Suggested exercises using Exploring Thermodynamic using spreadsheets.

In our teaching experience, we find that quite aside from thermodynamics, playing with the tools here introduce students to elementary numerical methods and familiarizes them with the handling of somewhat large numerical data sets (sorting, plotting, finding patterns etc.). This latter skill is something they have often used in their future careers in business or other forms of employment, rather than the thermodynamics itself. We have noted below some of these possibilities in italics.

Simplest level, suitable for even Intro students without any background of Thermodynamics:

The teacher sets up the chemical reactions and introduces the concept of Free Energy, G, entirely empirically. We find the following information useful and sufficient: G is a parameter that determines stability, then tell the students that a negative value indicates products of the given reaction are more stable, a positive value the opposite and change of sign locates the equilibrium point of the reaction in P-T space. Now, ask the students to map out the stability of various reactions for themselves and plot these (by hand or using Excel, depending on the competence of the group) on P-T diagrams. They can, for example, create their own aluminosilicate phase diagram, study the concept of metastability, see how G changes as one moves away from a phase boundary, etc.

This is the simplest possible introduction to numerical solution of equations as well – locating solutions by tracking a change of sign, and reducing the brackets progressively. This is a tool that is useful in practically all areas of science and everyday life, but is not a part of traditional math courses.

Intro Thermodynamics Courses

(1) Use the first sheets ("Raw Data") to explore thermodynamic properties. Some things to do may include:
(a) compare the magnitude of various terms (H, S, Cp and volume terms) and see how much each one of these contributes to the overall G, the parameter relevant for stability ultimately. Try, for example, a comparison of quartz, forsterite and ackermanite to get a good range.

(b) See how the significance of these parameters change with P and T. Make plots to study these. See how volume terms become significant with increasing P, entropy terms with increasing T etc. Compare H at 298 K and at 1000 K for different minerals to see the role of heat capacity, Cp.

(c) Sort minerals according to increasing H, S, V and see if there are correlations with crystallographic structure (e.g. crystal class, type of packing, cordination etc.), mineral formula, mineral chemistry and so forth. 

This is a training in sorting through large blocks of numbers, visually / manually as well as using tools. A skill that the students have found useful in their future careers, as noted above.

(d) One useful thing to learn is the significant role of simply the number of atoms in a mineral formula – larger the mineral formula, more the number of bonds, and larger the enthalpy of formation. See how minerals with large formulae dominate the stability relations when they occur. Try a reaction using Staurolite for this purpose.

Are there exceptions? Why?

(2) Explore chemical equilibrium
(a) Use Matrix to generate balanced chemical reactions in increasingly larger systems.

Use this tool to see how a matrix inversion becomes a simple problem with Excel. This can be used for a variety of other purposes, e.g. calculation of mineral formulae from chemical analyses.

(b) Locate the equilibrium points in P-T space for some of these using the sheet "Calculate End-member", plot these up to generate simple phase diagrams. This is a good place to practice various plotting tools of Excel – again, a generally useful tool for various purposes.

(c) Explore the effects of errors in thermodynamic data. Make a copy of the spreadsheet. Build in errors by intentionally changing variables by a given percent (e.g. change enthalpy by 1%) and compare results with the unchanged values. This is often a shocking demonstration to many students of the value of numbers and how sensitive results may be to certain measurements. 

This is also often a first introduction to the concept ot forward modeling – trying out different things to see what the effects might be, even if we do not know what the values of these parameters are (e.g. in this case, the students have no information of what the actual errors have been estimated to be).

(d) Once you have a line on P-T space, one can calculate these also using the Clausius-Clapeyron slopes and compare. Is particularly instructive to do with water bearing reactions, or with solid solid reactions over large ranges of pressure.

(e) A common word of caution is to not mix data from different internally consistent databases. This is an advice that is often given and not heeded. A very good way to make the point is to do it and see (see note on Forward modeling above). For example, take heat capacities from the Berman database for a given reaction, and copy them into the proper column of the Holland and Powell database – see the difference this makes to a given equilibrium. You can of course try this with each parameter. Also, try out using Cp well beyond the temperature range of validity for the polynomial coefficients to see the disastrous effects. In the course of this, it is useful to explore how different the same parameter (e.g. enthalpy of formation of a given mineral) may be in different databases. This also provides a good sense of what may be considered plausible uncertainties in different parameters. This can be used as a crude and first introduction to the concept of propagation of errors – by how much does G change for a given change in H, S etc.?

Finally, we do not have a fit for water properties for the Berman data set - try to be desperate and use the water properties from the Holland and Powell data to calculate some water bearing reactions - the disastrous results (as seen by comparison with either the HP calculations or some standard phase diagrams, grids or even simple petrological intuition) should finally convincingly dissuade you from ever mixing data from different databases.
Explore mixtures and non-ideality, for advanced students

Move on to the later sheets – "Calculate Solutions" or "Non-Ideality" to explore the effects of composition on thermodynamic equilibria. For convenience, each sheet has all the material from the previous sheets and builds upon it. This provides a visual cue to exactly how much each of these added complications are contributing.

[Note: For garnets, the solution is set up as a binary mixture of almandine and pyrope components even when the garnet is multicomponent, for simplicity. Consequently, results will not be exact here, but this does not affect the exploration]

One can approach these features the same way as above – by exploring. For example, when a given equilibrium has been studied above, one can add complication by stipulating that one or more of the phases are solid solutions. Then for a given solid solution composition one generates a new balanced reaction using Matrix. Using this new reaction, one can see the shift of the location of the chemical equilibrium with changing composition first assuming ideality and then assuming non-ideality. For the latter, one can progressively increase the extent of non-ideality to study its effect (increase the interaction parameter from zero to positive or negative values). Similarly, one can explore effects of symmetric vs. asymmetric solutions (the two interaction parameters same or different), positive vs. negative deviation from ideality etc. 

[Note that this last exercise is intended to give a sense of the magnitude of change of stability resulting from formation of a solution. Reactions involving solutions are, of course, “sliding reactions” that occur incrementally. Consider, for example, the reaction kyanite + chloritess = staurolitess + quartz + H2O, where chlorite and staurolite occur as (Fe-Mg) solid solutions. Here, the reaction proceeds incrementally, where the composition of chlorite and staurolite change continuously. At each step, old chlorite + old staurolite exchange Fe-Mg to give a new chlorite and a new staurolite composition, while the abundance of the two phases change until the reaction is completed. This process is not easily captured using the Excel spreadsheets. Therefore, this calculation would indicate a semi-quantitative trend, but not yield exact results. Notably, such calculations are NOT SUITABLE for doing exact geothermometry or geobarometry calculations].

It is possible to carry out exploration of advanced features of solution thermodynamics if desired. For example, one can see how an asymmetric model is equivalent to the sum of two symmetric models fitted at the two ends of a binary mixture line.

Thus, the spreadsheets may be used as a toolbox to accompany students from the very beginning introductory courses to advanced thermodynamic courses involving intricacies of databases, mixing properties etc. The potential for the use of thermodynamic data itself to explore phase diagrams, thermobarometry etc. are endless and only limited by imagination. We welcome suggestions for addition / alterations to this text, and perhaps the initiation of a problem set databank. 

These spreadsheets also serve to introduce students to various numerical procedures – we would like to emphasize again that most students find this aspect more useful in their careers than the thermodynamics itself. 
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