
IN9800140

i
IGC-170

1996

Computer Applications ill
Thermochemistry

S Vana Var+mban

GOVERNMENT OF INDIA. DEPARTMENT OF ATOMC ENEFJ3V

INDIRA GANOHI CENTRE FOR ATOMIC RESEARCH

V la



IGC -170

1996

GOVERNMENT OF INDIA
DEPARTMENT OF ATOMIC ENERGY

COMPUTER APPLICATIONS
IN THERMOCHEMISTRY

S.Vana Varamban

Indira Gandhi Centre for Atomic Research
Kalpakkam - 603 102

Tamil Nadu, India



Computer Applications
in Thermochemistry

0

1

2

2.1

2.2

2.3

2.4

3

4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

5

5.1

5.2

5.3

Abstract

Introduction

Methodology

FITDATA

INTERACT

SGMPAS

SGMPLOT

Computer system requirements

Strategies

INSTALL

Input Data

To Run the codes

FITDATA

INTERACT

SGMPAS

SGMPLOT

Input guide

Input guide to FITDATA

Input guide to INTERACT

Input guide to SGMPAS

1

2

2

3

3

5

6

6

6

8

8

8

9

9

10

12

12

13

13



5.4

6

7

7.1

7.1.1

7.2

7.2.1

7.2.2

7.2.3

7.2.4

7.2.5

7.2.6

7.2.7

8

9

10

11

SGMPLOT

Help System

Examples

FITDATA

Hydrogen Bromide

SGMPAS

Ni - NiO System

Boudouard Reaction

C - H - 0 System

N - C - H - 0 System

Cs - Cr - 0 System

Pu - C - 0 System

CVD of Copper

What do I do when...

Scope for further developments

Conclusions

References

26

29

33

33

33

35

35

39

44

47

53

57

62

66

68

68

69



0
Abstract

Knowledge of equilibrium is needed under many practical situations. Simple
stoichiometric calculations can be performed by the use of hand calculators.
Multi-component, multi-phase gas - solid chemical equilibrium calculations art-
far beyond the conventional devices and methods. Iterative techniques have to be
resorted. Such problems are most elegantly handled by the use of modern
computers.

This report demonstrates the possible use of computers for chemical equilibrium
calculations in the field of thermochemistry and chemical metallurgy.

Four modules are explained. To fit the experimental Cp data and to generate the
thermal functions, to perform equilibrium calculations to the defined conditions,
to prepare the elaborate input to the equilibrium and to analyse the calculated
results graphically.

The principles of thermochemical calculations are briefly described. An extensive
input guide is given. Several illustrations are included to help the understanding
and usage.



Computer Applications
in Thermochemistry

S.Vana Varamban*

1
Introduction

Information and knowledge play an important role in modern science. Fast access
to information gives an enormous power. Computers serve as the vehicle to
achieve this mission. The current effort is an attempt in this direction.

Information related to chemical equilibrium can be generated with SGMPAS
module and knowledge can be inferred from the calculated results using the
associated tools.

This report discusses the following four modules.

l.FITDATA

Fits the experimental Cp data as a function of temperature. Using the fitted
parameters the thermal functions of a species are computed.

2. INTERACT

Provides a friendly interface to build the elaborate input for equilibrium calcu-
lations.

3. SGMPAS

Module for equilibrium calculations. Accepts free energies of the species of
interest and the conditions of the equilibrium. Arrives at the equilibrium
compositions by minimising the total free energy.

4. SGMPLOT

Tool for graphical analysis of the results of equilibrium calculations.

The software modules developed during this work are fairly easy to handle.
Considerable effort has been made in maintaining simple user interface without
any compromise to clarity. This is to ensure that the learning time for regular use
is at a minimum. Modular concepts have been used throughout. The design
philosophy adapted is clarity and maintainability of the data as well as the
program codes.

Materials Chemistry Division, Chemical Group, IGCAR, Kalpakkam.



Several examples are included to bring out the utility of these codes and to
promote understanding. Understanding can lead to a better insight. Better insight,
it is hoped, can bring about better appreciation of the situation. This leads to the
proper application of these tools to arrive at correct answers in minimum time. It
is very important that correct answers are known at the right moment. This will
avoid any catostropy, preventing wastage of materials and time.

The present effort helps the user to achieve the above goals.

2
Methodology

2.1
FITDATA

Heat capacity data obtained from experiments as a function of temperature can be
fitted into an expression. The expression chosen for this purpose is

Cp = a + b*T + c*T2 + d/T2

The fitted parameters are used to generate the thermodynamic functions with
suitable integrations.

S°(T,0.1MPa) = AtmToMpa + S + a*ln(T) + b*T + c*T2/2 + d/(2*T2)
0 4

H°(T) - Ho= a*T + b*T2/2 + c*T3/3 - d/T

The Gibbs free energy function

GEF = [ H° (T) - Ho - T*S° ] / T

So and Ho are integration constants which are usually evaluated by knowing the
entropy and enthalpy data at any one temperature. In this module values at 298 K
are used.

The factor AtmToMpa is introduced to convert from 1 atm standard state to 0.1
MPa standard state for gases.

AtmToMPa = R * In ( 101 325 /100 000 )
= 0.109442 J/K/mol.

and

S" (T, 0.1 MPa) = S°(T, 1 atm) + 0.109442

A JANAF like tabulation [ Chase et al. 1985 ] of the thermal functions such as the
heut capacity ( from the input), absolute entropy, enthalpy increments and the
Gibbs energy functions, are displayed. The same information is also available in a
file. For details see the input guide and example.



Such a fit for several species can form a database. When thess information are
availal)'.- to all the relevant species in their respective stuudaid suites one can find
standard enthalpy and free energies of formation of comjKtunds and hence the
equilibrium constants at various temperatures.

This data is required for any thermochemical calculation.

2.2
INTERACT

2.3
SGMPAS

For chemical equilibrium calculations certain computer codes are available in the
open literature. The input data required for equilibrium program is usually so
elaborate that it is not very uncommon that the user ends up with some
unexpected result or no result. This situation is usually related to the difficulty in
the input preparation.

In the present PC version the input has been greatly simplified. The user is
expected only to give the minimum data required. Further information relevant for
the calculation are derived by the program from this data. This data, when
prepared, is clearly understandable not only by the computer but also by us !

However, in addition to the above approach, an easy to interact module was also
developed to help the user in the input preparation. This will be of great use for
the beginners. An experienced user will find it is easy to build data to a totally
new system by this module. For subsequent runs for the similar systems slight
modification of the existing input data file is usually sufficient.

The user is virtually taken by hand during this session. The interactive screens
advice the user about the current activity, what the user is expected to enter with
an illustrative example. In a few cases the default values are shown. Wherever
possible input validation is performed and the user is alerted about the outcome.

You are safe when the data is prepared through this module.

This module is a Pascal implementation of the acclaimed computer program
SOLGASMIX [ Eriksson 1975, Bessmann 1977 ]. The present module was
developed for use in the PC environment. The principles of this program and the
changes which were brought about during this PC implementation are discussed
briefly in this section.

At a constant temperature and pressure the system attains the state of equilibrium
when the total free energy of the system reaches its minimum.

This is the basis of free energy minimisation technique.



At a constant temperature and pressure, the free energy per mole of a species is a
constant. Hence, the 'total'free energy can be minimised only by adjusting the
number of moles of various species present.

The total free energy of the system is given by the weighted sum of the free
energy of the constituent phases. A phase can be a pure phase or a mixture of
several species - a solution. For a pure condensed phase, the free energy is same
as the standard free energy ( activity = 1 ). If a phase happens to be a mixture of
several species, the free energy expression for this phase involves activity terms
also. For condensed phase solutions

For gas phase mixture

a i = "total x i

where XJ is moiefraction of species i defined as XJ = nj / N, N = total number of
moles in the given phase <(».

Let us imagine that our system is made up of a gas mixture and a set of
condensed phase mixtures ( q ) with a few pure condensed phases ( s ). These are
likely to be present in the system at equilibrium. The total free energy of the
system can be described by

[Gtotal]P,T =
q+s+1 m+

This function is minimised as a function of n ĵ subject to the following
constraints.

(i) mass-balance: . . . . . . . . . .

q+s+1 m^

Z X Ajj n+i = bj

<|>=1 i=l

for j = 1 ..L, where L is the number of elements,

(ii) charge-balance :

for<j>=



(iii) non-negativity

m is the total number of species present in the phase «j>. The pressure term
vanishes for all the phases other than the gaseous phase [ 5pj = 0 for p * 1 ]. The
details of the constraints and the mathematical development of the above theory
may be found in the literature[ Eriksson 1975, Vana Varamban 1986 ].

The modifications which have been implemented in this PC version are described
below.

(i) For this PC version, the entire program SOLGASMIX-PV, obtained from
Bessman [ 1977 ], was rewritten in Turbo Pascal. [ Turbo Pascal is the trademark
of Borland International, Inc. USA ] Effort was made to bring down the logical
complexities existing in the FORTRAN IV version. This was possible by the
extensive use of structured programming concepts in built in Pascal programming
language. Grossly this means that the number of

'GOTO ####'
statements are minimum in this version. This helps in easy maintenance and
flexibility of the code.

(ii) The code can take molar inputs in addition to elemental inputs,
(iii) Charged species also can be accommodated,
(iv) can do a ternary phase field calculation,
(v) simulate a dynamic gas flow situation.

These features are combined with the power of communication.

=s> simple user input
=> easy to understand tabular output
=> immediate graphical display of results
==> powerful graphical commands to user
=> a simple help system
=> optional user input through interactive and user friendly environment

This code was used in the thermochemical modeling of advanced fast reactor
fuels [ Vana Varamban and Anthonysamy 1994 ].

2.4
SGMPLOT

This is same as the graphical tool used by the SGMPAS. This stand alone module
is provided to help the user to view or print the graphical outputs more leisurely.
The data format this code understands is similar to that of SHORTRPT.OUT. The
user can even edit this file to get the desired output. This module automatically



generates the plotter output file PLOT.PLT. This is used to get hard copy plotter
outputs. See strategies for more information.

3
Computer System Requirements

To run this package personal computer of the following configuration is required.

CPU 80286 or above with 80x87 mathematical coprocessor.

EGA or VGA color monitor.

At least one 5'A" floppy disk drive with 360 kB capacity.

Operating system MS-DOS 5.0 or above.

It is suggested that the codes be run from the hard disk if available. This will
improve the performance of the codes.

If the computer has 2 MB RAM or more, then a virtual RAMDISK may be
created and be used as the Destination ( see Strategies ). This will remarkably
improve the overall performance of these codes. This procedure is recommended
when multiple calculations are involved.

A 9 pin, 80 column Epson-FX series printer Or
a 24 pin 132 column Epson-LQ series printer Or
any IBM Graphics printer can be used for the hard copy print outs.

An 8 pen plotter conforming to HP 7475A with HPGL as the command language
interface for the plots.

4
Strategies

4.1
INSTALL

To install the programs in the hard disk C follow the procedure given below. To
install in any other drive substitute the corresponding drive letter in place of C.

Insert the distribution floppy disk in a 5VA" floppy disk drive.

Change the working drive to the floppy disk. Enter

• ' A : : •

INSTALL A C

Or from the hard disk enter



A:INSTALL A C

follow the instructions.

If 5]A", 360 kB disk drive is configured as B drive in your system use

B:INSTALL B C

This procedure will copy all the relevant files into your hard disk. This will also
help in creating a configuration file in the working directory.

The configuration file 'MODEL.CNF' permits coustomisation to the user
environment. This allows the print out to be personalised. This is useful for people
to identify the person who did the calculation for further queries and clarifications
related to the calculations.

A typical MODEL.CNF will be like,

MyName = S. Vana Varamban
Company = MCD CGIGCAR Kalpakkam.
Source = C:\DELTAG\EXAMPLES
Destination = E:\

The first line identifies the user. The second line specifies the affiliations of the
user.

The third line specifies the source of your data files. The fourth line specifies the
destination for all your output files.

It is a good idea to assign the virtual drive of your computer for the destination.
However, caution must be exercised in such use because all the files stored in a
virtual drive will not be available should there be a power failure or a PC hang up
or a reboot of the computer.

The user's personal information are printed at end of the detailed output.

If required, the MODEL.CNF file may be modified later by simple editing. This
does not require a reinstallation.

After a successful completeion of the installation the user is encouraged to enter

DEMO

at the command line. This will illustrate a few examples shipped with the
distribution diskette. Take your time to go through the full excercise. If you want
to quit before the end press ESC several times until you see the command prompt.
For further details about these examples see EXAMPLES later in this report.



4.2
Input Data

The input data for the programs shall be stored in a separate file. The sequence of
the input data with detailed guide lines are given in section 5.

4.3
To Run the codes

4.4
FITDATA

Fitting the temperature-specific heat data can be performed by typing

FITDATA

at the DOS command line and pressing enter.

The interactive input module is run by

INTERACT

The equilibrium calculation code is run by giving the command

SGMPAS

Graphical presentation of the data can be viewed by running

SGMPLOT

The data file name in each case can be entered at the 'Enter file name1 dialogue
box. Optionally the filename can also be entered at the DOS command line along
with the program name.
Eg.,

SGMPAS NIO.DAT

LONGRPRT.OUT file contains all the calculated information which were
displayed on the screen.

From the known S°(298) value the value of the integration constant So is obtained.
This value is used for calculations at other temperatures. Similar procedure is used
to arrive at the integration constant H o .



•7.5

iNTERACi

4.6
SGMPAS

Interactive input module will present itself with a series of dialogue boxes. The
user need to enter only a single line input at a time. The user is virtually taken by
hand during the data preparation. On line data validation also is performed and the
user is informed about the errors, if any.

In each dialogue box what the user is expected to enter is made-clear. The opti jn:>
are made explicit. For each entry an example is provided through out.

At the end the data file built is displayed automatically. This will help the user to
fine tune the input or to correct the 'mistakes'. The data prepared by this module
will ensure a safe run with the equilibrium calculations.

Use of this module is recommended for the beginners. Any study on a new system
may be started using this module even by the experienced user.

The equilibrium calculations create four files at the normal termination.

LONGRPRT.OUT gives the detailed report of the calculations. This report gives
the input stoichiometry, initial conditions, equilibrium moles of species,
molefractions, activity and the partial excess free energies of the species which
are present in the equilibrium.

SHORTRPT.OUT gives the user requested results. This is used in the plotting
routine.

PLOT.PLT contains the instructions to the plotter. This is written in Hewlett-
Packard Graphic Language ( HPGL ). This can be directly copied to the plotter if
the plotter is connected in the serial mode or printed if the plotter is connected in
the parallel mode to get a hard copy of the plot.

INDETAIL.DAT explicitly gives all the input information. This will help in
identifying any problem in the event of misbehavior of the code. This file also
gives the Gibbs free energy values of the species at each temperature of
calculation. This may be helpful for any 'hand calculation' or verification.

The detailed output ( LONGRPRT.OUT ) for the specified input conditions is
displayed at the end of a run. For this purpose the MS-DOS editor available with
MS-DOS Ver 5.0 or above is used,

The contents are obvious and self explanatory.



The species present in each phase mixture are listed in decreasing order of their
equilibrium abundance. Every decade is interspaced with a null line space to
improve readability.

The Summary lists the dominant gaseous species present at equilibrium ( ^ 1.0E~
10 moles ). The existence of any condensed phase solutions is stated explicitly.
The precipitation of pure condensed phases are also reported.

The user is recommended to use the search feature in the MS-DOS editor to find
'Summary' of the calculations. The search can be repeated by pressing F3. This
will help in fast analysis of the output.

The command sequence is

1. AQF
2. Summary
OR

1. ALT+F
2. Summary

and
3. F 3 to advance further in the report.

The author found that the extraction of knowledge from a mass of data could be
carried out very efficiently in minimum time from the summary using the above
procedure.

This is equivalent to leafing through the report. Of course one can go through the
contents of the report also conveniently. Selected portion or the complete report
can be printed from the editor. The file can be saved in a different name for later
reference.

4.7
SGMPLOT

Wherever possible a graphical display is automatically generated on the screen.
The user may get a hard copy on a plotter from the PLOT.PLT file. Before the
actual plot the user is given an option to alter the X- or Y- axis minimum,
maximum, number of divisions and number of decimals in the axis labels. This
feature can be cleverly used to obtain the desired presentation.

In the event of any error in the input data file the Help system is activated. The
user is taken by hand to the exact line of error usually pin pointing the error along
with suggestions. After this the data file is automatically loaded in the MS-DOS
editor to facilitate the correction.

In cases where both minimum and maximum in the X- or Y- axis is same the code
will crash. This some times happens largely due to the user's oversight. An

10



example would be specifying a non-varying species for X- axis. In such cases the
SHORTRPT.OUT is automatically loaded to alert the user about the possib'e
mistake. This situation can normally be avoided with a little care exercised during
the specification of the minimum and maximum in the X- and Y- axet. Proper
solution will be to change the X-axis species to a species which is varying in
every Step of the calculation.

One may not need the plotter output at the end of every calculation. Nevertheless,
one can view the requested results of the current calculation displayed graphically
at the end of each calculation.

Though this program is run automatically at the end of each SGMPAS run, this is
in fact a stand alone module.

By design, only the contents of SHORTRPT.OUT is used for graphical display at
the end of the calculation. In case the user needs to plot only the selected portion
of the graph or change the location of the legend etc., the same can be achieved by
modifying the SHORTRPT.OUT. See the input guide for further information.

For whatever reason, the user can view or print the graphical display of a file any
time he chooses. It only requires that the data file must conform to the format of
SHORTRPT.OUT.

Since the SHORTRPT.OUT is overwritten every time the SGMPAS module is
run, it may a good idea to copy this file in a different name.

Every time you get into graphics, at the destination directory the PLOT.PLT file
is quietly created !

PLOT.PLT file contains the instructions to the plotter. This is written in Hewlett-
Packard Graphic Language ( HPGL ). This can be directly copied to the plotter if
the plotter is connected in the serial mode or printed if the plotter is connected in
the parallel mode to get a hard copy plotter output.

Now it is up to you to get a hard copy of the graphs. Life is made very easy with
this module around. Imagine, otherwise you will have to perform the whole set of
calculations all over again only to view this graph, again.

In addition, PLOT.PLT file conforming to the HPGL can be directly imported in
many of the standard word processing packages or business graphics.
Eg., Microsoft Word for Windows.
This simplifies preparartion of your technical report to a greater extent.

The PLOT.PLT can also be used for slide making using software and hardware of
say ImageMaker.

11



5
INPUT GUIDE

The following sections describe the input guide for all the software modules in
great details.

The user should take note of the guide lines wherever
emphasis is laid.

User can prepare the input data files as much clearly as possible in terms of
readability.

The user is strongly encouraged to use .DAT as an extension to all his data files.
This is not mandatory though.

5.1
Input guide to FITDATA

0
Null line spaces can be used liberally in the data file description. This is to ensure
clarity in the system description.

1
Single line user-defined title of the system or the problem, not exceeding 70
characters. This is usually the name of the species.

The physical state of the species is declared as Gas, Liquid or Solid.
Eg., Phase = Gas
Or Phase = Liquid
Or Phase = Solid

Energy unit is expressed in Joules or Calories.
Eg.,

EnergyUnit = Joules
Or as EnergyUnit = Calories

The integration constant for entropy in the energy unit conforming to 3.
Eg.,

8298=155.602

From the given S°(298) value, the value of the integration constant So is obtained.
This value is used for calculations at other temperatures.

5
The set of Temperature in Kelvin and Cp data conforming to 3 are entered as one
data per line. The data can be entered in any order of temperature ( increasing,

12



decreasing or random ). There must be at least one blank space or a comma
between Tk and Cp.
Eg.,

298.15 29.141
Or 298.15, 29.141

End of Data

This is declared as the last line to mark the end of the data file.

End Of Data

5.2
Input guide to INTERACT

This module accepts the user inputs interactively. User need only to answer series
of queries. In several instances default values can be simply accepted.

At the end the data file built is displayed automatically. This will help the user to
fine tune the input or to correct the mistakes.

5.3
Input guide to SGMPAS

The code allows the following in the system definition

20 elements
100 species
50 phases and
10 requests

These are the maximum permissible values.

The input data file has the following structure.

1. initial settings
2. gas phase mixture
3. condensed phase solution
4. pure condensed phases
5. conditions of equilibrium

6. display options

Each point is discussed in detail below.

It should be noted that

13



points 1,2,5 and 6 in the above list must always be present
in any data file

Points 3 and 4 may be present depending on the system requirement,
Eg.,

Computation of Ellingham diagram for Ni - O system

N i - O SYSTEM

EnergyUnit = Joules
GTCoeff = b,c
entropy=relative

LowValue=1.0E-80

Gas Mixture
Ar 0.0 0.0
02 0.0 0.0

Pure solids

Ni 0.0 0.0
NiO -244555.0 98.53
End of System

TempK = 500.0
Step =50.0
Ntemp = 1 1

AtConstant = pressure
pressure = 1.0

Input = molar
ncalc = 1
Ar=5.0
Ni=5.0
02=1.0

Flow = static

SubTitle = Ellingham Diagram
Legend=TopLeft
Xaxis = Temp
YSpecies = GO2
END OF DATA

Initial

Settings

Gas Phase

Pure phases

Conditions of

Equilibrium

Conditions

of

Equilibrium

Display

Options

Having more phases in the system will reduce the performance of the code. Keep
only the relevant phases for calculation. Having more species in a single phase
will not slow down the performance.

Detailed description of each item in the input follows.

n



1
Null line spaces can be used liberally in the data file description. This is to ensure
clarity in the system description

2
Single line user-defined title of the System or Problem, not exceeding 70
characters.

Energy unit expressed in Joules or Calories.
Eg.,

EnergyUnit = Joules
Or as EnergyUnit = Calories

Non-zero coefficients in the Gibbs free energy-temperature relation :

G(T/K) = A/T + B + C*T + D*TA2 + E*TA3 + F*T*ln(T)

The coefficients can be entered for eg., as B,C when G(T) = B + C*T and rest of
the coefficients are zero

The energy unit of G must conform to the energy unit in 3.
Eg.,

dGTCoefficients = B,C

In case in the previous entry it is only B,C then B can be treated as enthalpy and
C as entropy. Certain data compilations give entropy as absolute ( S° ) and

298

others as a relative measure (AS). Both type of inputs are permissible. The user
must explicitly state whether the input entropy is absolute or relative.
Eg.,

Entropy = Relative
Or as Entropy = Absolute

During actual entry absolute entropy must be entered as such without sign any
preceding it.

6
The lowest number of moles up to which presence of a species can be considered
during the calculation is stated by the user.
Eg.,

LowValue=1.0E-25
Or as Low Value = 1.0E-100

Obviously in the second instance the time taken for execution can be more. The
user must choose a higher value for this, which is rather dictated by the system
under study.

15



7
Gas Phase

This title must bt present before the actual description of the gas phase. It must
be noted that

a Gas Phase need to be ALWAYS present in any problem
to be solved by this software and the Gas Phase must also
be the first phase to be considered.

The actual description of the Gas Phase follows this title along with the free
energy coefficients. The following points are to be noted during the system
description.

(i) the species name shall conform to the standard chemical representation ( sec
below).

Elemental symbols are case sensitive

(ii) the stoichiometric coefficients in a chemical formula can be entered along side
the elements (the coefficients should not be entered as subscripts).
Eg.,

CO carbon monoxide
Co cobalt

Cs2O cesium oxide
CS2 carbon disulphide

InP indium phosphide
INP a compound (?) of iodine,

nitrogen and phosphorous

(iii) the species name and the non zero values of the coefficients of the free
energy must be separated by one or several blanks (see 4 ) .
Eg.,

Ar 0.0 0.0
(02) 0.0 0.0
CO -117290.0 -84.39

(iv) the energy unit of the free energy coefficients correspond to the previous
declaration (see 3 )

(v) the entropy data, if any, conforms to the relative or absolute declaration - see 5
During actual entry absolute entropy must be entered as such without any sign
preceding it.

16



(vi) in cases where the same chemical appears in different phases then each
instance needs to be distinctly represented.
Eg.,

Gas Phase

(Pu)

(PuO)

Solid MonoOxyCarbide

[PuO]

Pure Condensed Phases

{Pu}
<Pu>

8
Mixtures

Many systems of practical interest do have condensed phase solutions in addition
to the prevalent gas phase. They can be described by a title such as

Liquid Solution
Or Solid Solution
Or Solid MonoOxyCarbide
Or Liquid Sodium Bath

The word 'SOLID' or 'LIQUID1 must appear first in the
"•-•' title.

After the suitable title the actual description of the solution follows similar to the
gas phase ( see 7 ).
Eg.,

Solid Pu-C-0 Solution
[PuOJ -557330.0 92.30
PuC] -32500.0 -12.30

17



9
Pure Condensed Phases

This title precedes the actual description of the pure condensed phases.

PURE must appear first in the title.

This will include pure solids and liquids.
Eg.,

Pure Phases
<C> 0.0 0.0
{Pu} 0.0 0.0

10
END OF SYSTEM

The description of the system comes to an end with this line.

11
TemperatureK

The temperature at which the equilibrium calculations are to be performed is
given in Kelvin. In case the calculations are to be carried for several temperatures
with fixed increments, the relevant information are also to be given here.
Eg.,

. for a single calculation at 1000 K.

TemperatureK = 1000.0
Or TempK-1000.0

For say 7 calculations from 1000 K to 1900 K in steps of 150 K,
Eg.,

TemperatureK = 1000.0
Step =150.0
NoOfTempK = 7

Suppose the above data set need to be used only for one temperature then any of
the following representations can be used depending on the convenience.
Eg.,

TemperatureK = 1000.0
Or

TemperatureK = 1000.0
Step =150.0
NoOfTempK = 1

12
Pressure or Volume

The equilibrium calculations can be performed either for constant Temperature
and Pressure or for constant Temperature and Volume. This is expressed hire.

18



Eg.,
AtConstant = Pressure

Or AtConstant = Volume

13
If Pressure is the option exercised in 12, then the value for the pressure is to be
entered here in atmospheres.
Eg.,

Pressure = 1.0

For several pressure calculations the sample entries are

Pressure =1.0
Step =0.1
NoOfPress= 3

The conditions and the flexibility for pressure specifications are similar to the
temperature specifications( see 11 ).

If Volume is the option exercised in 12, then the value for the Volume is to be
entered here in liters.
Eg.,

Volume = 22.40

For several volume calculations

Volume = 22.40
Step =1.0
NoOfVolume= 2

The conditions and the flexibility for volume specifications are similar to the
temperature specifications ( see 11).

14
Input Option

One can perform calculations by giving the input stoichiometry of the reacting
species in moles. Alternatively one can also perform a calculation in a phase field
of the system. At this point the input option is expressed.
Eg.,

InputOption = Molar
Or InputOption = Phase Field

MOLAR INPUT

15
Number of calculations to be performed for different stoichiometric inputs are to
be specified.

Eg-,
NoOfCalc=10
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16
Enter the input stoichiometry of the reacting species here. This is the initial
composition of the system under consideration.
Eg.,

Ar = 10.0 Moles
(02) = 0.1 Mole
<Fe>= 1.0 Mole

Following points may be noted here.

(i) The species name must have appeared in the system description, say for
example, in the Gas Phase or any one of the solutions or in the pun: phases.

(ii) The species name
described earlier in
parenthesis etc.,

must
the

be EXACTLY
system. This

same as it
includes

was
the

Eg.,
if oxygen was described as (02) in the Gas Phase then in the input also
oxygen must be represented only as (02) not as 02.

(iii) For multiple calculations step increments can optionally be specified for each
species.
Eg.,

Ar = 10.0 Moles
{Pu} =0.8 Mole
(02) =0.02 Mole
Step =0.001 Mole
C =1.0 Mole

(02) is incremented in subsequent calculations by the specified step factor. A
negative entry can effect decrements though care must be taken to ensure that the
number of moles never becomes negative.

(iv) The number of species entry must correspond to the
number of components of the system.

For the purposes of this caleulations, number of components is taken to be equal
to number of elements of the system.

(v) Input for a species can be 0.0 Moles. A word of caution here. In the output not
only the moles of this is zero, but also other species which involve this as one of
its component. In INDETAIL.DAT file, a few chemical reactions are usually
listed. This describes the system in terms of the user defined components.
Obviously, when one of this components is made zero, the species defined in
terms of this also becomes zero.
Eg.,

In the Ar - Pu - C- O system, the molar input is the number of moles Ar, Pu,
Pu2C3 and Pu2O3. Accordingly, this four species form the component of the
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system. Then all other species of the system must be described by these four
components only. For example, carbon monoxide is described by

CO = - 1.33 Pu + 0.33 Pu2C3 + 0.33 Pu2O3

If number of moles of Pu is made zero, then partial pressure of CO will
become zero !

(vi) The word Moles after the input value is optional. In other words input as
moles is the default.

(vii) Input can also be in terms of log of ( activity ). Note that the base of the
logarithm is 10. In such cases the activity of a species will remain constant
throughout the calculations as well as in the final result of equilibrium.
Eg.,

(02) = -10 Activity

The term 'Activity' must be entered along with a number
. separated by a blank.

Failing which the input will be considered as a molar input by default. But then
the molar inputs can not be negative ! Therefore you will get an error message or
the input will be taken as 0.0.
The input in the above example will keep the partial pressure of oxygen as 1.0E-
10 atm. This is the case of constrained equilibrium.

(viii) The input activity can also be incremented or decremented using the step
declaration.
Eg.,

Ar = 10.0
{Pu} =0.8 Mole
C =1.0
(02) =-10.0 Activity
Step =-1.0

Of course, the step also must be in log)0( activity )

(ix) The input can be mixed with moles and activity options for different species,
ie for some species in moles and for some in activities as given in the above
example. However, too many activity constraints will make the system over
specified and one may end in a "NO EQUILIBRIUM' situation ( see What do I do
When ...).

17
Flow conditions

Calculations may be carried out for a static or dynamic a gas flowing situation.
The option must be exercised here.
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•Eg.,

Flow = Static
Or Flow = Dynamic

Of course, all the calculations are carried out only for closed system conditions. In
the dynamic situation the gaseous species of the user's choice is removed for the
subsequent calculations. This will result in the reduction of the total stoichiometry
for the next calculation. Optionally more quantity of the volatile species can also
be removed. This is determined by a factor. This factor is used to multiply the
number of moles of volatile species in the present calculation and this amplified
quantity is removed for the next calculation. This can be used to simulate
calculations of several steps.
Eg.,

Flow = Dynamic
RemoveFactor = 100
Remove = CO
Remove = (02)

Remove factor should not be specified for static situation. But the same effect can
be achieved by a decrement step specification in the input, if desired so.

18
Graphical Display of Results

One can have the results displayed graphically on the screen( see the required PC
configurations ). This is possible for situations involving more than one
calculation. It can be several calculations with respect to compositions( NCalc > 1
) Or for many temperatures( NoOfTempk > 1 ) Or for many pressures( NoOfPress
> 1 ). It is any one of the above but not all together simultaneously.

19
SubTitle

The user can enter a subtitle for the system. This is displayed in the plot. This is
useful to draw attention to a specific point to be noted in the plot.
Eg.,

SubTitle = Cross over of Pu and CO

The same rules as applied to the title are applicable for subtitle also.

Optionally one can leave this as a blank.
Eg.,

SubTitle =

20
Legend

A legend identifying each species is displayed in the graph. It can be at any of the
four corners of the plot.
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Eg.,
LegendAt = TopLeft

Or LegendAt = TopRight
Or LegendAt = BottomLeft
or LegendAt = BottomRight

21
Xaxis

Specify the X- axis here. This must conform to the multiplicity option exercised
earlier.

Eg.,
AsaFunctionOf= TempK

Or AsaFunctionOf = Pressure
Or AsaFunctionOf = Volume
Or AsaFunctionOf= Calculations
Or AsaFunctionOf = n(O2) Initial

In the above example, the number of moles of (02) as given in the initial input is
used as the X- axis variable. In some cases one may be interested in the final
composition. In such cases the it shall be stated explicitly.
Eg.,

AsaFunctionOf = n(02) Final

User exercises his option for the X- axis type if the X- axis is a species. This
expressed by adding single letter description before the species.

a for activity of a species
e for emf calculations(see below)
f for molefraction
x for molefraction
g for chemical potential

RT1n(a) in kJ/mol
m for no of moles
n for no of moles
p for pressure

Eg.,
AsaFunctionOf = x[PuO] Final

In this expression elementary calculations involving the species can also be
specified.

Eg.,
AsaFunctionOf = x[PuO]+x[UO] Final

If X- axis happens to be Temperature , Pressure or Volume Xaxis type need not
entered.
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Usually a,p,g options must be followed by Final. [ Of course, these information
may not be available before the calculations are performed ].

The property m,p are displayed in a log 10 scale, the other properties are
represented by a linear scale.

Emf values for electrochemical concentrations cells of the type

E(in V) = (RT/4F ) In (pO2/0.21)
for oxygen with air as the reference,

E(in V) = ( RT/4F ) In ( pCO*pCO/pCO2 )
for carbon with graphite as the reference,

and

E(in V) = ( RT/F ) In (pH2 )
for hydrogen with pure hydrogen as the reference are calculated on request.

This feature is available only for oxygen, carbon and hydrogen.

22
Yaxis

The species for which the graphical display is desired is specified here giving one
species per line( maximum of 10 ).
Eg.,

YSpecies = p(PuO)
YSpecies = pCO
YSpecies = pCO2

Here only the final result obtained after equilibration is plotted.

User exercises his option for the Yaxis. This expressed by adding single letter
description before the species.

a for activity of a species
e for emf calculations(see below)
f for molefraction
x for molefraction
g for chemical potential

RTln(a) in kJ/mol
m for no of moles
n for no of moles
p for pressure

The additional description on e,m and p see 21

Eg.,
YSpecies = x[PuO] Final
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In this expression elementary calculations involving the species can also be
specified.
Eg.,

YSpecies = 100*pCO/( pCO+pCO2)

The plot is aimed to be single X-axis and single Y-axis plot but display the same
property for several species simultaneously. Therefore the property requested may
be same for all the species of request, say all partial pressures, or chemical
potentials.

23

End of Data

This is declared as the last line to mark the end of the data file.

End Of Data

PHASE FIELD INPUT

24

The program recognises ternary phase fields. The phase field can be specified as

{Cs} - <Cr> - <Cs4Cr4O7>

Note the following points :

(i) the species name must have appeared in the system
described previously including the brackets if any - see 16

(ii) Under this option only one calculation will be made with respect to the
composition (NCalc = 1 ). One can carry out several calculations as a function of
temperature etc.,

(iii) calculations can be made for several phase fields in a single run.

25

End of Phase Field

The end of the phase field definition shall be marked by

End of Phase Field

26

(i) Input stoichiometry ( as in 16 ) should not be specified. This information is
generated automatically.
(ii) The ternary phase diagram is displayed for each calculation in the PC screen.
The phase under investigation is tentatively related by a tie plane. The
composition corresponding to the initial composition which was automatically
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derived by the program is shown in the phase diagram. This lies obviousiy inside
the tie plane.

(iii) At end of the calculation, the phase field which coexists at the specified
conditions is shown by filled triangles or tie lines depending on the number of
phases coexisting. This is not necessarily the initial phase field specified in the
input.

(iv) Flow specifications need not be given. The calculations are mace implicitly
for the static mode only.

(v) for graphical display of calculated results see 17, 18 and 19.

(vi) the description of data must end with

End Of Data
as in 23

5.4
Input guide to SGMPLOT

By design, only the contents of SHORTRPT.OUT is used for graphical display at
the end of the calculation. In case the user needs to plot only the selected portion
of the graph or change the location of the legend etc., the same can be achieved by
modifying the SHORTRPT.OUT.

This module accepts a set of X values and corresponding Y values, up to 10, for a
plot.

For example, effect of variation of pCO and pPu as a function of molefraction of
PuO, x[PuO], in Pu-C-0 system.

Optionally, cases of Z axis can also be specified. An instance will be in the above
example, calculations are performed for two different temperatures. Here the
temperature variation is assumed for the Z axis.

Usually, the composition in any calculation is the X axis. Any one of parameter
variation from temperature, pressure or volume is the Z axis.

In cases where there is no composition variation but, say, temperature variation
only, then this will be taken for the X axis.

Simultaneous variation of temperature along with pressure or volume is not
envisaged.
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The following describes the detailed input for this module. However, the user is
referred to the examples listed under the equilibrium calculations in section 7.2

1
Title

Single line title for the plot

2
SubTitle

Single line subtitle for the plot

3
Define the Z axis

Type of Calculations shall declared here.
Eg.,

TEMPERATURE CALCULATIONS = 10
Or PRESSURE CALCULATIONS = 10
Or VOLUME CALCULATIONS - 10

If no such values are available, this line can be skipped.

4
In cases where composition variation is the Xaxis this will be declared here.
Eg.,

COMPOSITION CALCULATIONS = 20

If no such values are available, one can skip this line.

Both 3 and 4 can not be skipped
simultaneously.

5
Legend location

Specify legend location in any one of the corners of the plot.
Eg.,

LegendAt = TopLeft
Or LegendAt = TopRight
Or LegendAt = BottomLeft
Or LegendAt = BottomRight

6
Zaxis Type

Declare the Z axis type here.
Eg.,

Zaxis = Temperature
Or Zaxis = Pressure
Or Zaxis = Volume
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If none of the above is applicable use

Zaxis = NUL

7
Xaxis Type

Xaxis can be

Xaxis = Effect of variation of Temperature
Xaxis = Effect of variation of Pressure
Xaxis = Effect of variation of Volume

Or Xaxis = Effect of variation of x[PuO]

For explanation on the x preceding [PuO] see 22 of 5.3

This declaration is reflected as the X axis title.

8
No of Species for Y axis
Eg.,

NoOfSpecies = 3

9
Yaxis species

Declare the nature and name of the Y axis species. This is reflected in the legend.
From the nature and the number of Y axis the Y axis title is inferred.
Eg.,

Yaxis-1 =pCO
Or Yaxis-3 = 100*pCO/(pCO+pCO2)

10
Column caption

This line is to help us in identifying various set of data present in the following
columns. Eg.,

Zaxis Xaxis Yl Y2 Y3

11
Data for Zaxis, Xaxis, Y1.Y2...

The data in a line must be separated by at least one blank space.
Eg.,

Zaxis Xaxis Yl Y2
1600.0 0.2 1.895E-7 3.269E-7

Total number of data should be equivalent to number of Xaxis calculations
multiplied by that of the Zaxis calculations declared 4 and 3 above.
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6
Help System

A help system is built in the software to alert the users about some possible
'mistakes' in the data file.

The help system displays all the data which are currently read in by the program.
This may possibly be useful to identify where exactly the crash has occurred if
any.

In addition the help system can identify three possible situations.

1.
Any wrong entry in numbers can be spotted and the user is alerted pin pointing
the source of error in the current line which is read in.
Eg., -100,000.0

comma is the error in this example.

2.
Any wrong entry of species in the molar input or phase field input is pointed out.
Eg.,

NA2CR2O7
the correct entry would be Na2Cr2O7.

3.
Any wrong entry in the species identification during the graphical display options
is pointed out.

In general the species which were described in a system ( above the End of
System line) must be described verbatim in any later references.

This help is available during the reading in and the processing time. Once the data
was read in, a detailed information of the system along with certain inferences
based on the input data are available explicitly in the file INDETAIL.DAT. This
is also an extension of the Help system. But this is made off-line for convenience.

The contents of INDETA1L.DAT are self explanatory. The user can pursue this
file in the event of any unpredictable behaviour.

This file also includes AG (T) values for all the species at each temperatures in
kJ/mol. This is to facilitate any hand calculations for verification purposes. A
sample INDETAIL.DAT given below for Pu-C-0 system.
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P u - C - 0 System
CO and Pu cross over at 16 00 and 190 0 K

Energy Unit
No Of Coeff in GT

The coeff are
Entropy

Lowest number of mole
No Of Elements
No Of Mixtures

GAS MIXTURE
SOLID Pu-C-0 SOLUTION

No Of Solids
Total Species

Reference Species

Calculate at constant
Temperature
Tstep
Ntemp
Pressure
Pstep
Npres
Input Option

No Of Calculations
Flow

JOULES
2
B C
RELATIVE
1.000E-50

4
2
1 - 8
9 - 1 0
5
15
Ar - Pu - Pu2C3
Pu2O3
PRESSURE
1600.00 K
300.00 K
2
1.00 atm
0.10 atm
1
MOLAR
50
STATIC

Composition Variations
Ar 0.100 MOLES ; REMAIN CONSTANT
Pu 0.500 MOLES ; REMAIN CONSTANT

PU2C3 1.000 MOLES ; VARY IN STEPS OF -0.020 MOLES
PU2O3 0.002 MOLES ; VARY IN STEPS OF 0.020 MOLES

System description in terms of
The Chosen Reference States
[ Stoichiometric Matrix ]

GAS

1

2

3
4

5

6
7

8

MIXTURE

Ar =
CO =

C02 =
02 =

(Pu) =
PuO =
PuO2 =
PUC2 =

1.00
- 1.33
- 2.00
- 1.33
1.00
0.33

- 0.33
- 0.33

Ar
Pu
Pu
Pu
Pu
Pu
Pu
Pu

+ 0.33
+ 0.33
+ 0.67

+ 0.33
+ 0.67
+ 0.67

Pu2C3 + 0.33 Pu2O3
Pu2C3 + 0.67 Pu2O3
Pu2O3

Pu2O3
PU2O3
Pu2C3

SOLID Pu-C-0 SOLUTION

9
10

[PuO] =
[PuC] =

0,
0.

33
33

Pu
Pu

+ 0
+ 0

.33

.33

Pu2O3
Pu2C3
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PURE CONDENSED PHASES

11 C =
12 Pu =
13 Pu2O3 =
14 Pu2C3 =
15 PuC =

- 0 . 6 7 Pu
1.00 Pu
1.00 Pu2O3
1.00 Pu2C3
0 . 3 3 Pu

+ 0 . 3 3 Pu2C3

+ 0 . 3 3 Pu2C3

G(T) = A/T + B + CT + DTA2 + ETA3 + FTln(T)

Ar
CO
CO2
02

(Pu)
PuO

PuO2
PuC2
[PuO]

[PuC]
C
Pu

Pu2O3
Pu2C3
PuC

Temperature
Ar
CO
CO2
02

(Pu)
PuO
PuO2
PuC2
[PuO]
[PuC]

C
Pu

Pu2O3
Pu2C3
PuC

Temperature
Ar

CO
CO2
02

(Pu)
PuO
PuO2
PuC2

0.
-117290.
-396220.

0.
326800.
-119000.
-471100.
156900.

-557330.

-32500.
0.
0.

-1672000.
-164000.
-32500.

= 1600
0.

-252.
-396.

0.
184.

-184.
-426.
123.

-409.
-52.
0.
0.

-1244.
-151.
-52.

= 1900
0.000
-277 .

-396.
0.

158.

-196.
-417.

117.

B
00
00
00
00
00
00
00
00
00

00
00
00
00
00
00

.00
000
314
428
000
672
600
300
300
650
180
000
000
800
456
180

.00

K
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.

K
kJ/mol.
631
467
000
023
900
900
000

kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.
kJ/mol.

0
-84
-0
0

-88
-41

28
-21
92

-12
0
0

267
7

-12

C
.00
.39
.13
.00
.82

.oc.

.00

.00

.10

.30

.00

.00

.00

.34

.30
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[PuO] -381 .960 k J / m o l .
[PuC] -55 .870 k J / m o l .

C 0 .000 k J / m o l .
Pu 0.000 kJ/mol.

Pu2O3 -1164.700 kJ/mol.
PU2C3 -14 9.104 kJ/mol.

PuC -55.870 kJ/mol.
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EXAMPLES

7.1

FITDATA

7.1.1

Hydrogen Bromide Gas

7.1.1.1

Input Data

Obtain the coefficients of Cp for HBr gas using the TK,Cp data in joules. With
the given S°298 calculate the thermal functions for the gas at these
temperatures.

Hydrogen Bromide JANAF 430p
Phase = Gas
EnergyUnit = Joules
S298 = 198.699
298.15,29.141
300.0 29.141
400.0 29.220
500.0 29.453
600.0, 29.870
700.0, 30.427
800.0 31.005
900.0 31.698
1000.0 32.319
1100.0 32.897
1200.0 33.425
1300.0 33.902
1400.0 34.329
1500.0 34.711
1600.0, 35.053
1700.0 35.360
1800.0 35.635
1900.0 35.884
2000.0 36.109
2500.0 36.976
3000.0 37.573
3500.0 38.025
4000.0 38.394
4500.0 38.711
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5000.0 38.996
5500.0 39.258
6000.0 39.506
END

7.1.1.2

Output Results

Hydrogen Bromide JANAF 43Op

EnergyUnit = JOULES

Fitted Coefficients for
Cp = a + b*T + c*TA2 + d*T*3

SO298 198.699

No

1

2

3
4

5

6

7

8

9

10

11

12

13

14

15

16
17

18

19

20

21

22
23

24

25

26
27

Temp
K

298.15
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
1100.00

1200.00
1300.00
1400.00
1500.00
1600.00
1700.00
1800.00
1900.00
2000.00
2500.00

3000.00
3500.00
4000.00
4500.00
5000.00
5500.00
6000.00

a
b
c
d
e

24.8516606
9.2359683
-2.1348157
0.1683364
0.1500810

x 1.0E-3
x 1.0E-6
x l.OE-9
x 1.0E+6

Thermal Functions
Cp

J/mol
29.141
29.141
29.220
29.453
29.870
30.427
31.005
31.698
32.319
32.897

33.425
33.902
34.329
34.711
35.053
35.360
35.635
35.884
36.109
36.976

37.573
38.025
38.394
38.711
38.996
39.258
39.506

So -GEF
j/K/mol

198.699
198.879
207.244
213.790
219.224
223.902
228.029
231.735
235.107
238.207

241.079
243.759
246.273
248.642
250.883
253.010
255.035
256.968
258.816
267.012

273.868
279.741
284.861
289.393
293.460
297.165
300.593

198.699
198.700
199.840
201.998
204.429
206.884
209.274
211.567
213.755
215.839

217.824
219.717
221.525
223.255
224.912
226.503
228.032
229.505
230.924
237.349

242.880
247.736
252.064
255.964
259.514
262.771
265.781

HO-H298
kJ

0.000
0.054
2.962
5.896
8.877
11.912
15.004
18.151
21.352
24.604

27.906
31.255
34.647
38.081
41.554
45.063
48.605
52.180
55.783
74.158

92.964
112.015
131.190
150.427
169.732
189.169
208.869
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7.2

EQUILIBRIUM CALCULATIONS USING SGMPAS

Extensive demonstration for equilibrium calculation is given here. Each
example may describe a variation and flexibility in the user input.

Even though the calculations are made for several conditions only two outputs
in each case is included here.

The graphical results with the corresponding plots are included in almost all
the cases.

7.2.1

Ni - O System

Calculate the equilibrium oxygen potential when nickel coexists with its oxide
at temperatures 500 to 1000 K in the interval of 100 K. Compare the results
with that of hand calculations.

7.2.1.1

The input data

Ni - O SYSTEM

EnergyUnit = Joules
GTCoeff=b,c
entropy=relative

LowValue=1.0E-50

Gas Mixture
Ar 0.0 0.0
02 0.0 0.0

Pure solids
Ni 0.0 0.0
NiO -244555.0 98.53
End of System

TempK = 500.0
Step = 50.0
Ntemp = 11

AtConstant = pressure
pressure =1.0
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Input = molar

ncalc = 1
Ar=5.0
Ni=5.0
02=1.0

Flow = static

SubTitle = Ellingham Diagram
Legend=TopLeft

Xaxis = Temp
YSpecies = gO2
END OF DATA

7.2.12

Output Results

Ni - O SYSTEM

Composition Specified
mole

Ar 5.000000
Ni 5.000000
02 1.000000

Temperature = 500.000 K
Pressure = 101.325 kPa
Volume = 205.125 Litre

Eqm.

Gas

amount

Phase
Ar

02

Total =

Pure

Eqm pressure
mole

5.00000E+00 1

7.86148E-41 1

5.00000E+00

condensed phases

Ni
NiO

3.00000E+00
2.00000E+00

Fugacity
kPa

.01325E+02

.59313E-39

Fugacity
Coeff.

1.0000

1.0000

- RT ln(p)
atm

1.00000E+00

1.57230E-41

kJ

-0.000

390.580

Summary :
The major species in the gas phase are

Ar.
The coexisting pure condensed phases are

Ni,NiO.

Ni - O SYSTEM

Composition Specified
mole

Temperature = 1000.000 K
Pressure = 101.325 kPa
Volume = 410.250 Litre
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Ar 5.0,00000
Ni 5.000000
02 1.000000

Eqm. amount Eqm pressure Fugacity Fugacity - RT ln(p)
mole kPa Coeff. atm kJ

Gas Phase

Ar 5.00000E+00

02 2.77906E-15

Total = 5.00000E+00

1.01325E+02 1.0000 1.00000E+00 0.000

5.63177E-14 1.0000 5.55812E-16 292.050

Pure condensed phases

Ni 3.00000E+00
NiO 2.00000E+00

Summary :
The major species in the gas phase are :

Ar.
The coexisting pure condensed phases are :

Ni,NiO.
S.Vana Varamban MCD CG IGCAR Kalpakkam.

17:10 29-12-1995 NIO.DAT

7.2.1.3

Graphical results

Ni - 0 SYSTEM
Ellingham Diagram
TEMPERATURE CALCULATIONS =11
LegendAt = TOPLEFT
Zaxis = TEMPERATURE K
Xaxis = Effect of Temperature Variation
NoOfSpecies = 1
Yaxis-1 = GO2

Zaxis Yl
500.00 -390.5800
550.00 -380.7270
600.00 -370.8740
650.00 -361.0210
700.00 -351.1680
750.00 -341%3150
800.00 -331.4620
850.00 -321.6090
900.00 -311.7560
950.00 -301.9030

1000.00 -292.0500
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The following program can be tried in GWBASIC or QBASIC for verification.

FOR t = 500 TO 1000 STEP 100
GNiO = -244555! + 98.53 * t
pO2 = 2*GNiO/1000
PRINT, t, pO2
NEXTt
END

The results obtained from 'hand' calculations are :

T / K
500.00
600.00
700.00
800.00
900.00

1000.00

02
-390.580
-370.874
-351.168
-331.462
-311.756
-292.050

You will find that the numbers obtained by both the methods are almost
identical.

-250 00

Computation of Chemical Equilibria
Ni - O SYSTEM

~- -300.00

1

8

-350.00

-400.00

02

>
500.0 600.0 700.0 800.0 900.0 1000.0

Effect of Temperature Variation
Ellingnam Diagram
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7.2.2

Bouduard reaction

Coal or coke is one of the most important metallurgical fuels. Let us consider
burning of coal in air at several temperatures. We will assume some residual
carbon still remains unburned. The composition of the flue gas is strongly
dependent on the furnace temperature and the total pressur*e[ Lupis ].

Calculate relative abundance of CO in the vapour phase at temperatures from
400 to 1350 K.

Find the variation with respect to the total pressure 0.5, 1,2 arm. Also find the
relative abundance of CO if the coal is burnt in pure oxygen instead of air.

Following input is for 1 atm air calculations.

7.2.2.1

The input Data

Bouduard Reaction

EnergyUnit = Joules
GTCoeffare = B,C
Entropy = Relative
LowValue = 1.0E-50

Gas Phase
Ar 0.0 0.0
02 0.0 0.0
CO -117290.0 -84.39
CO2 -396220.0 -0.13

Pure Phases
C 0.0 0.0
End of System

TempK =400.0
Step = 50
NCal = 20

AtConst = Pressure
Press =1.0
Step = 0.5
NPress =1

Input = Molar
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NC'al = 1
Ar = 0.79 mole
02 =0.21
C =2.0

Flow = Static

Subri itle = Boudouard Reaction
Legei?.d = BottomRight

Xaxis = TemperatureK.

YSpecies = 100*( pCO)/(pCO + pCO2)
End Of Data

7.2.2.2

Output Results

Bouduard Reaction

Composition Specified
mole

Ar 0.790000
O2 0.210000
C 2.000000

Temperature
Pressure =
Volume =

400.000 K
101.325 kPa

32.820 Litre

Bqm. amount Eqm pressure Fugacity Pugacity - RT In(p)
mole kPa Coef f. atm kJ

Gas Phase
Ar 7.90000E-01
CO2 2.10000E-01
CO 3.24944E-07

8.00467E+01 1.0000 7.90000E-01 0.784
2.12782E+01 1.0000 2.10000E-01 5.190
3.29249E-05 1.0000 3.24944E-07 49.685

Total 1.00000E+00

Pure condensed phases

C 1.79000E+00

Summary :
The major species in the gas phase are

Ar,CO2,CO.
The coexisting pure condensed phases are

C.

Bouduard Reaction

Composition Specified
mole

Ar 0.790000
02 0.210000
C 2.000000

Temperature = 1350.000 K
Pressure = 101.325 kPa
Volume = 133.984 Litre
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Sqm. amount Eqm pressure Fugacity Fugacity - RT Imp)
mole kPa Coef f. atm k.J

Gas Phase

Ar
CO

C02

02

Total =

7.90000E-01
4.19191E-01

4.04621E-04

1.86054E-19

1.20960E+00

6.61765E+01
3.51146E+01

3.38941E-02

1.55853E-17

1.0000
1.0000

1.0000

1.0000

6.53111E-01
3.465553-01

3.34 509E-04

1. 53815E-19

4.
11.
89.

48'..

782
895
827

222

Pure condensed phases

C 1.58040E+00

Summary :
The major species in the gas phase are :

Ar,CO,CO2.
The coexisting pure condensed phases are :

C.

S.Vana Varamban MCD CG IGCAR Kalpakkam.
17:12 29-12-1995 BOURD.DAT

7.2.2.3

Graphical Results

Bouduard Reaction
Boudouard Reaction
TEMPERATURE CALCULATIONS =20
LegendAt = BOTTOMRIGHT
Zaxis = TEMPERATURE K
Xaxis = Effect of Temperature Variation
NoOfSpecies = 1
Yaxis-1 = 100* ( PCO )/( PCO + PCO2 )

Zaxis Yl
400.00 1.5474E-04
450.00 2.3027E-03
500.00 1.9967E-02
550.00 1.1684E-01
600.00 5.0820E-01
650.00 1.7517E+00
700.00 4.9809E+00
750.00 1.1932E+01
800.00 2.4236E+01
850.00 4.1740E+01
900.00 6.1235E+01
950.00 7.7935E+01

1000.00 8.8970E+01
1050.00 9.4848E+01
1100.00 9.7607E+01
1150.00 9.8853E+01
1200.00 9.9424E+01
1250.00 9.9696E+01
1300.00 9.9833E+01
1350.00 9.9904E+01
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This results can produce a single curve, corresponding to a calculation at 1 atm
pressure in air. The above example was run for two more pressures namely ,
0.5 and 2.0 atm, in separate runs. A run with pure oxygen was also performed.
The graphical results of four such calculations (as per the problem definition)
were combined together in the following file. This data file can produce four
curves in a single plot. The corresponding graphical output is also shown

Bouduard R e a c t i o n
Boudouard React ion
TEMPERATURE CALCULATIONS = 2 0
LegendAt = BOTTOMRIGHT
Zxais * Pressure atm
Xaxis = E f f e c t of Temperature V a r i a t i o n
NoOfSpecies = 4
Y a x i s - 1 » 100* ( PCO ) / ( PCO + PCO2 )
Y a x i s - 2 • p i atm
Y a x i s - 3 « p2 atm
Yaxxs-4 «* pO2 1 atm

Xaxis
400.00
450.00
500.00
550.00
600.00
650.00
700.00
750.00
800.00
850.00
900.00
950.00

1000.00
1050.00
1100.00
1150.00
1200.00
1250.00
1300.00
1350.00

p = 0.5
2.1883E-04
3.2566E-03
2.8237E-02
1.6518E-01
7.1765E-01
2.4648E+00
6.9434E+00
1.6300E+01
3.1935E+01
5.2157E+01
7.1800E+01
8.5942E+01
9.3701E+01
9.7250E+01
9.8766E+01
9.9418E+01
9.9710E+01
9.9848E+01
9.9916E+01
9.9952E+01

p = 1.0
1.5474E-04
2.3027E-03
1.9967E-02
1.1684E-01
5.0820E-01
1.7517E+00
4.9809E+00
1.1932E+01
2.4236E+01
4.1740E+01
6.1235E+01
7.7935E+01
8.897DE+01
9.4848E+01
9.7607E+01
9.8853E+01
9.9424E+01
9.9696E+01
9.9833E+01
9.9904E+01

p = 2.0
1.0941E-04
1.6283R-03
1.412 0E-02
8.2638K-02
3.5973E-01
1.2431E+00
3.5585E+00
8.6509E+00
1.8061E+01
3.2466E+01
5.0364E+01
6.8098E+01
8.2015E+01
9.0795E+01
9.5482E+01
9.7771E+01
9.8865E+01
9.9398E+01
9.9667E+01
9.9808E+01

pO2 =. 1

7.0909E-05
1.0553E-03
9.1511E-03
5.3572E-02
2.3344E-01
8.0938E-01
2.3372E+00
5.7933E+00
1.2548E+01
2 3919E+01
4.0071E+01
5.8718E+01
7.5481E+01
8.7072E+01
9.3566E+01
9.6806E+01
9.8369E+01
9.9134E+01
9.9520E+01
9.9723E+01
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110.00

Computation of Chemical Equilibria
Bouduard Reaction

s
£ 90.0(1

X 70.00
o

S 50.00

30.00

10.00

-10.00
~ 400.0 600.0 800.0 1000.0

Effect of Temperature Variation
Boudouard Reaction

1200.0 1400.0

These S-shaped curves are referred to as the Boudouard curves.

Note that as system pressure increases the relative abundance of CO decreases
for a given temperature. For a given composition, the entire curve is shifted
towards higher temperatures with respect to increase in total pressure. The
same is true for pure oxygen also.

This is understandable from the LeChatelier- Braun Principle.

CO2 + C = 2 CO

is an endothermic reaction. As the temperature increases the equilibrium shifts
to the right producing more CO.

The equilibrium reaction causes an increase in number of moles of the gases
thereby increase in the total pressure. Hence reduction in the total pressure of
the system should shift the equilibrium forward. This trend also is reflected in
this calculations.

The effect of oxygen on the abundance of CO and CO2 in the gas phase can be
seen from the equilibrium

2 CO + 02 = 2 CO2
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Accordingly, increase in oxygen is expected to bring down the level of CO in
the vapour phase. This is indeed what is observed from this ceilculation.

7.2.3

C-H-0 System

7.2.3.1

Input Data

This system is of importance in high temperature Gas-Cooled React >rs. Most
of the environmental effects of the C-H-0 system are controlled by oxygen
potential and carbon activity. These properties play a major role-on oxidation
( or reduction ) and carburisation ( or decarburisation ) of the materials of
construction [ N.Kishimoto & H.Yoshida 1983 ].

Obtain the temperature dependence of equilibrium fractions of the gas
components for a reducing gas, 80% H2 + 15% CO + 5% CO2 at a total
pressure of 0.101 MPa (0.9967925 atm)

C - H - 0 SYSTEM
EnergyUnit = Calories
GTCoeff =b,c
Entropy = Relative
LowValue =1.0e-25
Gas Mixture
Ar 0.0 0.0
H2 0.0 0.0
02 0.0 0.0
(C) 0.0 0.0
CO -27340.0 -20.50
CO2 -94490.0 -0.13
H2O(V) -59150.0 13.35
CH4 -21760.0 26.45
Pure Condensed Phase
<C> 0.0 0.0
End of System

Temp = 850.0
step = 50.0
ntemp = 11
AtConst = Pressure

press= 0.9967925
Step =1.0
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Ncal = 1

input = molar
ncalc=l

Ar = 0.0
CO =0.15
CO2 = 0.05
H2 = 0.80

Flow = Static

SubTitle = Ref: N.Kishimoto & H.Yoshida, MT 14B 465-471,1983
Legend = BottomLeft

Xaxis = TempK

YSpecies = pH2
YSpecies = pCO
YSpecies = pCO2
YSpecies = pH2O(V)
YSpecies = pCH4
YSpecies = p(C)
END of Data

7.2.3.2

Output Results

C - H - O SYSTEM

Composition Specified

Ar
CO

CO2
H2

Eqm. amount

Gas Phase
H2

H2O(V)
(C)
CH4
CO2
CO

Total =

mole
0.000000
0.150000

. 0.050000
0.800000

: Eqtn pressure

mole

5.26749E-01
2.13500E-01
1.46944E-01
2.98755E-02
1.33189E-02
9.86178E-03

9.43275E-01

5
2

1

3

1

1

Fugacity
kPa

.65825E+01

.29339E+01

.57845E+01

.20918E+00

.43069E+00

.05934E+00

Fugacity
Coeff.

1.

1.

1,

1.
1.

1.

.0000

.0000

.0000

.0000

.0000
,0000

5
2

1

3
1

1

Temperature
Pressure =
Volume =

- RT ln(p)
atm

.58426E-01

.26340E-01

.55781E-01

.16721E-02

.41199E-02

.04548E-02

850.000 K
101.000 kPa

65.998 Litre

kJ

4.118
10.500
13.140
24.398
30.107
32.231
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Summary :
The major species in the gas phase are

H2,H2O(V),(C),CH4,CO2,CO.
NO Pure condensed phase exist

C - H - O SYSTEM

Composition

Ar
CO

CO2
H2

Eqm. amount

Gas Phase
H2
CO

H2O(V)
(C)
CO2
CH4

7
1
5
1

7
4

Specified
mole

0.000000
0.150000
0.050000
0.800000
Eqm pressure
mole

.44138E-01

.78766E-01

.57801E-02

.34660E-02

.72685E-03

.09159E-05

7
1
5
1
7
4

Fugacity
kPa

.51641E+01

.80569E+01

.63425E+00

.36018E+00

.80475E-01

.13284E-03

Fugacity
Coeff.

1 .
1 .
1 .
1 .
1 .
1 .

.0000

.0000

.0000

.0000

.0000

.0000

7
1

5
1
7
4

Temperature
Pressure =
Volume =

- RT ln(p)
atm

.41812E-01

.78207E-01

.56057E-02

.34239E-02

.70269E-03

.07880E-05

= 1350.000 K
101.000 kPa

111.472 Li t re

k J

3.352
19.360
32.432
4B.385
54.620

113.446

02 2.72210E-16 2.74955E-14

Total = 1.00314E+00

1.0000 2.71359E-16 402.315

Summary :
The major species in the gas phase are

H2,CO,H2O(V),(C),CO2,CH4.
NO Pure condensed phase exist

S.Vana Varamban MCD CG IGCAR Kalpakkam.
17:15 29-12-1995 CHO.DAT I

7.2.3.3

Graphical Results

C - H - 0 SYSTEM
Ref : N.Kishimoto & H.Yoshida, MT 14B 465-471,1983
TEMPERATURE CALCULATIONS = 11
LegendAt = BOTTOMRIGHT
Zaxia = TEMPERATURE K
Xaxis = Effect of Temperature Variation
NoOfSpecies = 6

Yaxis-1 = PH2
Yaxis-2 = PCO
Yaxis-3 = PCO2
Yaxis-4 - PH2O(V)
Yaxis-5 « PCH4
Yaxis-6 » P(C)

Zaxis Yl
850.00 5.5663E-01
DOO.OO 5.9287E-01
950.00 6.2502E-01

1000.00 6.5303E-01
1050.00 6.7649E-01
1100.00 6.9537E-01

Y2

1.0421E-02
2.2798E-02
4.1513E-02
6.4904E-02
8.9834E-02
1.1326E-01

Y3

1.4075E-02
1.9243E-02
2.2372E-02
2.2800E-02
2.1092E-02
1.8323E-02

2
1

1
1
1
9

Y4

.2561E-01

.9539E-01

.6643E-01

.4009E-01

.1750E-01

.9058E-02

Y5
3 .1571E-02
1.6546E-02
8.5666E-03
4.3915E-03
2.2317E-03
1.1284E-03

Y6
1.5528E-01
1.4675E-01
1.2969F/-01
1.0838E-01
8.6454E-02
6.6460E-02
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1150.00 7.1005E-01 1.3331E-01 1.5385E-02 8.4S00E-02 5.7047E-04 4.96788-02
1200.00 7.2115E-01
1250.00 7.2934E-01
1300.00 7.3525E-01
1350.00 7.3943E-01

1.4940E-01
1.6174E-01
1.7093E-01
1.7764E-01

1.2766E-02
1.0629E-02
8.9593E-03
7.6780E-03

7.3614E-02
6.5480E-02
5.9594E-02
5.5427E-02

2.8982E-O4
1.4856E-O4
7.7108E-05
4.0657E-05

3. 6382.;.-02
2.6265IC-02

1.3381IS-02

-2

-3

-5

Computation of Chemical Equilibria

C - H - O SYSTEM

850 950 1050

Effect of Temperature Variation

Ref: N.Kishimoto & H.YoshRJa, MT 14B 465-471,1983

1150 1250 1350

7.2.4

N'C-H-0 System

Exhaust flue gases contain organic molecules and oxides of nitrogen, carbon
and hydrogen.

Using solid electrolyte electrochemical oxygen meters is it possible to estimate
the concentration of say nitrogen oxides in such gases ?[ Vana Varamban,S and
Periaswami,G. 1992]

Let us take C = 5 moles,H2 = 2.5 moles ,N2 = 10.0 moles and calculate
equilibrium composition at 600 C and 1 atm pressure. Vary the oxygen
concentration (using a coulometric titrator) from 1 to 40 moles.

Carry out a similar set of calculation with N2 = 0.0 moles and compare the emf
of the electrochemical concentration cell with air as the reference.

E (in V) = (RT/4F) In (pO2/0.21 )
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7.2.4.1

Input Data

N - C - H - O SYSTEM

EnergyUnit = Joules
NoOfCoeff = b,c
Entropy = Relative

LowValue=1.0E-50

Gas Mixture
AT 0.0 0.0
H2 0.0 0.0
N2 0.0 0.0
02 0.0 0.0
CO -117290.0-84.39
CO2 -396220.0 -0.13
CH4 -91975.0 111.24
H2O -246438.0 54.39
OH 9678.42 0.0
N2O 82048.24 -74.14
NO 90290.72 -146.34
N2O3 82843.20 -189.83
NO2 33095.44 -60.86
N2O4 9079.28 -297.27
N2O5 11296.80 -357.61
Pure Phase
{H2O} -282930.0 153.95
<C> 0.0 0.0
End of System

TempK = 873.0
Step =100.0
NT=1

AtConst=Pressure
Press=1.0
Step=1.0
N p = l

Input=Molar
Ncal= 40

Ar = 0.1
< O = 5.0
02 = 1
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Step = 1
H2 = 2.5
N2=10.0

Flow=Static

SubTitle = Oxygen Titration
Legend =BottomRight

Xaxis = nO2 initial

YSpecise=EO2

End of Data

7.2.4.2

Output Results

N - C - H - O SYSTEM

Composition Specified
mole

Temperature
Pressure
Volume

873.000 K
101.325 kPa
983.046 Litre

Ar
<C>
02

H2
N2

Gas Phase
N2

H2
CO

CO2
H2O
CH4
Ar

NO
OH

N2O

NO 2
02

N2O3
N2O4

Total =

0.100000
5.000000
1.000000
2.500000
10.000000

Eqm. amount
mole

1.00000E+01
1.88818E+00
8.59845E-01
3.92166E-01
3.55822E-01
1.28000E-01
1.00000E-01

4.80141E-10
3.15282E-13
2.16011E-13

1.02230E-23
7.57770E-25

1.18024E-32
2.94175E-35

1.37240E+01

Eqm pressure
kPa

7.38305E+01
1.39405E+01
6.34828E+00
2.89538E+00
2.62705E+00
9.45030E-01
7.38305E-01

3.54490E-09
2.32774E-12
1.59482E-12

7.54767E-23
5.59465E-24

8.71377E-32
2.17191E-34

Fugacity
Coeff.

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

1.0000
1.0000

1.0000
1.0000

Fugacity
atm

7.28650E-01
1.37582E-01
6.26526E-02
2.85752E-02
2.59270E-02
9.32672E-03
7.28650E-03

3.49855E-11
2.29730E-14
1.57396E-14

7.44897E-25
5.52149E-26

8.59983E-34
2.14351E-36

- RT ln(p)
kJ

2.298
14.397
20.107
25.805
26.511
33.932
35.724

174.754
227.946
230.691

403.252
422.139

552.627
596.138

49



Pure condensed phases

<C> 3.61999E+00

Summary :
The major species in the gas phase are

N2,H2,CO,C02,H20,CH4,Ar.
The coexisting pure condensed phases are

N - C - H - 0 SYSTEM

Composition Specified

Ar
<C>
02

H2
N2

Gas Phase
N2O5

02

C02

H20

Ar
N2O4

NO

OH
N02

H2
CO

N2O3
N2

N20

CH4

Total =

mole
"0.100000
5.000000

40.000000
2.500000
10.000000

Eqm. amount
mole

9.98342E+00
8.75829E+00
5.00000E+00
2.50000E+00
1.00000E-01
1.65723E-02
6.43803E-06
1.81398E-06
3.36267E-07

5.40788E-12
4.46887E-12
2.71035E-12
1.55556E-16
8.24298E-18

6.03059E-49

2.63583E+01

Eqm pressure
kPa

3.83777E+01
3.36681E+01
1.92207E+01
9.61035E+00
3.84414E-01
6.37063E-02
2.47487E-05
6.97318E-06
1.29266E-06

2.07886E-11
1.71789E-11
1.04190E-11
5.97978E-16
3.16872E-17

2.31824E-48

Temperature = 873
Pressure = 101

Fugacity
Coeff.

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

Volume = 1888

Fugacity
atm

3.78758E-01
3.32278E-01
1.89694E-01
9.48468E-02
3.79387E-03
6.28732E-04
2.44250E-07
6.88199E-08
1.27575E-08

2.05168E-13
1.69543E-13
1.02827E-13
5.90159E-18
3.12728E-19

2.28793E-50

.000 K

.325 kPa

.035 Litre

RT ln(p)
kJ

7.047
7.997
12.066
17.097
40.461
53.508
110.510
119.704
131.937

212.054
213.438
217.068
287.951
309.273

829.648
<

Summary :
The major species in the gas phase are

N2O5,02,CO2,H2O,Ar,N2O4,NO,OH,NO2.
NO Pure condensed phase exist

S.Vana Varamban MCD CG IGCAR Kalpakkam.
17:20 29-12-1995 NCHO.DATp
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7.2.4.3

Graphical Results

N - C - H - 0 SYSTEM
Potentiometric titration of flue gases
COMPOSITION CALCULATIONS =40
LegendAt = BOTTOMRIGHT
Zaxis = NUL
Xaxis = Effect of Variation of NO2
NoOfSpecies - 1
Yaxis-1 = EO2
Xaxis
1.000E-03
1.001E+00
2.001E+00
3.001E+00
4.001E+00
5.001E+00
6.001E+00
7.001E+00
8.001E+00
9.001E+00
1.000E+01
1.100E+01
1.200E+01
1.300E+01
1.400E+01
1.500E+01
1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+01
2.100E+01
2.200E+01
2.300E+01
2.400E+01
2.500E+01
2.600E+01
2.700E+01
2.800E+01
2.900E+01
3.000E+01
3.100E+01
3.200E+01
3.300E+01
3.400E+01
3.500E+01
3.600E+01
3.700E+01
3.800E+01
3.900E+01

Flue
-1.0644
-1.0481
-1.0398
-1.0344
-0.9963
-0.9216
-0.3276
-0.3188
-0.3140
-0.3105
-0.3078
-0.3054
-0.3033
-0.3014
-0.2995
-0.2977
-0.2960
-0.2942
-0.2925
-0.2906
-0.2886
-0.2865
-0.2841
-0.2813
-0.2778
-0.2730
-0.2654
-0.2500
-0.2236
-0.1905
-0.1221
-0.0302
-0.0157
-0.0082
-0.0033
0.0003
0.0030
0.0052
0.0071
0.0086
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This file describes the Emf vs. moles of oxygen for the flue ga:>.

Three separate runs with only carbon or nitrogen or hydrogen were made and
the results were combined to get the following file. The plotter output
indicates it is possible to isolate the oxidation of carbon, nitrogen and hydrogen
bearing species. Using this information it may be possible to arrive at the
number of moles required for oxidation of nitrogen bearing species which in
turn can give an estimate of total nitrogen bearing species in the flue gas.

N - C - H - 0 SYSTEM
Oxygen Titration
COMPOSITION CALCULATIONS = 40
LegendAt = BOTTOMRIGHT
Zaxis = NUL
Xaxis = Effect of Variation of
NoOfSpecies == 4
Yaxis-1 = eFlue
Yaxis-2 = eC
Yaxis-3 = eH
Yaxis-4 = eN

Xaxis
1.000E-03
1.001E+00
2.001E+00
3.001E+00
4.001E+00
5.001E+00
6.001E+00
7.001E+00
S.001E+00
9.001E+00
1.000E+01
1.100E+01
1.200E+01
1.300E+01
1.400E+01
1.500E+01
1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+01
2.100E+01
2.200E+01
2.300E+01
2.400E+01
2.500E+01
2.600E+01
2.700E+01
2.800E+01
2.900E+01
3.000E+01
3.100E+01
3.200E+01
3.300E+01
3.400E+01

only
only
only

Flue
-1.0644
-1.0481
-1.0398
-1.0344
-0.9963
-0.9216
-0.3276
-0.3188
-0.3140
-0.3105
-0.3078
-0.3054
-0.3033
-0.3014
-0.2995
-0.2977
-0.2960
-0.2942
-0.2925
-0.2906
-0.2886
-0.2865
-0.2841
-0.2813
-0.2778
-0.2730
-0.2654
-0.2500
-0.2236
-0.1905
-0.1221
-0.0302
-0.0157
-0.0082
-0.0033

NO2

C alone
-1.1159
-1.0063
-1.0054
-1.0051
-1.0050
-0.1312
-0.0046
0.0055
0.0107
0.0139
0.0161
0.0178
0.0191
0.0201
0.0209
0.0216
0.0222
0.0227
0.0231
0.0235
0.0238
0.0241
0.0244
0.0247
0.0249
0.0251
0.0253
0.0254
0.0256
0.0257
0.0259
0.0260
0.0261
0.0262
0.0263

H alone
-1.2698
-0.9493
0.0012
0.0122
0.0168
0.0194
0.0211
0.0223
0.0232
0.0239
0.0245
0.0249
0.0253
0.0256
0.0259
0.0261
0.0263
0.0265
0.0266
0.0268
0.0269
0.0270
0.0271
0.0272
0.0273
0.0274
0.0275
0.0275
0.0276
0.0277
0.0277
0.0278
0.0278
0.0279
0.0279

N alone
-0.4854
-0.3244
-0.3173
-0.3130
-0.3097
-0.3071
-0.3048
-0.3028
-0.3009
-0.2991
-0.2973
-0.2956
-0.2938
-0.2920
-0.2902
-0.2881
-0.2860
-0.2835
-0.2805
-0.2768
-0.2716
-0.2628
-0.2444
-0.2163
-0.1797
-0.0666
-0.0156
-0. 0044
0.0017
0.0057
0.0086
0.0108
0.0126
0.0140
0.0152
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3.500E+01
3.600E+01
3.700E+01
3.800E+01
3.900E+01

0.0003
0.0030
0.0052
0.0071
0.0086

0.0264
0.0265
0.0266
0.0266
0.0267

G.0280
0.0280
0.0280
0.0281
0.0281

0.0162
0.0171
0.0179
0.0185
0.0191

Computation of Chemical Equilibria
N - C - H - 0 SYSTEM

>

-0.10

-0.40

-0.70

-1.00

-1.30
.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

Effect of Variation of NO2
Oxygen Titration

From the calculated results it is seen that carbon is oxidized first, then nitrogen
and finally hydrogen. Using this 'polarographic' behaviour it is possible to
estimate the quantities of nitrogen bearing species in a flue gas. Of course
further calculations are required to quantify this result.

7.2.5

Cs-Cr-0 System

Obtain partial excess free energies of Cs and 02 over the phase field Cs4CrO4
- Cs3CrO4 - Cr2O3 as a function of temperature [ Lindemer and Bessman
1981].
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7.2.5.1

Input Data

Cs - Cr - O System

ENERYUNIT=JOULES
dGCoeff =B,C

ENTROPY=Relative
LowValue=1.0E-90

GAS MIXTURE
AT 0.0 0.0
(Cs) 76650.0 -90.33
(Cr) 100000.0 50.00
02 0.0 0.0

PURE CONDENSED PHASES
Cs2CrO4 -1430000.0 375.3
Cs3CrO4 -1542000.0 392.8
Cs4CrO4 -1587000.0 412.1
Cs2Cr2O7 -2091000.0 605.0
CsO2 -294900.0 143.8
Cs2O2 -484000.0 222.5
Cs2O -345900.0 125.9
CrO2 -582412.8 177.61
CrO3 -579484.0 286.604
Cr2O3 -1135000.0 274.0
Cs 0.0 0.0
Cr 0.0 0.0
END Of System

TempK = 400.0
Step = 100.0
NTemp = 7

AtConst = Pressure
Press =1.0

INPUT=PHASEFIELD
Cs4CrO4 - Cs3CrO4 - Cr2O3
End Of Phase
SubTitle = Ellingham Diagram
Legend = BottomRight

AsaFuncOf= TempK
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SPECIES=G02
Species=G(Cs)
END OF DATA

7.2.5.2

Output results

Composition Specified
mole

Ar 0.100000
Cs 3.743542
Cr 1.412297
02 2.422081

Eqm. amount Eqm pressure
mole

Gas Phase
Ar

(Cs)

(Cr)

02

Total =

1.00000E-01

6.92883E-12

8.95509E-25

3.69923E-81

1.00000E-01

Pure condensed phases

Cs3CrO4
Cs4CrO4

Cr2O3

6.17604E-01
4.72683E-01
1.61005E-01

1.

7.

9.

3.

CS - Cr

Fugacity
kPa

01325E+02

02064E-09

07374E-22

74825E-78

- 0 System

Fugacity
Coeff.

1.0000

1.0000

1.0000

1.0000

1

6

8

3

Temperature
Pressure =
Volume =

- RT In. (p)
atm

.00000E+00

.92883E-11

.95509E-24

.69923E-80

400.000 K
101.325 kPa
3,282 Litre

kJ

0.000

77.798

176.496

608.272

Summary :
The major species in the gas phase are

Ar.
The coexisting pure condensed phases are

Cs3CrO4,Cs4CrO4,Cr2O3.

Composition

Ar
Cs
Cr
02

Eqm. amount

Gas Phase
Ar 1.

(Cs) 3.

Specified
mole

0.100000
3.743542
1.412297
2.422081

Eqm pressure
mole

00000E-01 7.
08185E-02 2.

Cs - Cr -

Fugacity
kPa

74547E+01
38703E+01

0 System

Fugacity
Coeff.

1.0000
1.0000

Temperature
Pressure =
Volume =

- RT ln(p)
atm

7.64418E-01
2.35582E-01

= 1000.000 K
101.325 kPa

10.734 Litre

kJ

2.234
12.020
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(Cr) 7.99363E-12 6.19144E-09 1.0000 6.11048E-11 195.540

02 2.02194E-28 1.56609E-25 1.0000 1.54561E-27 513.280

Total = 1.30818E-01

Pure condensed phases

Cs3CrO4 6.48422E-C1
Cs4CrO4 4.41864E-01

Cr2O3 1.61005E-01

Summary :
The major species in the gas phase are :

Ar,(Cs).
The coexisting pure condensed phases are :

Cs3CrO4,Cs4CrO4,Cr2O3.
S.Vana Varamban MCD CG IGCAR Kalpakkam.

17:22 29-12-1995 CSCRO.DAT I

7.2.5.3

Graphical results

C* - Cr - O System

Results for the phase filed Cr2O3 - Cs3erO4 - Cs2CrO4

Cs - Cr - O System
Ellingham Diagram
TEMPERATURE CALCULATIONS = 7
LegendAt = BOTTOMRIGHT
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Zaxis = TEMPERATURE K
Xaxis - Effect of Temperature Variation
NoOfSpecies = 2
Yaxis-1 3 GO2
Yaxis-2 = G(Cs)

Zaxis
400.00
500.00
600.00
700.00
800.00
900.00

1000.00

Yl
-608.2720
-592.4400
-576.6080
-560.7760
-544.9440
-529.1120
-513.2800

72
-77.7980
-66.8350
-55.8720
-44.9090
-33.9460
-22.9830
-12.0200

1

-100.00

-200.00

-300 00

-400.00

-500.00

-600.00 ,

•7f\n t\n

Computation of Chemical Equilibria
Cs - Cr - O System

^ _ _ _ _ _ _ _ _ _ - — — ~*

-

-

-

_ _ - e - — —

_ ~ —

. — "

- o (Cs)

_ 0 _ 02

400.0

7.2.6

Pu-C-0 System

500.0 600.0 700.0 800.0 900.0 1000.0

Effect of Temperature Variation
Ellingham Diagram

Calculate the composition of the invariant point A in the ternary phase diagram
of Pu-C-0 system as a function of temperature. [ Bessmann and Lindemer
1977]
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7.2.6.1

Input Data

Pu - C - O System

ENERYUNIT=JOULES
dGCoeff =B,C

ENTROPY=Relative
LowValue=1.0E-25

GAS MIXTURE
Ar
(Pu)
02
CO
C02
(PuO)
PuO2
PuC2

0.0 0.0
326800.0 -88.83
0.0 0.0
-117290.0-84.39
-396220.0-0.13
-119000.0-41.0
-471100.0 28.0
156900.0-21.0

SOLID Pu-C-0 SOLUTION
[PuO] -557330.0 92.3
[PuC] -32500.0-12.3

PURE PHASES
C 0.0 0.0
Pu 0.0 0.0
Pu2O3 -1672000.0267.0
Pu2C3 -164000.0 7.84
<PuC> -32500.0-12.3
Invariants
PuC0.62O0.38 0.0 0.0
END Of System

TEMPK=1500.0
STEP=50.0
NTEMP=9

ATCONST=PRESSURE
PRESSATM=1.0
Step = 0.1
Npres = 1
INPUT=Phase Field
Pu2O3 - Pu2C3 - PuC0.62O0.38
End Of Phase
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SubTitle = Invariant point A as a function of Temperature
Legend = BottomLeft

AsaFuncOf=TempK

YSPECIES=x[PuO]
END OF DATA

7.2.6.2

Output results

Pu - C - O System

Composition Specified

Ar
Pu
02
C

Eqm. amount

Gas Phase
Ar
CO

(Pu)
PuC2
(PuO)

PuO2
CO2

Total =

mole
0.100000
4.489629
1.089785
3.330801

: Eqm pressure Fugacity
mole

1.00000E-01
7.52197E-09
3.77761E-09
2.12052E-09
1.99008E-10

4.48546E-16
7.65904E-18

1.00000E-01

SOLID Pu-C-0 SOLUTION

[PuC]
[PuO]

Total =

1.47359E+00
9.74555E-01

2.44.815E+00

Pure condensed phases
Pu2O3
Pu2C3

4.01671E-01
6.19070E-01

kPa

1.01325E+02
7.62163E-06
3.827S6E-06
2.14861E-06
2.01645E-07

4.54489E-13
7.76052E-15

Mole fract.

6.01921E-01
3.98079E-01

Fugacity
Coeff.

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000

Activity
Coeff.
1.0000
1.0000

Temperature
Pressure =
Volume =

- RT ln(p)
atm

1.00000E+00
7.52197E-08
3.77761E-08
2.12052E-08
1.99008E-09

4.48546E-15
7.65904E-17

Activity

6.01921E-01
3.98079E-01

= 1500.000 K
101.325 kPa
12.308 Litre

kJ

0.000
204.568
213.158
220.359
249.868

412.032
462.793

RT In(a)
kJ
6.331
11.488

Summary :
The major species in the gas phase are

Ar,CO,(Pu),PuC2,(PuO).
SOLID Pu-C-0 SOLUTION is present at eqm.
The coexisting pure condensed phases are

Pu2O3,Pu2C3.
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Pu - C - O System

Composition Specified

Ar
Pu
02
C

Eqm. amount

Gas Phase
Ar
CO

(Pu)
(PuO)
PuC2
PuO2
CO 2

02

Total =

mole
0.100000
4.489629
1.089785
3.330801

: Eqm pressure Fugacity
mole

1.00000E-01
8.37628E-05
4.55760E-07
2.55762E-07
2.41822E-07
2.98641E-11
1.51946E-11

9.62965E-22

1.00085E-01

SOLID Pu-C-0 SOLUTION

[PuC]
[PuO]

Total =

1.68288E+00
7.65597E-01

2.44848E+00

Pure condensed phases

PU2O3
Pu2C3

4.71296E-01
5.49278E-01

kPa

1.01239E+02
8.48008E-02
4.61408E-04
2.58931E-04
2.44819E-04
3.02342E-08
1.53829E-08

9.74898E-19

Mole fract.

6.87317E-01
3.12683E-01

Fugacity
Coeff.

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

Activity
Coeff.
1.0000
1.0000

Temperature
Pressure =
Volume =

- RT ln(p)
atm

9.99154E-01
8.36919E-04
4.55374E-06
2.55546E-06
2.41617E-06
2.98388E-10
1.51818E-10

9.62150E-21

Activity

6.87317E-01
3.12683E-01

= 1900.000 K
101.325 kPa

15.603 Litre

kJ

0.013
111.936
194.299
203.425
204.311
346.475
357.149

728.099

RT In(a)
kJ
5.923

18.365

Summary :
The major species in the gas phase are

Ar,CO,(Pu),(PuO),PuC2,PuO2,CO2.
SOLID Pu-C-0 SOLUTION is present at eqm.

The coexisting pure condensed phases are
Pu2O3,Pu2C3.

S.Vana Varamban MCD CG IGCAR Kalpakkam.
17:25 29-12-1995 BESTX.DAT I

7.2.6.3

Graphical results

P u - C - 0 System
Invariant point A as a function of Temperature
TEMPERATURE CALCULATIONS = 9
LegendAt = BOTTOMLEFT
Zaxis = TEMPERATURE K
Xaxis = Effect of Temperature Variation
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NoOfSpecies = 1
Yaxis-l = X[PuO]

Za^is
1500.00
1550.00
1600.00
1650.00
1700.00
1750.00
1800.00
1850.00
1900.00

Yl
0.3981
0.3844
0.3718
0.3601
0.3492
0.3391
0.3297
0.3209
0.3127

Pu - C - O System
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Computation of Chemical Equilibria
Pu - C - O System

Effect of Temi
T9D0.0

'pTotnlXas a function of Temperature

7.2.7

Chemical Vapour deposition of Copper

Calculate the relative abundance of the vapour phase for copper bearing
species. [ Rao, 1985]

7.2.7.1

Input data

CVD of Copper
EnergyUnit = Joules
dGTCoeff
Entropy =
LowValue

Gas Phase
H2
C12
HCl
(CuCl)
(Cu3Cl3)

= B,C
= Relative

= 1.0E-25

0.0 0.0
0.0 0.0
-94098.0 -6.402

86224.0 -83.166
-261144.0 8.766

Pure Phases
<CuCl>
{CuCl}
<CuCl2>
{Cu}

-134926.0 49.672
-116022.0 23.443
-203136.0 140.022

9305.0 3.096
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<Ca> 0.0
End Of Data

0.0

TeropK = 500.0
Step = 100.0
NTemp = 8

AtConst = Pressure
Press = 1.0

Input = Molar
Ncal = 1

<Cu> = 1.0
C12 = 0.5
H2 = 0.5

Flow = Static

SubTitle = CVD of Copper
Legend = BottomRight

XSpecis = TempK

YSpecies = pH2
YSpecies = pHCl
YSpectes = p(CuCl)
YSpecies = p(Cu3C13)
End of Data

7.2.7.2

Output Results

CVD of Copper

Composition

<Cu>
C12
H2

Eqm. amount

Specified
mole

1.000000
0.500000
0.500000

Eqm pressure
mole

Fugacity
kPa

Fugacity
Coeff.

Temperature
Pressure =
Volume =

- RT ln{p)
atm

500.000 K
101.325 kPa

20.985 Litre

kJ
Gas Phase

H2 4.88477E-01
HCl 2.30459E-02

(CU3C13) 1.07019E-08

9.67600E+01
4.56504E+00
2.11988E-06

1.0000
1.0000
1.0000

9.5494 7E-01
4.50534E-02
2.09216E-08

0.192
12.887
73.509

63



(CuCl) 3.50176E-17 6.93647E-15 1.0000 6.84576E-17 154.731

C12 5.09215E-24 1.00868E-21 1.0000 9.95488E-24 220.180

Total = 5.11523E-01

Pure condensed phases

<CuCl> 9.76954E-01

<Cu> 2.30459E-02 _ _ _ _ „ _ _ _ _ _ _
Summary :

The major species in the gas phase are :
K2,HC1,(CU3C13).

The coexisting pure condensed phases are :
<CuCl>,<Cu>.

CVD of Copper

Temperature 1200.000 K
Composition

<Cu>
C12
H2

Eqm. amount

Gas Phase
HCl
H2

(Cu3C13)
(CuCl)

C12

7
1
6
3
8

Specified
mole

1.000000
0.500000
0.500000

Eqm pressure
mole

. 98327E-01

.00836E-01

.71049E-02

.57720E-04

.70976E-09

8.
1.
7.
3.
9.

Fugacity
kPa

36833E+01
05700E+01
03416E+00
74974E-02
12986E-07

Fugacity
Coeff.

1,
1.
1,
1,
1,

.0000

.0000

.0000

.0000

.0000

8
1
6
3
9

Pressure =
Volume =

- RT ln(p)
atm

.25890E-01

.04318E-01

.94218E-02

.70071E-04

.01047E-09

101.325 kPa
95.

1
22
26
78
184

174 Litre

kJ

.909

.552

.615

.83 8

.826

Total 9.66626E-01

Pure condensed phases

<Cu> 7.98327E-01

Summary :
The major species in the gas phase are

HC1,H2,(Cu3C13),(CuCl),C12.
The coexisting pure condensed phases are

<Cu>.
S.Vana Varamban MCD CG IGCAR Kalpakkam.

17:30 29-12-1995 CUHCL.DAT I

7.2.7.3

Graphical results

CVD of Copper
CVD of Copper
TEMPERATURE CALCULATIONS
LegendAt = BOTTOMRIGHT
Zaxis = TEMPERATURE K
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Xaxis = Effect of Temperature Variation

NoOfSpecies = 4
Yaxis-1 =
Yaxis-2 =
Yaxis-3 =
Yaxis-4 =

Zaxis
500.00
600.00
700.00
800.00
900.00

1000.00
1100.00
1200.00

PH2
PHCl
P(CuCl)
P(Cu3Cl3)

Yl
9.5495E-01
7.8948E-01
4.7429E-01
2.8305E-01
1.7531E-01
1.0651E-01
9.8025E-02
1.0432E-01

Y2
4.5053E-02
2.1052E-01
5.2530E-01
7.1348E-01
8.0986E-01
8.4613E-01
8.3657E-01
8.2589E-01

Y3
6.8458E-17
4.8526E-13
2.7313E-10
2.3089E-08
6.7710E-07
1.0103E-05
7.4785E-05
3.7007E-04

Y4
2.0922E-08
6.S294E-06
4.0534E-04
3.4698E-03
1.4822E-02
4.7357E-02
6.5325E-02
6.9422E-02

Computation of Chemical Equilibria
CVD of Copper

-2.00

-6.00

-10.00

-14.00

-18.00
500.00 600.00 700.00 800.00 900.00 1000.00 1100.00 1200.00

Effect of Temperature Variation
CVD of Copper

Notice that it is the trimer which is more abundant in the vapour phase rather
than the monomer.
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8

WHAT DO I DO WHEN...

(i) floppy disk read error

Probably the floppy disk drive needs head cleaning or the program floppy disk
is corrupted

(ii) program does not run

needs a AT 286 computer

(iii) graphics error

needs an EGA or a VGA color monitor

(iv) disk full during a run

make sure your destination drive has minimum 512 kB free memory before
you run.

(v) execution is slow

Two step solution:

1. copy all the codes to hard disk

2. declare the destination drive as a RAMDRIVE. See your MS-DOS manual
about the declaration of RAMDRIVE.

(vi) wrong number in the input

correct the mistake pointed out by the Help System. Check the complete line
for any error.

(vii) wrong species entry

check the system description declared in the data file. Look for missing
brackets and subscripts as advised by the Help System. The species referred
during the molar/phase field input and in the request for graphical display must
EXACTLY match the definition as given in the system description.

(viii) program misbehaves

check the INDETAIL.DAT to verify your input. Usually the problem can be
identified by this method.
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(ix) NO EQUILIBRIUM usually this happens when the input ratio of reacting
species are exactly stoichiometric.
Eg., C and 02 in 1 :1 ratio below 500 K.

By adjusting the input ratio this can be overcome.

Even in the stoichiometric cases the code adjusts the input ratio arbitrarily to
achieve equilibrium. At equilibrium, in this case, total stoichiometry will not
correspond to your input stoichiometry. This was implemented to assure the
user with 'some' result closer to the user defined conditions, though not at
exactly the user defined conditions. In such cases the most abundant species
very near equilibrium are reported in the output. In some instances the program
may take 'unnecessarily' long durations. You can stop the program execution
by pressing 'ESC key.

As suggested before, the user can adjust the input ratio to get desired results.

(x) the hard copy of the plot is not all right

this happens in cases of phase field cross over, dynamic flow conditions etc.,

Edit the SHORTRPT.OUT to remove the redundant points and then plot.
Sometimes resequencing may help.

(xi) previous results are missing

this happens because the files INDETAIL.DAT, LONGRPRT.OUT,
SHORTRPT.OUT and PLOT.PLT are overwritten every time the code is run.
Therefore the results of previous calculations will not be available now.

If the results of a single run will be required for later reference, the user must
copy these files in some other names.

For file copying procedure refer to your MS- DOS manual,

(xii) the calculated results are not correct

check the input file for the following
1. all the enthalpy values are in Calories or Joules NOT kCal or kJ/mol.
2. all the free energy data must be in Calories or Joules.
NO mix up is allowed !
3. all the entropies must correspond to the

Entropy = Relative
Oi Entropy = Absolute
Again, NO mix up is allowed !

(xiii) problem not in the above list

refer it to the author
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SCOPE FOR FURTHER DEVELOPMENTS

The data fitted by FITDATA along with the transition temperatures, enthalpies
etc., can be accumulated into a database.

Such a database may optionally be consulted on-line for equilibrium
calculation or other similar calculations.

Availability of Cp data over a range of temperatures for all phases of several

species will permit calculations on heat balance etc.,

The equilibrium calculation is carried out in iterations. The initial equilibrium
compositions are assumed in certain over simplified manner. An intelligent
guess could be made based on the free energy information for the most stable
condensed phases. This will bring down the computing time for equilibration.

Presently, all the calculations assume ideal behaviour for the gas phase as well
as the condensed phase mixtures/solutions. It may be possible to incorporate
several types of solution behaviour in the code. The user can simply define the
nature of the solution to be, say, BEHAVIUOR = SUBREGULAR, followed
by the actual values of the solution parameters.

Steps in this direction will bring in more power to the user and a fast access to
knowledge.

10

CONCLUSIONS

This work can be considered to be a step towards computerization of
information in the field of thermochemistry and chemical metallurgy.

Every effort has been made to facilitate the use of such a tool by a 'common
man'.
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