0.3; 
O2IN = 0.10; 
H2SO4IN=0.01; 
If[(T-273)≤50,do = (1.0-4.8*10-6*(T-273)2)]; 
If[(T-273)>50, do = (1.0064-(2.5*10-4*(T-273))-(2.3*10-6*(T-273)2))]; 
alphaSO2 = -0.030; 
elec = 4.8029*10-10; 
Dielec = 305.7*Exp[-Exp[-12.741+0.01875*T]-(T/219)]; 
k =1.38045*10-16; 
Mw = 0.01802; 
Na = 6.0232*1023; 
PSH2O = (10^(7.96681-1668.21/(T-45.15)))/760; 
R = 82.06; 
rH = 3.8; 
rHSO3 = 2.7; 
rOH = 3.5; 
rSO3 = 2.8; 
zH = 1; 
zHSO3 = -1; 
zOH = -1; 
zSO3 = -2; 
Subst = {KSO2, KH2O, KHSO3}; 
kvalA = {-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]; 
KSO2 =Kvalue[[1]]; 
KH2O = Kvalue[[2]]; 
KHSO3 =Kvalue[[3]]; 
HenvalA =6211.22; 
HenvalB = 60.239; 
HenvalC = -0.102974; 
HenvalD = -333.362; 
HenrySO2 = Exp[(HenvalA/T)+(HenvalB*Log[T]) + (HenvalC*T) + HenvalD]; 
vstar2= 115.0; 
vmolwater = 18.02*(1.001508+3.976412*10-6*(T-273.15)2); 
If[(T-273)≤50,ρ = 1.0-4.8*10-6*(T-273)2]; 
If[(T-273)>50, ρ = 1.0064-(2.5*10-4*(T-273))-(2.3*10-6*(T-273)2)]; 
 
Clear[C12subso, solution, solution1, solution2, K, partmolvol]; 
rhotil = ρ/18.012*46.4; 
 
solution1 =Solve[Log[1 +18.02/((ρ)*K*R*T)]�(-0.42704*(rhotil-1)+2.089*(rhotil-1)2-
0.42367*(rhotil-1)3), K]; 
 
Flatten[solution1]; 
K = K/.solution1[[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*rhotil2, "outside 
range"]; 
 
For[i=2, i<3, ivalue = i;  
  C12subso = (Subscript[vstar, ivalue]/46.4)0.62*(-Exp[series]); 
  vmol ivalue= K*R*T*(1-C12subso) 



    i++]; 
 
partmolvolSO2 = vmol2/1000; 
partmolvolH2O = vmolwater/1000; 
partmolvolH = -0.0047; 
partmolvolHSO3 = 0.035; 
partmolvolOH = 0.0005; 
partmolvolSO3 = 0.0197; 
Ionicstrength =0.5*(molalH + molalOH + molalHSO3 + 4*molalSO3); 

A = * ; 

FAC=(-(A/3))*( /(1+1.2* )+2.0/1.2*Log[1+1.2*

]); 
Clear[Bi, Bypi, Bwateri]; 
Beta0 = {0.04, -0.06, 0.12}; 
Beta1 = {0.12, -0.54, 1.08}; 
ion= {1,2,3}; 
Bi[Beta0_, Beta1_, ion_] := (Beta0) + (Beta1)/(2*Ionicstrength)*(1-
(1+2*Sqrt[Ionicstrength])*Exp[-2*Sqrt[Ionicstrength]]); 
Bypi [Beta0_, Beta1_, ion_] :=(Beta1)*(1-
(1+2*Sqrt[Ionicstrength]+2*Ionicstrength)*Exp[(-2*Sqrt[Ionicstrength])]); 
Bwateri [Beta0_, Beta1_, ion_] := Beta0 +Beta1*Exp[-2*Sqrt[Ionicstrength]]; 
Bi = Bi[Beta0, Beta1, ion]; 
Bypi = Bypi[Beta0, Beta1, ion]; 
Bwateri = Bwateri[Beta0, Beta1, ion]; 
B1 = Bi[[1]]; 
Byp1 = Bypi[[1]]; 
Bwater1 = Bwateri[[1]]; 
B2 = Bi[[2]]; 
Byp2 = Bypi[[2]]; 
Bwater2 = Bwateri[[2]]; 
B3 = Bi[[3]]; 
Byp3 = Bypi[[3]]; 
Bwater3 = Bwateri[[3]]; 
Bsum = 2*molalH*((molalOH*Byp1)+(molalHSO3*Byp2)+(molalSO3*Byp3)); 
do; 
Vm = (1/do)+molalSO2*partmolvolSO2; 
Vi = (1/do)+(molalH*partmolvolH) +(molalOH*partmolvolOH)+ (molalHSO3*partmolvolHSO3)+ 
(molalSO3*partmolvolSO3); 
vHc = (4/3)*π*Na*(rH^3)*(10^-27); 
vOHc = (4/3)*π*Na*(rOH^3)*(10^-27) ; 
vHSO3c =  (4/3)*π*Na*(rHSO3^3)*(10^-27); 
vSO3c =  (4/3)*π*Na*(rSO3^3)*(10^-27); 
Vc = (molalH*vHc) + (molalOH * vOHc) + (molalHSO3*vHSO3c)+(molalSO3*vSO3c); 
Vf = Vi+(molalSO2*partmolvolSO2); 
lambdaSO2 = -0.05+(0/T); 
muSO2 = -(1/55.5)*(lambdaSO2+(1/166.5)); 
Ds = Dielec*(1+((alphaSO2*molalSO2)/Vm)); 
LH = ((elec^2)* (zH^2))/(2*rH*k*T*Dielec)*(10^8); 
 
LHSO3 = ((elec^2)* (zHSO3^2))/(2*rHSO3*k*T*Dielec)*(10^8); 
 
LOH = ((elec^2)* (zOH^2))/(2*rOH*k*T*Dielec)*(10^8); 
 
LSO3 = ((elec^2)* (zSO3^2))/(2*rSO3*k*T*Dielec)*(10^8); 
DIV = Dielec/Ds; 
Vfc = Vf - Vc; 
Vic = Vi - Vc; 
SUML = (molalH*LH)+ (molalOH*LOH)+ (molalHSO3*LHSO3)+(molalSO3*LSO3); 
BRAC = (DIV * molalSO2)*(-alphaSO2/Vm*(Vi+(0.5*Vc))/Vic-
(1.5*partmolvolSO2*Vc)/(Vic*Vfc)); 
activitycoeffH = Exp[FAC+2*((molalOH*B1)+(molalHSO3*B2)+(molalSO3*B3))- 
(Bsum/(4*Ionicstrength2))+(BRAC*LH) + (1.5*SUML*((DIV*((Vf*vHc)-
(Vc*partmolvolH))/Vfc2)-(((Vi*vHc)-(Vc*partmolvolH))/Vic2)))]; 
activitycoeffOH = Exp[FAC + (2*B1*molalH)-(Bsum/(4*Ionicstrength2))+(BRAC*LOH) + 
1.5*SUML*(DIV*((Vf*vOHc)-(Vc*partmolvolOH))/Vfc2-((Vi*vOHc)-(Vc*partmolvolOH))/Vic2)]; 
activitycoeffHSO3 = Exp[FAC + (2*B2*molalH)-(Bsum/(4*Ionicstrength2))+(BRAC*LHSO3) + 
(1.5*SUML*((DIV*((Vf*vHSO3c)-(Vc*partmolvolHSO3))/Vfc2)-(((Vi*vHSO3c)-
(Vc*partmolvolHSO3))/Vic2)))]; 
activitycoeffSO3 = Exp[(4*FAC) + (2*B3*molalH)-(Bsum/Ionicstrength2)+(BRAC*LSO3) + 
(1.5*SUML*((DIV*((Vf*vSO3c)-(Vc*partmolvolSO3))/Vfc2)-(((Vi*vSO3c)-
(Vc*partmolvolSO3))/Vic2)))]; 
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activitycoeffSO2 = Exp[(2*lambdaSO2*molalSO2)+ (3*muSO2*molalSO22)+(SUML*DIV*(((-
1.5*partmolvolSO2*Vc)/Vfc2)+(((Vf + (0.5*Vc))/Vfc)*(partmolvolSO2/Vm-
(DIV*(partmolvolSO2+alphaSO2))/Vm))))]; 

activityH2O = Exp[Mw*(((2*A)/3*Ionicstrength1.5/(1 + 1.2* ))-
(2*molalH*(Bwater1*molalOH +Bwater2*molalHSO3+ Bwater3*molalSO3))-
(lambdaSO2*molalSO22)-(2*muSO2*molalSO23)-(molalH+molalOH+molalHSO3 
+molalSO3+molalSO2)-(SUML*(((-
alphaSO2*molalSO2*DIV2)/(do*Vm2)*(Vf+(0.5*Vc))/Vfc)+((1.5*Vc*DIV)/(do*Vfc2))-
((1.5*Vc)/(do*Vic2)))))]; 
 
 
(α^o)1,1= 0; 
(α^o)2,2 = 0; 
(α^o)1,2 = 1.7; 
(α^o)2,1 = 1.7; 
c1=0.01; 
c2 = 0.017; 
αlp1 =3.1307; 
αlp2 =  2.8730; 
βeta1 =1161.7; 
βeta2 =  1815.4; 
γ1 =1.5589; 
γ2 =  1.1043; 
δ1 =0.593*10-4; 
δ2 =  2.721*10-4; 
(α^0)1=1.06; 
(α^0)2=2.86; 
(α^1)1=2.07; 
(α^1)2=0.01; 
(β^0)1=8.4; 
(β^0)2=21.9; 
(β^1)1=1153.3; 
(β^1)2=1793.5; 
Rl . atm = 0.082054; 
Initguess = ((Rl . atm*T)/Pressure); 
NVFUG = 2; 
f1= 1; 
PartpressureH2O =( (10^(7.96681-1668.21/(T-45.15)))/760); 
PartpressureSO2 = Pressure - PartpressureH2O; 
vapmolefracH2O = PartpressureH2O/Pressure; 
vapmolefracSO2 = 1 -vapmolefracH2O; 
y1 1= vapmolefracH2O; 
y12 = vapmolefracSO2; 
TOTY = y1 1+ y12; 
y1 = y11/ TOTY; 
y2 = y12/TOTY; 
Tempa = T; 
Pressa = Pressure; 
Clear[V, ETA]; 
Do[bi = Exp[2.30259*(-γi-δi*Tempa)];, {i, NVFUG}]; 
Do[ 
  Do[ 
    (β^0i,j)= 0.5*((β^0)i+(β^0)j); 
    (β^1i,j)= Sqrt[(β^1)i*(β^1)j]; 
    If [i�j ,(βi,j)=βetai, (βi,j)= (β^0i,j)+ (β^1i,j)]; 
    (α^1i,j)= Sqrt[(α^1)i*(α^1)j]; 
    If [i�j ,(αi,j)=αlpi, (αi,j)= (α^o)i,j+ (α^1i,j)]; 
    ai,j= αi,j + (βi,j)/T; 
    , {j,1, NVFUG}]; 
      , {i, 1,NVFUG}]; 

aM = ; 

bM= ; 

cM = ; 
ETA = bM/(4*V); 
 
VLO = bM/(4*1.0000001); 
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VHI = Initguess * 100; 
VIER = Solve[Pressure==(Rl . atm*T)/V*((1+ETA+ETA2-ETA3)/(1-ETA)3)-aM/(V(V+cM )), V]; 
Len = Length[VIER]; 
Do[Vsubs=V/.VIER[[subs]], {subs, 1, Len}]; 
V = Max[Table[Re[Vsubs], {subs, 1, Len}]]; 
z =( Pressure* V)/(Rl . atm * T); 
Do[fk= Exp[((4*ETA - 3*ETA2)/(1-ETA)2) +( bk/bM*((4*ETA - 2*ETA2)/(1-ETA)3))-(2/(Rl . 

atm*T*V)*( ) *( +1))+((aM*ck)/(Rl . atm*T*V2)*(

+0.5))-Log[z]], 
   {k,1, NVFUG}]; 
 
NVFUG = 1; 
y1 1= 1; 
y12 = 0; 
TOTY = y1 1+ y12; 
y1 = y11/ TOTY; 
y2 = y12/TOTY; 
Tempa = T; 
Pressa = Pressure; 
Clear[waterV, ETA]; 
 
Do[bi = Exp[2.30259*(-γi-δi*Tempa)];, {i, NVFUG}]; 
Do[ 
  Do[ 
    (β^0i,j)= 0.5*((β^0)i+(β^0)j); 
    (β^1i,j)= Sqrt[(β^1)i*(β^1)j]; 
    If [i�j ,(βi,j)=βetai, (βi,j)= (β^0i,j)+ (β^1i,j)]; 
    (α^1i,j)= Sqrt[(α^1)i*(α^1)j]; 
    If [i�j ,(αi,j)=αlpi, (αi,j)= (α^o)i,j+ (α^1i,j)]; 
    ai,j= αi,j + (βi,j)/T; 
    , {j,1, NVFUG}]; 
      , {i, 1,NVFUG}]; 

aM = ; 

bM= ; 

cM = ; 
Clear[waterV]; 
ETA = bM/(4*waterV); 
BOX =( 1 + ETA + ETA2+ETA3)/(1-ETA)3; 
VVIER = Solve[Pressure == ((Rl . atm*T)/waterV*BOX) - aM/(waterV*(waterV+cM)), waterV]; 
 
Len = Length[VVIER]; 
Do[waterVsubs=waterV/.VVIER[[subs]], {subs, 1, Len}]; 
waterV= Max[Table[Re[waterVsubs], {subs, 1, Len}]]; 
purez =( Pressure* waterV)/(Rl . atm * T); 
fpurewater= Exp[((4*ETA - 3*ETA2)/(1-ETA)2) +( b1/bM*((4*ETA - 2*ETA2)/(1-ETA)3))-(2/(Rl . 

atm*T*waterV)*( ) *( +1))+((aM*c1)/(Rl . atm*T*waterV)*(

+0.5))-Log[purez]]; 
fugcoeffpureH2O = f1purewater; 
guesspartpressureH2O =( (10^(7.96681-1668.21/(T-45.15)))/760)*1; 
Clear[vapmolefracSO2,vapmolefracH2O]; 
guessvapmolefracH2O = guesspartpressureH2O/Pressure; 
guessvapmolefracSO2 = 1 - guessvapmolefracH2O; 
guessmolesH2O = H2OIN; 
guessmolalH = 0.9*10-1; 
guessmolalOH = KH2O/guessmolalH; 
guessmolalSO2 = 0.05*(SO2IN); 
guessmolalHSO3 =(KSO2*guessmolalSO2)/(guessmolalH); 
guessmolalSO3 = (KHSO3*guessmolalHSO3)/(guessmolalH); 
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guessVaprate= 3; 
S1=KH2O==(activitycoeffH * molalH *activitycoeffOH * molalOH)/(activityH2O); 
S2 =KSO2 ==((activitycoeffH*molalH * activitycoeffHSO3 * molalHSO3)/(activitycoeffSO2 
*molalSO2*activityH2O)); 
S3 =KHSO3== ((activitycoeffH*molalH * activitycoeffSO3 * molalSO3)/(activitycoeffHSO3 
*molalHSO3)); 
 
(* Vapour liquid equilibria expressions labelled as book *) 
S5 = vapmolefracH2O * f1 *Pressure ==activityH2O* PSH2O * 
fugcoeffpureH2O*Exp[(partmolvolH2O *1000*(Pressure- PSH2O))/(R*T)]; 
S6 =  vapmolefracSO2 * f2 * Pressure == molalSO2*activitycoeffSO2*HenrySO2* 
Exp[(partmolvolSO2 *1000*(Pressure- PSH2O))/(R*T)]; 
 
(*-----------------------------------------------------------------------------------
----*) 
 
(* other system equations*) 
 
(* vapour phase balance *) 
S8 = vapmolefracSO2 + vapmolefracH2O == 1; 
 
(* sulphur balance *) 
S9 = (molesH2O/55.51*(molalSO2 + molalHSO3 + molalSO3)) + (vapmolefracSO2*Vaprate) == 
SO2IN ; 
 
(* hydrogen balance *) 
S10 = (2*molesH2O) + (molesH2O/55.51*(molalH + molalOH + molalHSO3)) + 
(2*vapmolefracH2O*Vaprate)==2*H2OIN ; 
 
(* electroneutrality *) 
S11 = molalH == (molalOH + molalHSO3 + (2*molalSO3)); 
 
Unknowns= FindRoot[ 
   {S1, S2, S3, S5,S6,S8, S9,S10,S11}, 
    {{molesH2O, guessmolesH2O,10}, {molalH, guessmolalH,1}, {molalOH, 
guessmolalOH,1}, {molalSO2, guessmolalSO2,10}, {molalHSO3, guessmolalHSO3,1}, 
{molalSO3, guessmolalSO3,1}, {vapmolefracH2O, guessvapmolefracH2O,1}, 
{vapmolefracSO2, guessvapmolefracSO2,1}, {Vaprate, 
guessVaprate,5}},Method→"Secant"]; 
 
molesH2O = molesH2O/.Unknowns; 
molalH = molalH/.Unknowns; 
molalOH = molalOH/.Unknowns; 
molalSO2 = molalSO2/.Unknowns; 
molalHSO3 = molalHSO3/.Unknowns; 
molalSO3 = molalSO3/.Unknowns; 
vapmolefracH2O = vapmolefracH2O/.Unknowns; 
vapmolefracSO2 = vapmolefracSO2/.Unknowns; 
Vaprate= Vaprate/.Unknowns; 
molalHSO4=molalHSO3; 
molalSO4=molalSO3; 
vapmolefracO2=1-vapmolefracH2O-vapmolefracSO2+0.01; 
molalSO2aq=molalSO3+molalHSO3-.1; 
molalSO3aq=molalSO3*0.001; 
molalH2SO4aq=molalHSO4+molalSO4+.02; 
 
 
 
(*-----------Do Not Clear Variables------------*) 
(* 
(* Clear the values for Vapour Mole Fractions *) 
Clear[vapmolefracO2, vapmolefracSO3, vapmolefracSO2, vapmolefracH2SO4, 
vapmolefracH2O]; 
(* Clear the values for Ion Mole values *) 
Clear[molalH, molalOH, molalHSO3, molalHSO4, molalSO3, molalSO4]; 
(* Clear the values for Liquid Mole values *) 
Clear[molesSO2, molesH2O, molesO2, molesSO3, molesH2SO4, molalSO3aq, molalSO2aq,  
molalH2SO4aq]; 
(* Clear the values for K Values *) 
Clear[KH2O, KH2SO4, KHSO4, KH2SO4G, KSO3, KSO2,KHSO3]; 
(* Clear the values for Partial Molar Volumes*) 
Clear[partmolvolH2SO4, partmolvolH2O, partmolvolO2, partmolvolSO3,  partmolvolSO2]; 
(* Clear the values for Partial Pressures*) 
Clear[vapmolefracH2SO4, vapmolefracH2O, vapmolefracO2,  vapmolefracSO3,  
vapmolefracSO2] 
(* Clear the values for the other necessary variables*) 



Clear[ρ,Subst,Vaprate, IonicStrength,Totpress, TotalMolalH2SO4, TotalMolalSO2, 
TotalMolalSO3];*) 
 
Pressure = Barpressure * 0.987; 
T=TCel + 273.15; 
guesspartpressureH2O =Pressure*.1; 
guesspartpressureSO2 =Pressure*.5*SO2IN; 
guesspartpressureO2 = Pressure - (guesspartpressureH2O + 
guesspartpressureSO2+guesspartpressureH2SO4 ); 
guesspartpressureH2SO4 =Pressure*.01*H2SO4IN; 
 
(*---------------------Define Constants-----------------------------------------*) 
 
If[(T-273)≤50,do = (1.0-4.8*10-6*(T-273)2)]; 
If[(T-273)>50, do = (1.0064-(2.5*10-4*(T-273))-(2.3*10-6*(T-273)2))];(*Density of 
Water*) 
alphaSO2 = -0.030; 
alphaSO3 = -0.030;(*added*) 
alphaH2SO4 = -0.030;(*added*) 
elec = 4.8029*10-10; 
Dielec = 305.7*Exp[-Exp[-12.741+0.01875*T]-(T/219)]; 
k =1.38045*10-16;(*Boltzmann Constant*) 
Mw = 0.01802;(*MW of Water*) 
Na = 6.0232*1023;(*Avogadros Number*) 
PSH2O = (10^(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 = 2.7; 
rOH = 3.5; 
rSO3 = 2.8; 
rHSO4 = 2.7; 
rSO4 = 2.8; 
 
(*Electric Charge*) 
zH = 1; 
zHSO3 = -1; 
zOH = -1; 
zSO3 = -2; 
zHSO4 = -1; 
zSO4 = -2; 
(*-------------------------------------------------------------*) 
(*-------------------------------------------------------------*) 
 
(* Calculation of equilibrium constants for liquid phase reactions 
The order is the following: 
1=SO2 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, KH2O, KHSO3, KH2SO4, KHSO4, KSO3, KH2SO4G}; 
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"]*) 
 
KSO2 =Kvalue[[1]]; 
KH2O = Kvalue[[2]]; 
KHSO3 =Kvalue[[3]]; 
KH2SO4 =Kvalue[[4]]; 
KHSO4 =Kvalue[[5]]; 
KSO3 =Kvalue[[6]]; 
KH2SO4G =Kvalue[[7]]; 
 
*) 
(*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]; 



KH2O =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)]; 
KH2SO4 =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*) 
KH2SO4G =N[3*10^(-11)*Exp[0.111*TCel]]; 
 
(*-------------------------------------------------------------*) 
(*Calculation of ionic quantities for activity coefficient calculation*) 
(* 
litwater=H2OIN*Mw/do; 
Print["Liters of water: ", litwater]; 
contribH1=Sqrt[KH2O]; 
molalO2=Sqrt[KH2O]; 
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 = ", HenrySO2];*) 
 
(*------------------------------------------------------------------------*) 
(*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; 
 
HenryH2SO4 = Exp[(HenvalA/T)+(HenvalB*Log[T]) + (HenvalC*T) + HenvalD]; 
 
 
(*------------------------------------------------------------------------*) 
 
(* Calculation of Henry's Constant for O2 *) 
 
KHdash = Exp[1/(8.3144*T) ((0.046*T2)+(203.357*T*Log[T/298])-((299.378+0.092*T)*(T-
298))-20.591*103)]; 
HenryO2 = 1/KHdash; 
(* 
Print["Calculated Henry's Constant = ", HenryH2SO4]; 
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, 
_]^o); 
R = gas constant, 82.06  atm cm^3/g mole K (R); 
T = Temperature, Kelvins; 
C12subso = reduced volume integral of the molecular direct correlation function 
Subscript[c, ij] at infinite dilution (Subscript[C, 12]^o); 



K2subso = isothermal compressibility at infinite dilution, atm^-1 (Subscript[K, 
2]^o); 
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 (ρ); 
rhotil = reduced density = Subscript[ρv, 2]^* (Overscript[ρ, ~]); *) 
(* 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 Calculation*) 
(*END vstar and molecular weight Linear Solution*) 
 
(* vstar values from Zemaitis *) 
vstar1= 46.4; 
vstar2= 115.0; 
vstar3 = 74.4; 
vstar4= 132; 
vstar5= 154; 
 
(* the molar volume of water is calculated using this equation *) 
vmolwater = 18.02*(1.001508+3.976412*10-6*(T-273.15)2); 
 
(*Calculation of density of water using equation from Handbook*) 
If[(T-273)≤50,ρ = 1.0-4.8*10-6*(T-273)2]; 
If[(T-273)>50, ρ = 1.0064-(2.5*10-4*(T-273))-(2.3*10-6*(T-273)2)]; 
 
Clear[C12subso, solution, solution1, solution2, K, partmolvol]; 
rhotil = ρ/18.012*46.4; 
 
solution1 =Solve[Log[1 +18.02/((ρ)*K*R*T)]�(-0.42704*(rhotil-1)+2.089*(rhotil-1)2-
0.42367*(rhotil-1)3), K]; 
 
Flatten[solution1]; 
K = K/.solution1[[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*rhotil2, "outside 
range"]; 
 
For[i=2, i<6, ivalue = i;  
 C12subso = (Subscript[vstar, ivalue]/46.4)0.62*(-Exp[series]); 
 vmol ivalue= K*R*T*(1-C12subso); 
 i++] 
 
partmolvolSO2aq = vmol2/1000; 
partmolvolSO2 = vmol2/1000; 
partmolvolH2O = vmolwater/1000; 
partmolvolO2 = vmol3/1000; 
partmolvolSO3aq = vmol4/1000; 
partmolvolH2SO4 = vmol5/1000; 
 
(*Print["Calculated partial molar volumes"] 
Print["Partial molar volume of SO2 = ", partmolvolSO2, " dm3/mol"] 
Print["Partial molar volume of H2O = ", partmolvolH2O, " dm3/mol"] 
Print["Partial molar volume of O2 = ", 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 O2 from bignell = ", partmolvolO2bignell, " m^3 mol^-
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*) 
 
(α^o)1,1= 0; 
(α^o)1,2 = 1.7; 
(α^o)1,3 = 2.19; 
(α^o)1,4 = 2.19; 
(α^o)1,5 = 2.19; 
 
(α^o)2,1 = 1.7; 
(α^o)2,2 = 1; 
(α^o)2,3 = 2; 
(α^o)2,4 = 1; 
(α^o)2,5 =1; 
 
(α^o)3,1 = 2.19; 
(α^o)3,2 = 2; 
(α^o)3,3 = 2; 
(α^o)3,4 = 2; 
(α^o)3,5 = 2; 
 
(α^o)4,1 = 2; 
(α^o)4,2 = 2; 
(α^o)4,3 = 2; 
(α^o)4,4 = 4; 
(α^o)4,5 = 4; 
 
(α^o)5,1 = 3; 
(α^o)5,2 = 3; 
(α^o)5,3 = 3; 
(α^o)5,4 = 4; 
(α^o)5,5 = 5; 
 
c1=0.01; 
c2 = 0.017; 
c3 = 0; 
c4 = .017; 
c5 = 0; 
 
αlp1 =3.1307; 
αlp2 =  2.8730; 
αlp3 =  1.5324; 
αlp4 =  1.5324; 
αlp5 =  1.5324; 
 
βeta1 =1161.7; 
βeta2 =  1815.4; 
βeta3 =  8.56; 
βeta4 =  8.56; 
βeta5 =  8.56; 
 
γ1 =1.5589; 



γ2 =  1.1043; 
γ3 =  1.2458; 
γ4 =1.5589; 
γ5 =1.5589; 
 
δ1 =0.593*10-4; 
δ2 =  2.721*10-4; 
δ3 = 1.199*10-4; 
δ4 = 1.199*10-4; 
δ5 = 1.199*10-4; 
 
(* nonpolar and polar contributions *) 
 
(α^0)1=1.06; 
(α^0)2=2.86; 
(α^0)3=1.5324; 
(α^0)4=1.5324; 
(α^0)5=1.5324; 
 
(α^1)1=2.07; 
(α^1)2=0.01; 
(α^1)3=0.0; 
(α^1)4=0.0; 
(α^1)5=0.0; 
 
(β^0)1=8.4; 
(β^0)2=21.9; 
(β^0)3=8.56; 
(β^0)4=8.56; 
(β^0)5=8.56; 
 
(β^1)1=1153.3; 
(β^1)2=1793.5; 
(β^1)3=0; 
(β^1)4=0; 
(β^1)5=0; 
 
(* ---------------- Calculation of fugacity coefficients ----------------------- *) 
 
Rl . atm = 0.082054; 
Initguess = ((Rl . atm*T)/Pressure); 
NVFUG = 5; 
(* 1 = water, 2 = sulphur dioxide, 3 = oxygen , 4= SO3, 5=H2SO4*) 
 
guessvapmolefracH2O = guesspartpressureH2O/Pressure; 
guessvapmolefracSO2 = guesspartpressureSO2/Pressure; 
guessvapmolefracO2 = guesspartpressureO2/Pressure; 
guessvapmolefracSO3 = guesspartpressureSO2/Pressure*.075; 
guessvapmolefracH2SO4 = guesspartpressureH2SO4/Pressure; 
 
y11= guessvapmolefracH2O; 
y12 = guessvapmolefracSO2; 
y13 = guessvapmolefracO2; 
y14 = guessvapmolefracSO3; 
y15 = guessvapmolefracH2SO4; 
 
TOTY = y1 1+ y12 + y13+y14+y15; 
 
y1 = y11/ TOTY; 
y2 = y12/TOTY; 
y3=y13/TOTY; 
y4=y14/TOTY; 
y5=y15/TOTY; 
 
Tempa = T; 
Pressa = Pressure; 
Clear[V, ETA]; 
Do[bi = Exp[2.30259*(-γi-δi*Tempa)];, {i, NVFUG}]; 
 
Do[ 
  Do[ 
    (β^0i,j)= 0.5*((β^0)i+(β^0)j); 
    (β^1i,j)= Sqrt[(β^1)i*(β^1)j]; 
    If [i�j ,(βi,j)=βetai, (βi,j)= (β^0i,j)+ (β^1i,j)]; 



    (α^1i,j)= Sqrt[(α^1)i*(α^1)j]; 
    If [i�j ,(αi,j)=αlpi, (αi,j)= (α^o)i,j+ (α^1i,j)]; 
    ai,j= αi,j + (βi,j)/T; 
    , {j,1, NVFUG}]; 
      , {i, 1,NVFUG}]; 
 

aM = ; 

bM= ; 

cM = ; 
 
ETA = bM/(4*V); 
 
 
VLO = bM/(4*1.0000001); 
VHI = Initguess * 100; 
 
(* 
Print["Initial Guess for Molar Volume from ideal gas law = ", Initguess]; 
Print["Molar volume boundary"]; 
Print["Possible highest value = ", VHI]; 
Print["Possible lowest value = ", VLO]; 
Print[]; 
*) 
 
VIER = Solve[Pressure==(Rl . atm*T)/V*((1+ETA+ETA2-ETA3)/(1-ETA)3)-aM/(V(V+cM )), V]; 
 
Len = Length[VIER]; 
Do[Vsubs=V/.VIER[[subs]], {subs, 5, Len}]; 
Vsol = Table[Vsubs, {subs, 5, Len}]; 
Vsol; 
V  = Max[Vsol]; 
z =( Pressure* V)/(Rl . atm * T); 
 
Do[fk= Exp[((4*ETA - 3*ETA2)/(1-ETA)2) +( bk/bM*((4*ETA - 2*ETA2)/(1-ETA)3))-(2/(Rl . 

atm*T*V)*( ) *( +1))+((aM*ck)/(Rl . atm*T*V2)*(

+0.5))-Log[z]], 
   {k,1, NVFUG}]; 
(* 
Print["molar volume = ", V, " l/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 H2SO4 = ", Subscript[f, 5]]; 
*) 
 
(* ---------------------------------------*) 
(* ---------------------------------------*) 
(* calculation of pure water fugacity using Nakamura equation of state *) 
(* 1 = water, 2 = nothing *) 
NVFUG = 1; 
 
y1 1= 1; 
y12 = 0; 
TOTY = y1 1+ y12; 
y1 = y11/ TOTY; 
y2 = y12/TOTY; 
 
Tempa = T; 
Pressa = Pressure; 
 
Clear[waterV, ETA]; 
 
Do[bi = Exp[2.30259*(-γi-δi*Tempa)]; 
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  (*Print[SubscriptBox["b",i]//DisplayForm, " = ",Subscript[b, i] ];*), {i, NVFUG}]; 
 
Do[ 
  Do[ 
    (β^0i,j)= 0.5*((β^0)i+(β^0)j); 
    (β^1i,j)= Sqrt[(β^1)i*(β^1)j]; 
    If [i�j ,(βi,j)=βetai, (βi,j)= (β^0i,j)+ (β^1i,j)]; 
    (α^1i,j)= Sqrt[(α^1)i*(α^1)j]; 
    If [i�j ,(αi,j)=αlpi, (αi,j)= (α^o)i,j+ (α^1i,j)]; 
    ai,j= αi,j + (βi,j)/T; 
    , {j,1, NVFUG}]; 
      , {i, 1,NVFUG}]; 
 
 

aM = ; 

bM= ; 

cM = ; 
 
Clear[waterV] 
ETA = bM/(4*waterV); 
BOX =( 1 + ETA + ETA2+ETA3)/(1-ETA)3; 
VVIER = Solve[Pressure == ((Rl . atm*T)/waterV*BOX) - aM/(waterV*(waterV+cM)), waterV]; 
 
Len = Length[VVIER]; 
Do[waterVsubs=waterV/.VVIER[[subs]], {subs, 5, Len}]; 
Vsol = Table[waterVsubs, {subs,5, Len}]; 
waterV  = Max[Vsol]; 
 
(* Calculation of compressibility factor*) 
 
purez =( Pressure* waterV)/(Rl . atm * T); 
 
fpurewater= Exp[((4*ETA - 3*ETA2)/(1-ETA)2) +( b1/bM*((4*ETA - 2*ETA2)/(1-ETA)3))-(2/(Rl . 

atm*T*waterV)*( ) *( +1))+((aM*c1)/(Rl . atm*T*waterV)*(

+0.5))-Log[purez]]; 
 
fugcoeffpureH2O = f1purewater; 
(*Print["fugacity coefficient for pure water = ", fugcoeffpureH2O]*) 
(* ------------------------------------------------------------------------- *) 
(* Calculation of activity coefficient of oxygen in sulphur dioxide electrolyte 
solution from UEA paper Clegg and Brimblecombe  
Modify with sulphuric Acid and Sulfur Trioxide*) 
 
λO2,H= -0.2379 + 81.450/T; 
 
λO2,OH= 0.93318 - 430.552/T+49860.8/T2; 
 
λO2,HSO3= (15.571/T)/2; 
 
λO2,SO3= 15.571/T; 
 
ζO2,H,OH=0; 
ζO2,H,HSO3=0; 
ζO2,H,SO3=0; 
 
activitycoeffO2 = Exp[(2*molalH*λO2,H) +2*((molalOH*λO2,OH) +(molalHSO3 * 
λO2,HSO3)+(molalSO3 *λO2,SO3))+((molalH*molalOH*ζO2,H,OH)+ 
(molalH*molalHSO3*ζO2,H,HSO3)+(molalH*molalSO3 * ζO2,H,SO3))]; 
(* ionic strength *) 
IonicStrength =0.5*(molalH + molalOH + molalHSO3 + 4*molalSO3+4*molalSO4+molalHSO4); 
(* 
Print["Ionic strength = ", IonicStrength]; 
*) 
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(*---------------------------------------------------------------*) 
 
(*---------------------------------------------------------------*) 
(* The Debye-Huckel constant, A, is calculated as follows *) 

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

FAC=(-(A/3))*( /(1+1.2* )+2.0/1.2*Log[1+1.2*

]); 
(* 
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+SO3- , H+HSO4-, H+SO4--  
INCORRECT DATA - MODIFY!*) 
 
Beta0 = {0.04, 0.06, 0.12, .02, .02}; 
Beta1 = {0.12, 0.54, 1.08, .02, .02}; 
ion= {1,2,3, 4, 5}; 
 
Bi[Beta0_, Beta1_, ion_] := (Beta0) + (Beta1)/(2*IonicStrength)*(1-
(1+2*Sqrt[IonicStrength])*Exp[-2*Sqrt[IonicStrength]]); 
 
Bypi [Beta0_, Beta1_, ion_] :=(Beta1)*(1-
(1+2*Sqrt[IonicStrength]+2*IonicStrength)*Exp[(-2*Sqrt[IonicStrength])]); 
 
Bwateri [Beta0_, Beta1_, ion_] := Beta0 +Beta1*Exp[-2*Sqrt[IonicStrength]]; 
 
Bi = Bi[Beta0, Beta1, ion]; 
Bypi = Bypi[Beta0, Beta1, ion]; 
Bwateri = Bwateri[Beta0, Beta1, ion]; 
 
B1 = Bi[[1]]; 
Byp1 = Bypi[[1]]; 
Bwater1 = Bwateri[[1]]; 
 
B2 = Bi[[2]]; 
Byp2 = Bypi[[2]]; 
Bwater2 = Bwateri[[2]]; 
 
B3 = Bi[[3]]; 
Byp3 = Bypi[[3]]; 
Bwater3 = Bwateri[[3]]; 
 
B4 = Bi[[4]]; 
Byp4 = Bypi[[4]]; 
Bwater4 = Bwateri[[4]]; 
 
B5 = Bi[[5]]; 
Byp5 = Bypi[[5]]; 
Bwater5 = Bwateri[[5]]; 
 
Bsum = 
2*molalH*((molalOH*Byp1)+(molalHSO3*Byp2)+(molalSO3*Byp3)+(molalHSO4*Byp4)+(molalSO4*
Byp5)); 
 
(*------------------------------------------------------------------------*) 
(*ion molecule interaction coefficients from dielectric effects*) 
do; 
(* 
Print["Density of water = ", do, " kg/dm^3"] 
*) 
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(* a. volume of neutral solution excluding ions, dm^3/kg of Subscript[H, 2]O  / NOTE 
THAT THERE IS NO H2SO4!*) 
Vm = (1/do)+molalSO2aq*partmolvolSO2+molalSO3aq*partmolvolSO3aq; 
 
(* b. volume of ionic solution excluding neutral solutes, dm^3/kg Subscript[H, 2]O *) 
Vi = (1/do)+(molalH*partmolvolH) +(molalOH*partmolvolOH)+ (molalHSO3*partmolvolHSO3)+ 
(molalSO3*partmolvolSO3)+(molalSO4*partmolvolSO4)+(molalHSO4*partmolvolHSO4); 
 
(* c. volume of ionic cavities for ion i, dm/mole *) 
vHc = (4/3)*π*Na*(rH^3)*(10^-27); 
vOHc = (4/3)*π*Na*(rOH^3)*(10^-27) ; 
vHSO3c =  (4/3)*π*Na*(rHSO3^3)*(10^-27); 
vSO3c =  (4/3)*π*Na*(rSO3^3)*(10^-27); 
vHSO4c =  (4/3)*π*Na*(rHSO4^3)*(10^-27); 
vSO4c =  (4/3)*π*Na*(rSO4^3)*(10^-27); 
 
(* d. volume of all ionic cavities, dm^3/kg Subscript[H, 2]O *) 
Vc = (molalH*vHc) + (molalOH * vOHc) + 
(molalHSO3*vHSO3c)+(molalSO3*vSO3c)+(molalSO4*vSO4c)+(molalHSO4*vHSO4c); 
 
(* e. volume of real solution dm^3/kg Subscript[H, 2]O *) 
Vf = Vi+(molalSO2aq*partmolvolSO2)+(molalSO3aq*partmolvolSO3aq); 
(*----------------------------------------------------------------------------------
*) 
(* molecule molecule interactions + CORRECT FOR SO3-SO3 and O2-O2?*) 
(*lambdaSO2 = 0.0275+(0/T)*) 
lambdaSO2 = -0.05+(0/T); 
muSO2 = -(1/55.5)*(lambdaSO2+(1/166.5)); 
 
(*SAME LAMBDA WITH SO2*) 
lambdaSO3 = -0.05+(0/T); 
muSO3 = -(1/55.5)*(lambdaSO3+(1/166.5)); 
muH2SO4=muSO3*3; 
(* What is this haha get rid of this!*) 
(*--------------Dielectric constant of soln without ions--------------------------*) 
Ds = Dielec*(1+(((alphaSO2*molalSO2aq)+(alphaSO3*molalSO3))/Vm)); 
(* ------------------------------------------------------------------ *) 
vapmolefracH2SO4=vapmolefracSO2*.1; 
vapmolefracSO3=vapmolefracSO2*01; 
 
(*--------------------------------------------------------------------------------*) 
(*dimensionless constant of dielectric contribution of ion i in activity 
coefficient*) 
 
LH = ((elec^2)* (zH^2))/(2*rH*k*T*Dielec)*(10^8); 
 
LHSO3 = ((elec^2)* (zHSO3^2))/(2*rHSO3*k*T*Dielec)*(10^8); 
 
LOH = ((elec^2)* (zOH^2))/(2*rOH*k*T*Dielec)*(10^8); 
 
LSO3 = ((elec^2)* (zSO3^2))/(2*rSO3*k*T*Dielec)*(10^8); 
 
LHSO4 = ((elec^2)* (zHSO4^2))/(2*rHSO4*k*T*Dielec)*(10^8); 
 
LSO4 = ((elec^2)* (zSO4^2))/(2*rSO4*k*T*Dielec)*(10^8); 
 
(*--------------------------------------------------------------------------------*) 
(*Definition of terms often used to simplify the activity coefficient equations*) 
 
DIV = Dielec/Ds; 
Vfc = Vf - Vc; 
Vic = Vi - Vc; 
SUML = (molalH*LH)+ (molalOH*LOH)+ (molalHSO3*LHSO3)+(molalSO3*LSO3); 
BRAC = (DIV * molalSO2aq)*(-alphaSO2/Vm*(Vi+(0.5*Vc))/Vic-
(1.5*partmolvolSO2*Vc)/(Vic*Vfc)); 
 
(*-----------------------------------OXYGEN-----------------------------------*) 
Calcppoxygen = vapmolefracO2 * Barpressure; 
PartialO2bar = Calcppoxygen; 
PartialO2atm = PartialO2bar * 0.987; 
T =TCel + 273.15; 
conc = PartialO2atm*Exp[1/(8.3144*T) ((0.046*T2)+(203.357*T*Log[T/298])-
((299.378+0.092*T)*(T-298))-20.591*103)]; 
 
(*--------------------------------------------------------------------------------*) 
(*ERASE AFTER THIS : DEBUGGING AREA*) 



activitycoeffH = Exp[FAC+2*((molalOH*B1)+(molalHSO3*B2)+(molalSO3*B3))- 
(Bsum/(4*IonicStrength2))+(BRAC*LH) + (1.5*SUML*((DIV*((Vf*vHc)-
(Vc*partmolvolH))/Vfc2)-(((Vi*vHc)-(Vc*partmolvolH))/Vic2)))]; 
 
(*----------------------------------------------------------------------------------
*) 
(* OH- hydroxide ion activity coefficient *) 
activitycoeffOH = Exp[FAC + (2*B1*molalH)-(Bsum/(4*IonicStrength2))+(BRAC*LOH) + 
1.5*SUML*(DIV*((Vf*vOHc)-(Vc*partmolvolOH))/Vfc2-((Vi*vOHc)-(Vc*partmolvolOH))/Vic2)]; 
 
(*----------------------------------------------------------------------------------
*) 
(* HSO4- bisulphate ion activity coefficient - CORRECT?*) 
activitycoeffHSO4= Exp[FAC + (2*B2*molalH)-(Bsum/(4*IonicStrength2))+(BRAC*LHSO4) + 
(1.5*SUML*((DIV*((Vf*vHSO4c)-(Vc*partmolvolHSO4))/Vfc2)-(((Vi*vHSO4c)-
(Vc*partmolvolHSO4))/Vic2)))]; 
(*----------------------------------------------------------------------------------
*) 
(* HSO3- bisulphite ion activity coefficient *) 
activitycoeffHSO3 = Exp[FAC + (2*B2*molalH)-(Bsum/(4*IonicStrength2))+(BRAC*LHSO3) + 
(1.5*SUML*((DIV*((Vf*vHSO3c)-(Vc*partmolvolHSO3))/Vfc2)-(((Vi*vHSO3c)-
(Vc*partmolvolHSO3))/Vic2)))]; 
 
(*----------------------------------------------------------------------------------
*) 
(* SO3-- sulphite ion activity coefficient *) 
activitycoeffSO3 = Exp[(4*FAC) + (2*B3*molalH)-(Bsum/IonicStrength2)+(BRAC*LSO3) + 
(1.5*SUML*((DIV*((Vf*vSO3c)-(Vc*partmolvolSO3))/Vfc2)-(((Vi*vSO3c)-
(Vc*partmolvolSO3))/Vic2)))]; 
 
(*----------------------------------------------------------------------------------
*) 
(* SO4-- Sulphate Ion activity coefficient *) 
activitycoeffSO4 = Exp[(4*FAC) + (2*B3*molalH)-(Bsum/IonicStrength2)+(BRAC*LSO4) + 
(1.5*SUML*((DIV*((Vf*vSO4c)-(Vc*partmolvolSO4))/Vfc2)-(((Vi*vSO4c)-
(Vc*partmolvolSO4))/Vic2)))]; 
(*----------------------------------------------------------------------------------
*) 
(*SO2 Sulphur dioxide activity coefficient*) 
activitycoeffSO2 = Exp[(2*lambdaSO2*molalSO2aq)+ (3*muSO2*molalSO2aq2)+(SUML*DIV*(((-
1.5*partmolvolSO2aq*Vc)/Vfc2)+(((Vf + (0.5*Vc))/Vfc)*(partmolvolSO2aq/Vm-
(DIV*(partmolvolSO2aq+alphaSO2))/Vm))))]; 
(*----------------------------------------------------------------------------------
*) 
(*SO3 Sulphur trioxide activity coefficient*) 
activitycoeffSO3aq = Exp[(2*lambdaSO3*molalSO3aq)+ 
(3*muSO3*molalSO3aq2)+(SUML*DIV*(((-1.5*partmolvolSO3aq*Vc)/Vfc2)+(((Vf + 
(0.5*Vc))/Vfc)*(partmolvolSO3aq/Vm-(DIV*(partmolvolSO3aq+alphaSO3))/Vm))))]; 
(*----------------------------------------------------------------------------------
*) 
(*H2SO4 Sulfuric Acid activity coefficient*) 
activitycoeffH2SO4 = Exp[ (3*muH2SO4*molalH2SO4aq2)+(SUML*DIV*(((-
1.5*partmolvolH2SO4*Vc)/Vfc2)+(((Vf + (0.5*Vc))/Vfc)*(partmolvolH2SO4/Vm-
(DIV*(partmolvolH2SO4+alphaH2SO4))/Vm))))]; 
(*-----------------------------------------------------------------------------------
*) 
(* Water activity *) 

activityH2O = Exp[Mw*(((2*A)/3*IonicStrength1.5/(1 + 1.2* ))- 
      (2*molalH*(Bwater1*molalOH +Bwater2*molalHSO3+ 
Bwater3*molalSO3+Bwater4*molalHSO4+Bwater5*molalSO4)) 
      -(lambdaSO2*molalSO2aq2)-(lambdaSO3*molalSO32) 
      -(2*muSO2*molalSO2aq3)-(2*muSO3*molalSO33) 
      -(molalH+molalOH+molalHSO3 +molalSO3+molalSO2aq)-(SUML*(((-
alphaSO2*molalSO2aq*DIV2)/(do*Vm2)*(Vf+(0.5*Vc))/Vfc)+((1.5*Vc*DIV)/(do*Vfc2))-
((1.5*Vc)/(do*Vic2)))))]; 
 
 
(*-----------------------------------------------------------------------------*) 
 
 
 
(* Liquid phase reaction equations labelled as book *) 
S1=KH2O==(activitycoeffH * molalH *activitycoeffOH * molalOH)/(activityH2O); 
S2 =KSO2 ==((activitycoeffH*molalH * activitycoeffHSO3 * molalHSO3)/(activitycoeffSO2 
*molalSO2aq*activityH2O)); 

IonicStrength



S3 =KHSO3== ((activitycoeffH*molalH * activitycoeffSO3 * molalSO3)/(activitycoeffHSO3 
*molalHSO3)); 
S4 =KHSO4== ((activitycoeffH*molalH * activitycoeffSO4 * molalSO4)/(activitycoeffHSO4 
*molalHSO4)); 
S5= KH2SO4 == ((activitycoeffH*molalH * activitycoeffHSO4 * 
molalHSO4)/(activitycoeffH2SO4 *molalH2SO4aq*activityH2O)); 
S6= KSO3 == ((activitycoeffH2SO4 * molalH2SO4aq)/(activitycoeffSO3aq 
*molalSO3aq*activityH2O)); 
(* Gas phase reaction equation *) 
S7 = KH2SO4G 
�(fugcoeffpureH2O*vapmolefracH2O*f4*vapmolefracSO3)/(f5*vapmolefracH2SO4); 
(* Vapour liquid equilibria expressions labelled as book *) 
S8 = vapmolefracH2O * f1 *Pressure ==activityH2O* PSH2O * 
fugcoeffpureH2O*Exp[(partmolvolH2O *1000*(Pressure- PSH2O))/(R*T)]; 
S9=  vapmolefracSO2 * f2 * Pressure == molalSO2aq*activitycoeffSO2*HenrySO2* 
Exp[(partmolvolSO2 *1000*(Pressure- PSH2O))/(R*T)]; 
S10= vapmolefracO2 * f3 * Pressure � molalO2 * activitycoeffO2 * HenryO2 * 
Exp[(partmolvolO2*1000* (Pressure - PSH2O))/(R*T)]; 
S11= vapmolefracSO3 * f4 * Pressure � molalSO3aq * activitycoeffSO3aq * HenrySO3 * 
Exp[(partmolvolSO3*1000* (Pressure - PSH2O))/(R*T)]; 
S12= vapmolefracH2SO4 * f5 * Pressure � molalH2SO4aq * activitycoeffH2SO4 * 
HenryH2SO4 * Exp[(partmolvolH2SO4*1000* (Pressure - PSH2O))/(R*T)]; 
 
(*-----------------------------------------------------------------------------------
----*) 
(*-----------------------------------------------------------------------------------
----*) 
(* other system equations*) 
(* vapour phase balance *) 
S13 = vapmolefracSO2 + vapmolefracH2O + 
vapmolefracO2+vapmolefracSO3+vapmolefracH2SO4== 1; 
(* sulphur balance *) 
S14 = (molesH2O/55.51*(molalSO2aq + molalHSO3 + 
molalSO3+molalSO4+molalHSO4+molalSO3aq+molalH2SO4aq)) + (vapmolefracSO2*Vaprate) 
+(vapmolefracH2SO4*Vaprate)== SO2IN+H2SO4IN ; 
(* hydrogen balance *) 
S15 = (2*molesH2O) + (molesH2O/55.51*(molalH + molalOH + molalHSO3+molalHSO4)) + 
(2*vapmolefracH2O*Vaprate)+(2*vapmolefracH2SO4*Vaprate)==2*H2OIN +2H2SO4IN; 
(* oxygen balance *) 
S16 =molesH2O +(molesH2O/55.51*(2*molalO2+2*molalSO2aq + 3*molalHSO3 + 
3*molalSO3+molalOH+4*molalSO4+4*molalHSO4+3*molalSO3aq+4molalH2SO4aq))+(2*vapmolefrac
O2 * Vaprate)+(2*vapmolefracSO2*Vaprate)+(3*vapmolefracSO3*Vaprate)+ 
(4*vapmolefracH2SO4*Vaprate)+(vapmolefracH2O*Vaprate)� 2*O2IN + 2*SO2IN + 
H2OIN+4*H2SO4IN; 
(* electroneutrality *) 
S17 = molalH == (molalOH + molalHSO3 + molalHSO4 + (2*molalSO3)+(2*molalSO4)); 
$RecursionLimit=1000; 
(*-----------------------------------------------------------------------------*) 
(* set initial guess for the liquid compositions *) 
(*guessmolesH2O = H2OIN;*) 
guessmolalO2 =O2IN/H2OIN/0.01801*.01; 
guessmolalH =0.19462654819466652`; 
guessmolalOH = _1.1249617342965978`*^-10; 
guessmolalSO2aq = 1; 
guessmolalSO3aq =_ 1.412569707920273`*^-7; 
guessmolalHSO3 =_0.19462626556822873`; 
guessmolalSO3 = 0.0000000000005/H2OIN/0.018; 
guessmolalSO3aq =0.00000000006/H2OIN/0.018; 
guessmolalHSO4 =0.098/H2OIN/0.018; 
guessmolalH2SO4aq =0.007/H2SO4IN/0.018; 
guessmolalSO4 = 0.003/H2OIN/0.018; 
guessmolalO2=guessmolalSO2aq; 
(* initial guess for vapour rate AND vapmolefracs *) 
guessvapmolefracSO2 = .3; 
guessvapmolefracO2 = .65; 
guessvapmolefracSO3 =.001; 
guessvapmolefracH2SO4 = .001; 
guessVaprate=3.5; 
guessvapmolefracH2O = .02; 
(*-------------------------------------------------------------*) 
(*NSolve[{S1,S2,S3,S4,S5,S6,S7,S8,S9,S10,S11,S12,S13,S14,S15,S16,S17},{molesH2O,molal
H, molalOH, 
molalSO2aq,molalSO3aq,molalHSO3,molalHSO4,molalH2SO4aq,molalSO4,molalSO3,vapmolefracH
2O,vapmolefracSO2,vapmolefracSO3,vapmolefracH2SO4,Vaprate,molalO2,vapmolefracO2}]*) 
(* 
Module[{s=0,e=0},{ 



*) 
minimalroots=1.6589141546643201`*^-36; 
FindRoot[ 
  {S1, S2, S3,S4,  S5,S6,S7, S8, S9,S10,S11, S12, S13,S14, S15, S16, S17}, 
(*Equations*) 
  { 
   {molesH2O,H2OIN,10},  
   {molalH,guessmolalH,.01},  
   {molalOH,guessmolalOH,.0001},  
   {molalSO2aq,guessmolalSO2aq,5},  
   {molalSO3aq, guessmolalSO3aq,10},  
   {molalHSO3,guessmolalHSO3,10}, 
    {molalHSO4,guessmolalHSO4,10}, 
   {molalH2SO4aq,guessmolalH2SO4aq,10}, 
    {molalSO4,guessmolalSO4,100}, 
    {molalSO3,guessmolalSO3,100}, 
    {vapmolefracH2O, .01,100}, 
    {vapmolefracSO2, .1,100},  
    {vapmolefracSO3, .001,100}, 
   {vapmolefracH2SO4, .005,100}, 
    {Vaprate, 1,100}, 
    {molalO2, 0.0005,100}, 
    {vapmolefracO2, 0.5,100} 
   }  , MaxIterations→5000, Method→"Secant", AccuracyGoal→20,PrecisionGoal→20 
  ]; 
 
 
(*----------------------------------------------------------------------*) 
PSO2 = -131.2450+1.66627*T-0.00705849*T2+0.00001001305*T3; (*Second Phase SO2*) 
VessVol =((Vaprate* R * T)/Pressure)/1000; 
VessVol2 = Vaprate * V; 
kgwater = molesH2O*0.018015; 
volumeofliquid  = Vf * kgwater; 
Vesselvolume = VessVol2 + volumeofliquid; 
Calcppoxygen = vapmolefracO2 * Barpressure; 
CalcppSO2 = vapmolefracSO2 * Barpressure; 
CalcppH2O = vapmolefracH2O * Barpressure; 
TotalMolalSO2 = molalSO2 + molalHSO3 + molalSO3; 
moleslitreH = molalH/Vf; 
moleslitreSO3 = molalSO3 /Vf; 
moleslitreHSO3 = molalHSO3 /Vf; 
moleslitreSO2 = molalSO2 /Vf; 
moleslitreOH = molalOH /Vf; 
molesH = molalH*kgwater; 
molesOH = molalOH*kgwater; 
molesSO2 = 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)]; 
pH = -Log[10, moleslitreH]; 
PartialO2bar = Calcppoxygen; 
PartialO2atm = PartialO2bar * 0.987-PartialO2bar*H2SO4IN; 
T =TCel + 273.15; 
conc = PartialO2atm*Exp[1/(8.3144*T) ((0.046*T2)+(203.357*T*Log[T/298])-
((299.378+0.092*T)*(T-298))-20.591*103)]; 
 
(*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 COPulseIdleState 

    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 clockSourceLabel 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 frequencyLabel 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(DaqSystem.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.physicalChannelLabel = 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" 

        ' 

        '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:" 

        ' 

        '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 = "Dev1/ctr0" 

        ' 

        '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" 

        ' 

        'physicalChannelLabel 



        ' 

        Me.physicalChannelLabel.FlatStyle = 

System.Windows.Forms.FlatStyle.System 

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

        Me.physicalChannelLabel.Name = "physicalChannelLabel" 

        Me.physicalChannelLabel.Size = New System.Drawing.Size(72, 16) 

        Me.physicalChannelLabel.TabIndex = 0 

        Me.physicalChannelLabel.Text = "Counter(s):" 

        ' 

        'clockSourceLabel 

        ' 

        Me.clockSourceLabel.FlatStyle = 

System.Windows.Forms.FlatStyle.System 

        Me.clockSourceLabel.Location = New System.Drawing.Point(8, 21) 

        Me.clockSourceLabel.Name = "clockSourceLabel" 

        Me.clockSourceLabel.Size = New System.Drawing.Size(80, 16) 

        Me.clockSourceLabel.TabIndex = 6 

        Me.clockSourceLabel.Text = "Clock Source:" 

        ' 

        'dutyCycleMaxLabel 

        ' 

        Me.dutyCycleMaxLabel.FlatStyle = 

System.Windows.Forms.FlatStyle.System 

        Me.dutyCycleMaxLabel.Location = New System.Drawing.Point(6, 86) 

        Me.dutyCycleMaxLabel.Name = "dutyCycleMaxLabel" 

        Me.dutyCycleMaxLabel.Size = New System.Drawing.Size(104, 16) 

        Me.dutyCycleMaxLabel.TabIndex = 10 

        Me.dutyCycleMaxLabel.Text = "Duty Cycle Max:" 

        ' 

        'dutyCycleMinTextBox 

        ' 

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

        Me.dutyCycleMinTextBox.Name = "dutyCycleMinTextBox" 

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

        Me.dutyCycleMinTextBox.TabIndex = 9 

        Me.dutyCycleMinTextBox.Text = "0.5" 

        ' 

        'frequencyTextBox 

        ' 

        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.frequencyLabel.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.frequencyLabel.TabIndex = 6 

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

        ' 

        'pwmParametersGroupBox 

        ' 

        Me.pwmParametersGroupBox.Controls.Add(Me.dutyCycleMaxTextBox) 

        Me.pwmParametersGroupBox.Controls.Add(Me.dutyCycleMaxLabel) 

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

        Me.pwmParametersGroupBox.Controls.Add(Me.dutyCycleMinLabel) 

        Me.pwmParametersGroupBox.Controls.Add(Me.frequencyTextBox) 



        Me.pwmParametersGroupBox.Controls.Add(Me.frequencyLabel) 

        Me.pwmParametersGroupBox.Location = New System.Drawing.Point(10, 

252) 

        Me.pwmParametersGroupBox.Name = "pwmParametersGroupBox" 

        Me.pwmParametersGroupBox.Size = New System.Drawing.Size(250, 110) 

        Me.pwmParametersGroupBox.TabIndex = 9 

        Me.pwmParametersGroupBox.TabStop = False 

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

        ' 

        'dutyCycleMinLabel 

        ' 

        Me.dutyCycleMinLabel.FlatStyle = 

System.Windows.Forms.FlatStyle.System 

        Me.dutyCycleMinLabel.Location = New System.Drawing.Point(8, 55) 

        Me.dutyCycleMinLabel.Name = "dutyCycleMinLabel" 

        Me.dutyCycleMinLabel.Size = New System.Drawing.Size(104, 16) 

        Me.dutyCycleMinLabel.TabIndex = 8 

        Me.dutyCycleMinLabel.Text = "Duty Cycle Min:" 

        ' 

        'timingParametersGroupBox 

        ' 

        Me.timingParametersGroupBox.Controls.Add(Me.clockSourceLabel) 

        Me.timingParametersGroupBox.Controls.Add(Me.clockSourceTextBox) 

        Me.timingParametersGroupBox.Controls.Add(Me.rateLabel) 

        Me.timingParametersGroupBox.Controls.Add(Me.samplesLabel) 

        

Me.timingParametersGroupBox.Controls.Add(Me.samplesPerChannelNumeric) 

        Me.timingParametersGroupBox.Controls.Add(Me.rateNumeric) 

        Me.timingParametersGroupBox.Location = New System.Drawing.Point(10, 

132) 

        Me.timingParametersGroupBox.Name = "timingParametersGroupBox" 

        Me.timingParametersGroupBox.Size = New System.Drawing.Size(250, 114) 

        Me.timingParametersGroupBox.TabIndex = 8 

        Me.timingParametersGroupBox.TabStop = False 

        Me.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 = "/Dev1/PFI7" 

        ' 

        'rateLabel 

        ' 

        Me.rateLabel.FlatStyle = System.Windows.Forms.FlatStyle.System 

        Me.rateLabel.Location = New System.Drawing.Point(8, 85) 

        Me.rateLabel.Name = "rateLabel" 

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

        Me.rateLabel.TabIndex = 10 

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

        ' 

        '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, 0, 0, 0}) 

        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, 0, 

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.ClientSize = 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 = CType(resources.GetObject("$this.Icon"), 

System.Drawing.Icon) 

        Me.MaximizeBox = False 

        Me.Name = "MainForm" 

        Me.StartPosition = 

System.Windows.Forms.FormStartPosition.CenterScreen 

        Me.Text = "Digital Pulse Train - Continuous - Buffered" 



        Me.channelParameterGroupBox.ResumeLayout(False) 

        Me.idleStateGroupBox.ResumeLayout(False) 

        Me.pwmParametersGroupBox.ResumeLayout(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.ResumeLayout(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 DaqException 

            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 = COPulseIdleState.Low 

    End Sub 

 

    Private Sub highRadioButton_CheckedChanged(ByVal sender As Object, ByVal 

e As System.EventArgs) Handles highRadioButton.CheckedChanged 

        idleState = COPulseIdleState.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 
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