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Introduction
5

Chemsheet works as an add-in program of general
thermodynamics in Excel.

*The thermochemical programming library ChemApp is used in
combination with its application-specific thermochemical data.

*The non-ideal solution models cover concentrated agueous
solutions, dilute and concentrated alloys, liquid slags and molten
salts, solid solutions, non-ideal gases and non-stoichiometric
systems.

ChemSheet is straightforward and easy to use and requires no
programming skills other than normal Excel use.

*To the user, the process model can be just one Excel-file.



Definition of Terms
e

A thermodynamic system consists of a number of phases.
Phases are divided into three groups - the gaseous phase, mixture
phases, and invariant phases.

*Phases have one or more constituents. Phase constituents have
compositions expressed as amounts of a number of components.

A component is a system-wide entity. Usually components are
elements, but it is also possible for them to be stoichiometric
combinations of elements. For example, in an oxide system based
on calcia and silica, CaO and SiO,, may be used, as well as Ca,
Si, and O.



Initial Conditions
5

*Two different methods are available:
*Using Global conditions of the System
*Using Streams

Using Global conditions, you merely need to set single values for
temperature and pressure, and enter incoming constituents to
define the initial composition of the system.

A stream is a means for transferring non-reacted matter to a
reaction zone. It has constant temperature and pressure, and
contains one or more constituents. When using Streams, you set
the three variables: — temperature, pressure and composition for
each input stream and set single conditions for temperature and
pressure of the system



Using Targets
]

Chemsheet works as an add-in program of general
thermodynamics in Excel.

*The thermochemical programming library ChemApp is used in
combination with its application-specific thermochemical data.

*The non-ideal solution models cover concentrated agueous
solutions, dilute and concentrated alloys, liquid slags and molten
salts, solid solutions, non-ideal gases and non-stoichiometric
systems.

ChemSheet is straightforward and easy to use and requires no
programming skills other than normal Excel use.

*To the user, the process model can be just one Excel-file.



ChemSheet Interactions

: Multi-phase thermodynamics
Thermodynamic Data . alloys and steels

1 - liquid slags and molten salts
» solid oxides, sulphides and salts
ChemApp  non-stoichiometric solids

I - concentrated aqueous solutions
* pulp suspensions

Using macros in Excel
ChemSheet  heat transfer

« mass transfer (flow, diffusion etc.)
e reaction Kinetics

1 I « applied phase-diagrams
e process simulation and
characteristics
Excel Worksheet * spreadsheet modeling of complex
phenomena
VIr



ChemSheet Principle

Colour meanings

Ther. Data ChemApp | ChemSheet Excel
Read /
i Stepindex=0
/ Data-file .

!

Excel “Define Name”-dialog shows
the names that are automatically

Stepindex=Stepindex+1

defined by ChemSheet.

v

Tip If you don't like name Steplndex
you can add a new name that refers to

Read Inputs

StepiIndex and use it.

v

Define Name

MNarmes in workbook

Calculate Equilibrium

MyStep
MapIndex

v

Maplndex2
MWyStep
StepCount

Steplndex

Write Outputs

Update
Excel worksheet
(formulas, tables,
charts, ...)

A

Refers to:
=Steplndesy|

Stepindex<StepCount



ChemSheet Example — Precipitation of Carbon

o= -~ P =Stepindex™ 100
!.-’-‘« [ B [ C D | E . F | G

Temperature condition. Uses

Stepindex to vary temperature
from 100 to 1000 C.

Temperature result. Values
are stored to HI:HI2 range.
The first two cells are

7] ] > Conditions reserved for headers, which
| 8 | L] 100|C .
B Stream —t Stream are automatically added.
0 > CO,ICO Air (0N,) 0.000 0.000
ER 200C —— —— 25 . i 0
| 12 | 1\ bar — 1 bar 1000.000 0.0 100 0.000
N ,
| _>Constituents Constituents L I
5 co, co 0, N, Total preclpltatlorll
16 moks | moks mols | moks
= 10.00
B o5 T 25 o5 2 | 9T | ChemSheet toolbar.
R A o A, SO
i E BDD . Y
20 i 1 R W <+
E R . CE
22 Total precipitation E g N
23 100 fmmmmmmmmmmmmem e
0.oo T T — b
Input streams temperatures, 0200 400 600 800 1000 1200
pressures and compositions. Jemperature/C
They may also contain formulas Chart for total precipitation as a function of
as in temperature condition temperature. The chart is linked to the 11:112 range.

VIr
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ChemSheet Dialog

ChemSheet |

— Thermodynamic data-file
Zalculate
I ChvChemSheet\Data\cno, dat Browse... | —_—
Close
— Calculaton data
Mumber of calculation steps: | 10 _
Cptons. ..
Streams | Constituents | :::ondiﬁorﬁ Targets | Resuts | Status |
i Save
Mame | Temperature |unit] |Pressure |unit | Equibrium | Edit...
C =AppldBg1l C =Appld...  bar Falze I ¢
Alr =AppldFgll  C =AppldF... bar  False add... 20 o
In this case Stepindex- Remove Epart...
variable is varied from | to -
. . [ Systam..,
10. Each time it changes all Mowe Lp v
the Excel formulas and sbout
macros are recalculated Move Dn
' Help




Options Dialog
e

Options ____________________________________H

— Calculation options )
H H D
@ Equiibrium calculation:
" One-dimensional phase mapping Caneel
— Initial conditions
" Global conditions Help

® Streams

— Stream options
[~ Add previous equiibrium as stream

— ChemSage result-file
[T Generate result-file

I EfEise,., |

— Excel options
[¥ Update Charts between steps
[ Clear Output ranges before calcLlation
[ Autoformat QUL ranges




Defining Streams

- =| 200
B_[ C | D | E L F | &
Gas Stream B3
J T e | cozico <€——| 1) Enter name for the stream
Temperature: I:App!$5$11 €_| 7| |
Cancel
Conditior Ui | © [
e e - I .1 2) Enter formulas for the
: =App!
Stream 1]bar temperature and pressure
COICO it I bar j Hel . .
ool — and their units.
1 har [ Equilibriuim |
Constituents Constituents
co, )
mok's 3) After defining a new stream you
15 can add any number of consti-
tuents to it with Constituents
Dialog.
-1 -Tip Formula can be a constant, contain
Sz | cozjco [ ok any mathematical operations or any
Phase: IES B o Worksheet functions or user-defined
corstuent: [ coz -] macros. It can also be a reference to
Amourt: | =AppIBS 17 J i worksheet cell where the actual value is
— it I mo|l||"3 j HE|D g|Ven.

VIr
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Defining Streams

=] = | =StepIndex*100
[ B [ € | E [ F G
Gas
T Condition
Option: | Temperare 1) Select variable from Option-list
Phase: I 2 O
Conditions PR . .
oolc | [ 2) Depending on the variable select
Stieam ? LLLB Conporenc: | =l 1 Phase, Constituent and Component.
2
Value: =
20(1: g:ar alue | =4ppisDse] <_IJ Hep 1
unit: | 3) Enter formula for the Value.
Constituents CUITSUIOETIS
co, co 0. N
moks | mol's moks | mol's
05 | 25 0.5 2

|

Total precipitation

*Tip It is easier to change the value later if it is
given in a worksheet cell. So it is advised to
place those values directly on worksheet and

other values

ChemSheet.

could be

“hidden” inside



Using Formulas
]

*Enter formula that uses Steplndex and some scaling value (here 200).
Use this method if the value changes gradually.

Streams | Conskituents  Conditions ITargets | Resulks | Statuses |

Cpkion Walue Lnik
=Skeplndex*200
Pressure =Sheet1 1$E$9 bar

Enter Excel worksheet function INDEX that uses Worksheet Range and Steplndex.
Use this method if the temperature changes in way that is not easy to formulate.

'ﬁ' e
i 201 354| Streams | Constituents  Conditions ITargets | Results | Statuses |
o] consee Option__| value o
4 795,098 =INDE=A1: 45, StepIndex, 1)
5 | arszaf Pressure =Sheet1$E49 bar

*Tip Instead of worksheet functions you can also use your own macros. Just remember to
pass Steplndex to it as a variable so it is called automatically every time when Steplndex
changes.

Function MyFun(Steplndex as Variant) as Variant An example macro macro that returns Steplndex

MyFun = Steplndex
End Function

VIr
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Using Formulas

otal precipitation [Lelvl Vi el rE A
c ara gram/'s
H i M H 100.000 0.000
I 1) Select variable from Option-list I— 130000 o0
300.000 0.000
- - 400.000 0.000
2) Depending on the variable select 500 000 0.000
. B00.000 0.000
Phase, Constituent and Component. ‘ 0000 0 000
800.000 0.000
900.000 0.000
3) Select Output range on worksheet 1000,000 0.000
where to store the values for the Re =
selected variable. — —P option: [armourt Flr
NOTE Remember to include enough Sirear) | 5l
. C |
cells for all calculation steps. Phase: E i —
el ConshitLEN: | -] Held
Component: | j Help
*Tip Using ALL as Phase, Constituent > ouputraee [ ppairead — 3
or Component name you can output i [grams 3
many values at once.
¥ Headers
NOTE Remember to include enough ¥ Commerts
columns in Output range for all the AmoLint of phase €, The first two cells in OUpUE range are reserved for
. headers. Each of the next 10 cels correspond to one calculation step.
values as each value is stored to
separate column.

VIr



Advanced Options

*Normally the successive calculation steps are not connected with each other.

*You can connect successive calculations steps by using “Add previous equilibrium as
stream”-option. The results from previous equilibrium are added automatically to the
next calculation.

Stream |, Stream?2 Strea tream?2

Steplndex = | Step, =2
option the streams should be

inputted only to the first “step”.

TI’PI EqU|I|br| 0 T2’P2 EqU|I|br| { T3,P3 Then the results from the first

— step are automatically added to
z)(Ii stream z)(Zi stream z)(Bi subsequent steps.

Schematic example of a model
with three steps and two
streams. When using “Add
previous equilibrium as stream”-

*NOTE You have to make sure not to add streams for each calculation step as then they would be
added more than once. You should activate the constituents for each stream only at that step in which
they should be inputted. I

See the Pipexls example | SI€aMs Constients ICondin’ons | Targets | Results | Status |

in \Samples directory and -
the next slide Stream | Phase | Constituent | Amount
GAS M2 =IF(Stepindex=1,App!$C$19,0)




Stack Gas Option

Streams | Corstituents  Conditions | Targets | Resuits | Status | Streams | Constituents | Conditions  Targets |Resuts | Status |

Phase | Yallie | Unit | | | Initial... | Lower ... | Upper limit | Uit |

Enthalpy =AppI$CEH2E  Ifs =1000 =298.15 =6000 K
Pressure =1 bar o8 | = | =3 147do*h"(208.15-IF[Stepindex=1,C17 INDEX(T, StepIndes-1, 1311/ do/t hi*di 1+ do LG doddi W 2w+ 1/ho)
| A E C (8] E F G H | J K L P ]
Streams Consttuents ]Condin‘ons ] Targets ] Results ] Status ] Pine dimensions B
r diameater 0.3 m =
br di t 0.38
sre... | Fh... | Co.. | AMoLINE -;-slea::::»:;l area 007065 22 13
Inet  GAS M2 =IFisteplindex=1,App!$C319,00 I height 15'm !
Inlet  GAS 02 =IF(Steplndex=1App!$C$20,0) fen i A
Inlet  GAS CO2 =IFistepindex=1App!3C321,00 %9
Inet  GAS  CO  =IF(Stepindex=1App!$C322,0) Airfeed 5 .
) perature 298158 K 0
Air SAS M2 =IF(StEDIr‘Idex:II'\I'I'(StEDCOLJr‘It-"E:'JADD' $C$ 13;0) sure 1 bar {?
i = = | N2 15 It s
Air GAS D2 [F(Steplndex =INT{(StepCount/2),App! $C 3 14,00 o . ﬁzyi 3
15
: Inlet feed E..
ThIS example uSeS temperature ::i Temperature T i e 1510000 120IDDD SDD‘DD BDD‘DD 300.00
. L] Pressure 1 bar Temperaturalk
as a target variable. Enthalpy [=
. 20 GAS/02 0.1286 moks :
change for each step is |2 &% A L e
. 1 97754 -31258 027 380
calculated using heat transfer | Heat ranster 2 osger ser 02 a6
. . 25 Inner wall coeaff. 00 WWim2-k 3 93280 -29277 023 3268
from gas to amb|ent a|r through 2% Outerwallcoeff.“ 50 WW/m2-K 4 90814 -28265 0.21 a4
27 Thermal conductivity 5 Whn-k 5 87982 27167 020 2 80
1 1 -312581w £ 84542 -25910 0.18 247
pipe wall. Gas cools down as it |& e — g Rl e B
. a0 8 89052 -272F71 038 5.02
exchanges heat with the s z-d, -h- (Ta — Tg) o sz 22 03 4ts
» _ &7 - : ]
surroundings. At the middle of & =" a4 a4 1 I ore
. L . H 35 + 1n + 13 71615 -21078 026 361
the pipe an additional air feed is |+ h.d. 2.2 d. h i e
. t d d 7 L L W i o 16 86171 -15282 020 281
introduced. »

VIr
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Heat Transfer = Enthalpy Change

From heat transfer equation we get the enthalpy
condition for calculation

z-d,-h-(I,-T,) T

Q:
d, ~d, d, 1
hd 2-A4, d h

w I o

Heat transfer is function of
unknown temperature (result

from of next calculation). AQ(T4)

. . T, .
Approximation is to use &
temperature  from  previous
calculation.

*Only one iteration is required



Using ChemSheet in VBA

*Add reference to ChemSheet add-in

References - YBAProject

Available References:

| Visual Basic For Applications

v| Microsoft Excel 10.0 Object Library
v OLE Automation

| Microsoft Forms 2.0 Object Library

v Microsoft Office 10.0 Object Librany

y
coz2
CSLight
C5Pro
Microsoft Windows Common Controls 5.0 (SP2)
Microsoft Windows Common Controls 6.0 (SPa)
Ref Edit Control
IAS Helper COM Component 1.0 Type Library
IAS RADIUS Protocol 1.0 Tvoe Librarv

4 [ b

ChemSheet

Location:  C:\ChemSheet\ChemSheet.xla

Language: English/United States

Option Explicit

X

Sub Simulate ()

| &

oK
cancel ChemSheet.
=B cshCalc
Browise... End Sub = cshEdit
=3 cshExport
ﬂ =3 cshimport
o = cshlLoad
Priarity Help @ cshNew
ﬂ =3 cshSave

cshCalc

cshimport Range

cshExport Range

VIr
A




ChemSheet Examples:

Deep Impact - Asteriod Collision with Earth
Copper Sulphide Flash Smelting
Methane Reformer in SOFC Process (exhibits kinetic inhibitions)

Scheil Cooling Sequence of a Binary Alloys



ChemSheet Example: Deep Impact
-

»What happens if asteroid 500 km in diam. collides with the earth?



Deep Impact: Step By Step
e

Asteroid enters the upper atmosphere at a speed of between 11 and 72 km/s on a
trajectory between normal incidence (90 °) and a grazing impact, parallel to the
Earth’s surface (0 °).

The abrupt deceleration of asteroid as it collides with the Earth transfers kinetic
energy from the asteroid to the target. As a result, the target and impactor are
compressed to huge pressures and heated to enormous temperatures.

In the wake of the expanding shock wave, the target is comprehensively fractured,
shock-heated, shaken, and set in motion—leading to the excavation of a cavity
many times larger than the impactor itself. This temporary cavity (often termed the
transient crater) subsequently collapses under the influence of gravity to produce
the final crater form?.

The kinetic energy of the impactor is ultimately converted into thermal energy,
seismic energy, and kinetic energy of the target and atmosphere. The increase in
thermal energy melts and vaporizes the impactor and some of the target rocks'.

1G. S. Collins ,H. J. Melosh and R. A. Marcus: in Meteoritics & Planetary

Science 40, Nr 6, 817—840 (2005) S



Deep Impact: Asteroid Energy
e

Kinetic energy of asteroid:

Ezlmﬁ
2

Kinetic energy of asteroid is converted to:

Transient impact crater

thermal heat
*seismic waves (~1E-4 of E,, )

*blast waves
esound waves Final impact crater

(much larger diameter and smaller depth)

*flying ejecta ...

»For those who are interested (online impact calculator):



Deep Impact: Mass and Energy Balances

............
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AH =k-E

asteroid
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Deep Impact: Asteroid Composition

*Asteroid classes
*Rocky
Metallic

*S-type rock asteroid

*Typical mineral composition mixture of olivine and pyroxene
*MgSiO; 66.7 mass-%
*FeSiO; 33.3 mass-%
» Thermodynamic data available in FactSage

»>gives roughly correct elementary balance

v'Gas ideal solution

v’ Slag(l) non-ideal solution
v'Orthopyroxene(s) non-ideal solution
v Olivine(s) non-ideal solution

v'Condensed phases(s) pure solids

»Equilibrium composition ~ orthopyroxene VT



Rock asteroid

Deep Impact: ChemSheet Model

1
E=—mv
2

~
-

Temperature -100 C
Density 2700 kg/m3
Diameter 500000 m
Velocity 20000 m/s
Volume 6.54E+16 m3
Mass 1.77E+20 kg
MgSi03 66.7 m-%
FeSi03 33.3 m-%
Condensed water

Temperature 0cC
Density 1000 kg/m3
Volume 1.37E+09 km3
H20(Liq) 98 25 v-%
H20(Ice) 1.75 v-%
Atmosphere

Temperature 0C
Mass 515E+17 kg
H20 029 m-%
N2 75523 m-%
02 23133 m-%
Ar 1.288 m-%
co2 0.056 m-%
Impacted earth

Temperature 25 C
Density 2700 kg/m3
Volume 3 5E+08 km3
Mass 9. 45E+20 kg
MgSi03 33.3 m-%
FeSi03 66.7 m-%

1.18E+20 kg
5.88E+19 kg

1.35E+21 kg
2 4E+19 kg

1.49E+15 kg
3.89E+17 kg
1.19E+17 kg
6.63E+15 kg
2.88E+14 kg

3.15E+20 kg
6.3E+20 kg

Rock asteroid

Estimation
Salt ignored

Estimation

dry basis
dry basis
dry basis
dry basis

Estimation

Combustion heat of TNT
Kinetic energy of asteroid
Fraction to thermal heat

Fraction to seismic energy
Magnitude = 0.67 log10 E- 2.9

4 18E+06 J/kg

4 18E+15 J/Mt

3.53E+28 J

8.45E+12 Megaton of TNT
0.2 Parameter

0.0001
13.55 Richter scale

H Hfrac T VT Slag-Frac
Jis - C m3/s -
7 O7TE+27 02 1137315 892E+21 0002222

8. 84E+27 025 155996 1.16E+22 (0 158094
Temperature of atmosphere
3300 0.18
3000 T 0.16
/' 0.14
2500 +—
Q /""’"r 1012
E =]
il — ]
E 2000 / = 0_1 'E
@ w
o 1500 — - 0.08
£ 7 s
G s + 0.06
F 1000
-+ 0.04
500 + 1 002
O T T T T T D
02 0.3 0.4 05 06 0.7
Fraction of kinetic energy converted to heat
= Temperature Slag-Frac |
| AV 4



Deep Impact: Stream Definitions
e

x|
— Thermodynamic data-fie
Calculate
I D:\User\GTT_Seminar\DeepImpact\DeepImpact.dat Brmvse...l About... |
— Calculation data Close
Number of calculation steps:
umber of calculation steps I 11 —
Streams IConsljtuents| Conditions | Targets| Results| Status| i
Name | Temperature | Unit | Pressure | Unit | Equilibriu Ed“ il
I =ShEEt1'$C$3 C =1 bar False — Thermodynam]c data-file
Water =Sheet1!$C$13 C =1 bar False Adc Calculate
Atmosph... =Sheet11$C520 C =1 bar False I D:\User\GTT_Seminar\DeepImpact\Deeplmpact.dat Brm\rse...l About... |
Earth =Sheet1!$C%29 C =1 bar False
bl Calculation data i
Number of calculation steps:
Mowve B I 11 Options...
Streams Constituents ICond'rljons| Targets| Results| Status|
Move . Save
4 | ﬂ Stream |Phase |C0n5ljtuent |Amount |Un'rt | EdIt...
Asteroid MgSi.. MgSi03_o-... =Sheetl!$E$9 kg/s ; -
Asteroid FeSi.. FeSO3_of.. =Sheetl!$E$10 ka/s Add... b bles
Water H20()  H20() =Sheet1!$E$16 kg/s
Water H20(s) H20(s) =Sheet1!$E$17 kg/s Export...
A . E h Atmos... Gas H20 =Sheet1!$E$22 ka/s Remove _
d d - Atmos... Gas N2 =Sheet1!$E$23+5heetl)... kg/s
steroi an art COIIlpO Atmos.. Gas  CO2 =Sheet11$C$26 kg/s Move Up Sl
o o . Earth MgSi... MgSiO3_o-... =Sheetl!$C$33 kg/s
Sitions are glven as pure phaseS FeSi.. FeSi03_o-f.. =Sheetl!$C$34 ka/s o Abou...
for simplicity. el




0 e | 0| oo | co e o (rafma| ol malmana e pa o fpa] = = = e s [
bafiro bt b o) Do Eg 1 ooy R B 1A RS RS N et 7y o= e s e s v e g el Rl B Rl Bl R R

Copper Sulfide Flash Smelting

B C D E H | J K 1= M
Concentrate Enriched Air
Temp 60 C Temp 40 C
Pres 1 bar Pres 1 bar
Flow 70000 kg/h Flow 27000 nm3/h
Cu(s) 1 mass-% 700.000 kg/h N2(g) 50 vol-% 16873 kgrh
Cus(s) 16.8 mass-% 11760.000 kg/h 02(g) 50 vol-% 19273 kg/h
Cu2§(s) 0 mass-% 0.000 kg/h TOT 100 vol-% 36146 kg/h
CuFeS2(s) 41 mass-% 28700.000 kg/h
CubFeS4(s) 10 mass-% 7000.000 kg/h Fuel
FeS2(s) 22.4 mass-% 15680.000 kg/h Temp 60 C
Fe203(s) 5 mass-% 3500.000 kg/h Pres 1 bar
8i02(s) 3.1 mass-% 2170.000 kg/h Flow 240 kg/h
CaO(s) 0.1 mass-% 70.000 kg/h C8H10(l) 0 mass-% 0.000 kg/h
Al203(s) 0.6 mass-% 420.000 kg/h C8H18(l) 100 mass-% 240.000 kgh
TOT 100 mass-% 70000.000 kg/h TOT 100 mass-% 240.000 kg/h
Concenrate Enriched Air Particles separated Off-gas

98.00 %

Sulfur remc\ra:d
64.11 %

Metal captured
99.95 %

ECTION | Reactor | Settler | Uptake | Bath
-4.0E+06 | -3.0E+06 | -3.0E+06 | -5.0E+0§
1595 1415 1215 1204

........

SLAG+OTHERS MATTE
kg/h 35246

48629  kg/h

kg/h



Flash Smelting Process
N

The copper ore (commonly chalcopyrite, CuFeS,) is crushed and ground before
it is concentrated to between 20 and 40% copper in a flotation process. The next
major step in production uses pyrometallurgical processes to convert the copper
concentrate to 99% pure copper suitable for electrochemical refining. These high
temperature processes first smelt the concentrate in a furnace (flash smelting),
then oxidise and reduce the molten products to progressively remove remaining
sulfur, iron, silicon and oxygen to leave behind relatively pure copper.

The feed to flash smelting is known as copper concentrate. It contains copper
and iron sulfides, silica and limestone grind to small particles (<100um). Flash
smelting is highly exothermic process. It requires almost no external heat.
Concentrate and enriched air are fed to the shaft of the furnace. Iron oxides and
sulfides are converted to liquid slag. Copper sulfides are first partly oxidized and
then converted to liquid called matte. At the bottom of furnace slag and matte
are collected as bath and separated from each other (lighter slag is floating on
top of the heavier matte). The gas from furnace is mainly nitrogen and sulfur
oxide.

VIr
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Creating the Thermodynamic System

Thermodynamic data-file for RIS

copper sulfide flash smelting & bt Paemeters e
News Ctrl+N W F
ChemSheet model was created | open.. cut+o

th FaCtSa e Directories ... Ctr+D
wi g ) Save Ctrlss  H=+* S
“The thermodynamic properties | =%~

-
Of the Slag’ matte’ and IIqUId 1'Fi|e CuFes Flash smelting / Cu + Fe + Si+ Al+Ca+ N+ e g
Copper phases |n the Cu—Ca— Fe— 2: File 2 Rautakromin pelkistys /Fe + Cr + Ca+ Si+ Al+ Mg + ... ASCII ChemSage file (*.dat)

. : File umitomo Heavy [ 1. + 10, + + 43, +10. ... v Transparent ChemSage Fie (*.c
Si-O-S System have been z: 1 Sumitomo Heavy / 1.16 N+ 10.650 + 7H+ 43.9C + 10 Transparent Chemsage File (*.cst)
critically assessed and optimized |/ oommeme FACT-ALQ TR i

' species: -FalCuy coFe-Cu apply ist..
over the ranges of compositions : e N S T - rindudemfm'mes
of Importance to copper - ¥ Show @ all  selected  Total Species (max1500) 168

. . o Total Solutions {max 40) 3
smeltlng/convgrtlng based on T s D —
thermOdynamIC and phase Final Conditions Equilibrium
equilibria information available in | | I [ T8 e ~l[PoduHy -] i s

. . ; [Predominan
the literature and using the | — = e '1 e I

modified quasichemical model.”"  |rusagesas

A thermodynamic database for copper smelting and converting, Degterov, S., Pelton,A., METALLUR-
GICAL AND MATERIALS TRANSACTIONS B, VOLUME 30B, AUGUST 1999

vVIr
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Flash Smelting Model
N

The flash smelting process is simulated with one ChemSheet model that
contains four calculation steps. First step calculates flow temperature and
composition in reactor shaft. The second step calculates flow temperature and
composition is settler. Before going to settler solid and liquid phases are
separated (using given separation efficiency) from gas as they are assumed to
go to bath at the bottom of settler. The third step calculates flow temperature and
composition in uptake shaft. Again remaining solid and liquid phases are
separated (as gas temperature decreases it is possible that also condensation
takes place) from gas. Fourth step calculates bath temperature and composition.
Flows to bath consists of separated solids and liquids from reactor shaft and
settler.

1.Reactor 3.Uptake

Shaft I LA Shaft




Flash Smelting Results
N

Composition of MATTE in bath Composition of SLAG in bath
0.7 0.8
0.7 +—
0.6 0.6 1
c )
05 % 0.5
o £ o041
[]
2 04 2 03
] =
= 0.2 1|
[7] =
@ 0.3 0.1 1
E 0 \D\ \:I\ \I:l\ T T
0.2
O 2 O S S N \} Q
@ & F S F S S
® o O & @ @ & s
01 N ¥ oF oF & & P
© @ @ e © ¢ N
: + + \\V" & S S
Mass fraction of phases <) <) VO ?Q
XMATTE/S XMATTE/Fe XMATTE/Cu + N R
0.9
0.8
0.7
s
= 0.6 ]
]
& 05
304
© -
= 0.3 A |_
0.2
0.1
0 - T
X/GAS XISLAG XLQ XMATTE  X/OTHERS
Phase
| Reactor @ Bath O Uptake




0.0000 ki

Methane Reformer in SOFC Process

Reformer unit operation in solid oxide fuel cell process

Water
TiC 25 474.81 C
p/bar 1 1.18 bar Max iterations 20 JAnode in Anode out
H20/mol/s 0.2 Tolerance 0.000500 T 51217 C T 10843 C
1.120 k¥ H2 0.3685 mal/s H2 0.0737 mol/s
n CH4 0.1597 malfs CH4 2E-10 molfs
12.000 K - Shtlete oo 0.0677 malfs 00 0.0978 molrs
i CO2 0.5015 mal/s co2 0.8022 mol/s
Relative error 0.000328 H20 0.575 malfs H20 1.1893 molfs
02 2E 27 malis 02 3E-11 malis
B (s) 0.171 maol/s C_graphite(s) 0 molfs
Recycle 05 I H
Fll-f
: L
Fuel 44021 C 8 o Z 10843 C
e 25 1.18 bar R urzer 76 b ™ e .14 bar 12 bar : Al 71 bar e
p/bar 1 ] g
n-Octane/mols 0.036 = =
Naphthalene/me 0.009 H H
Methane/mol’s 0 Desulfurizer out E Reformer out E
N2/mol/s 0 T 440,21 C g T 42486 C - _ Fuel cell parameters
02/mol’s 0.0002 H2 0.0004 molfs e A finodo tomperature history H utilization a0 %-He
H20/mol/s 0 CH4_methane 0.0198 molfs CH4_methane 0.1986 molfs 1000 Oy utilization 51.98 %-0;
S/molis 0.0001 C2HB_ethane 4E06 mol/s co 0.0119 molfs 2 10m0 Oocp 0.69 v
CEHE_benzene  0.0004 rmolis coz 0.4698 molfs = 1070 Current density 401 mAser?
Elementary composition C4H8_cyclobutar 0.0917 molis H20 0.6942 molfs 1080 Cell voltage 0.6263 v
C/mass-% 0.859923 C10HE _naphthale 0,006 molfs o2 1E-30 molfs ~ Stack voltage 0.9395 kY
:jm::: I[]lglggg;g C_graphite(s) 0 malis C_graphite(s) 0.2196 mal’s Heration number Power 181 kW
0/mass-% 0.001018
S/mass-% 0.000510 3.314 kW
Air 42.877 C A97.48 C 1084.3 C
Tic 25 cg 12 bar 118 bar * Cahes T4 bar
p/bar 1
N2/mol/s 4.514285714
02/molis 1.2
1672 C r . 974,88 ¢ 1.12 bar
.06 bar U « e B -
-
Exhaust Burner out Anode exhaust
T 616.72 C T 97488 C T 10843 C
Hz2 SE12 malfs H2 FE08 maolfs H2 0.0369 maol/s
CH4_methane GE48 mol/s CH4_methane 2E-34 malfs CH4_methane 1E-10 malfs
co 1E-12 molfs co TE08 molfs co 0.0489 molis
coz 0.45 maolis coz 0.45 maolfs coz 0.4011 maol/s
H20 0.6315 mol/s H20 0.6315 molis H20 0.5947 molis
02 0.5342 mol/s 02 0.5336 mol's 0z 1E-11 molfs
M2 4.5143 mol/s M2 4.5137 molfs C_graphite 0 rnolfs
NO 4E05 molls MO 0.0012 molfs
NOZ 3E06 molis MO2 1E05 malfs



SOFC Reactions
5

The normal electrochemical reactions in solid oxide fuel cell;

_ CO(a)+0* — CO,(a)+2e
Anode reactions
Hz(a)+02_ %HZO(a)+ 2e”
Cathode reaction O, (c) +4e — 20>
Overall CO(a)+ Hz(a)+ Oz(c) — COZ(a)+ HZO(a)

Another way to represent the reactions is using only the oxygen:

Anode reaction ~ 20% —0, (a)+4e
Cathode reaction O, (c)+4e — 207
Overall 0, (c) — 0, (a)



Cell Potential
5

Gibbs energy change for the overall reaction is given as:
do, (a)

AG =AG’ + RT In
Ao, (C)

AG’ =0

—nFE , =AG

The reversible cell potential, E_ , can be given as:

rev’

RT . a,,(c)
= In

E =
T A4F aOZ(a)

Or using normal representation (see previous slide):

_ go RT In Ph,o

rev H, R Pa (p02 )%




Reformer
e

Makeup steam and optional recirculeted anode products (containing steam)
are fed to the reformer with fuel (methane and other hydrocarbons). Methane
and steam react together in reformer to produce reactants to anode.

CH,+H,0 < CO+3H,

The reaction happens in elevated temperatures and in the present of nickel
based catalyst in tubular packed bed. Also other reactions take places. The
most probable is the shift reaction:

CO+H,0&< CO,+H,

Carbon may also be present as longer chains than methane (depending on
the composition of fuel). The reaction mechanisms in fuel may be very
complex and may contain several hundreds of species. In order to simplify
things only the time-dependent reaction of methane in considered. The
reaction in the reformer can be given as follows :
—Ea
r= kOe K ng4mcat



Restricted Thermodynamic System
N

*Equilibrium and kinetics can be combined by introducing additional mass balance constrains

SOFC Thermodynamic system

Phase Constituent Components Restriction
c N o S c*

Gas H

H2
CH3_methyl 1
CH4 methane 1

AIWIN=]XI

C8H18 octane 8 18 8
C10H8_naphthalene | 10 | 8 10

N2 2
02
H20 2
co
cO2 1

-
N|=]|=(N

H2S
Liquids __ |H20(I) 2 1

—h
—h

Solids C_graphite(s) 1

S orthorhombic(s) 1
Restrictions|C+ 1
C- -1




Using Restrictions 1
N

For example the initial composition of system is 1 mol “C8H18 octane(l)” at 273.15 K and 1 bar. When
equilibrium is calculated so that the system is allowed to go to equilibrium between all species (status of
“C+” and “C-“ phases is “ENTERED” and their input values are 0) the following results are obtained

CH4 methane: 4.50
C_graphite: 3.50
C+: 3.50

It can be seen that “C_graphite” and equal amount of “C+” species is formed. That is because C8H18
contains 8 mol of “C*” component and also stoichiometry of “C+” contains the same component. So in
equilibrium calculation C8H18 can react to CH4_methane and C_graphite because “C*” component is
allowed to go to “C+".

When same equilibrium is calculated so that the system is not allowed to go to equilibrium between all
species (status of “C+” and “C-“ phases is “ELIMINATED”) the following results are obtained.

CH4 methane: 1.00
C4H8_cyclobutane:

This time no “C_graphite” is formed because status of “C+” is “ELIMINATED”. That means that
equilibrium of “C8H18_octane(l)” is calculated only between those species that contain “C*” component
and are not “ELIMINATED” from the calculation.

VIr
A



Using Restrictions 2
|
In the last example the same equilibrium is calculated so that 0.25 mol of “C8H18_octane(l)” is allowed to

go to equilibrium between all species (status of “C+” is “ELIMINATED” and status of “C-“ is “ENTERED”
and its initial amount is 2 mol (= 25 % of “C*” in “C8H18_octane”)) the following results are obtained.

CH4 methane: 3.00
C4H8_cyclobutane: 0.75
C_graphite: 2.00
C+: 0.00

So in this case 2 mole of “C_graphite” is formed. This is possible because in input the amount of “C*”
was 8 mol - 2 mol = 6 mol (from input values and stoichiometries of “C8H18 octance(l)” and “C-*). So at
equilibrium the amount of “C*” is still 3 mol + 3 mol = 6 mol (“CH4_methane” and “C4H8_cyclobutane”)



Adding Restrictions
N

*Ascii datafiles can be edited by hand (= easy to make mistakes)
*CSFAP (from GTT) can be used to edit datafiles and also add restrictions

=10 x|

EChemSageFie dminist
File Edit Yiew  Manipulate

o|ala| pipt| e |

Info

g

SOFC.dat |
Title C-H-N-0-5-gystem for SOFC-process
System Components C-H-N-0-5-C*
Number of Midure Phases 1{1)
Number of 5t. Cond. Phazes 10
Total Mumber of Species 73

Uze of absolute Gibbs-Energies: No

C Phase Components
b | cHé_methane |

*H20(1) s
*CBH10_o-xylene(l) Restrict Phase Component CH4_methane
*C2H18_octanel])
*C10H&_naphthalene(l) o :
*C10H22_decane]) Restrict in which weas?
*C_graphite(s)
*C10H2_naphthalene(s)
=5_orthorhombic(s)

:E}: (" Restrictwith & Component from the List

(@ Restrict by building a new restrictive System Component

MNarme of new restrictive Component I*d

Existing restrictive System _z,

Components
Amaunt |1.IZI

* = Steichiometric Condensed

Phase Model: IDNX 0K Cancel | Help |
Sublattice Structure: No subl

Current File: D:\User\GTT_Seminar\SOFC\SOFC.dat | |




Calculated Reformer Composition
e

Reformer composition

Relative Position

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1 8 1 1 1 1 1 1 1 1 1 ?00
— A/Gas/H2
1.6 -SSR 650 A/Gas/CH4_methane
A/Gas/C4H8_cyclobutane
A/Gas/C4H10_butane
- 600
A/Gas/CEBHE_benzene
A/Gas/CTHS toluene
o - 550 ©
s "?E A/Gas/CBHS8_styrene
E = A/Gas/C8H10_o-xylene
c - 500 =
3 2 A/Gas/CIH12_cumene
E E — A/Gas/C10H& naphthalene
- 450
- —A/Gas/02
A/Gas/H20
- 400
A/Gas/CO
A/Gas/CO2
- 350 _
—AJ/C_graphite(s)
—_—T
300

High CO, comes from recirculated anode reactants



“Calphad” Scheil Solidification

*System Pb-Sn, phases Liquid/BCT/FCC

«Initial Composition (1)
Pb 80 at-%
Sn 20 at-%

eInitial Temperature

600 K
*Temperature step

25 K (in the picture)

*Equilibrium calculation at each /

temperature step
Formed solids removed

*Only remaining liquid goes to -
the next equilibrium calculation

»Liquid composition
approaches eutectic

600 ’ 0
1

500 ~ \ 4
T/K FCC_Al 5
| > 6

+—BCT AS
400 ~
?1 1E

/ &

3[][] 1 | 1 | | 1
0.0 0.5 1.0
X(5n)
VT



ChemSheet Scheil Solidification

Initial T A/LIQUID/ A/LIQUID/ A/BCT_ASA/BCT _ASA/BCT _ASA/BCT ASA/FCC_ATA/FCC_A1/Sn A/Pb
T 600 K K mol mol mol mol mol mol mol mol mol
P 1 bar 355 0 0| 0.000448| 0.065429 0 0| 0.023893| 0.002461 0.024341
Pb0 0.8 mol
sSn0 0.2 mol Accumulat
T A/LIQUID/ A/LIQUID/ A/BCT_ASA/BCT _ASA/BCT _ASA/BCT ASA/FCC_ATA/FCC_A1/Sn A/BCT_A5
Next K mol mol mol mol mol mol mol mol mol
Pb 0.8 mol 600 0.8 0.2 0 0 0 0 0 0 0
Sn 0.2 mol 595 0.8 0.2 0 0 0 0 0 0 0
DT 5 590 0.8 0.2 0 0 0 0 0 0 0
T 600 585 0.8 0.2 0 0 0 0 0 0 0
580 0.8 0.2 0 0 0 0 0 0 0
| T T T T I | T |
Solid Composition/Solidified
600 il 700 0.9
LIQUID L il
i i 600 0.8
_— Ty
3 - | .
T/K FCC_Al 1-BCT A5 © \ 0.5 &
- 2 300 - 04 35
g \ 1032
— 200 ’
400 | + 0.2
t, t, 100 1 0.1
B U T T T T 0
(& 0 02 04 06 08 1
300 . ' L . . -
0.0 0.5 1.0 Fraction solidified
X(Sn) Temperature XI/LIQUID/Ph X/ILIQUID/Sn



Using Formulas and Results

-Simple Excel formulas and ChemSheet
results are used to set incoming liquid

*Result in G4 contains amount of liquid Pb from
last equilibrium and result in P4 contains total
amount of Pb (used if all liquid is solidified).

MOD v X+ & =IF(Steplndex=1 ;C5;|F(Gd>0;G4;F’4j)‘
A | B | ¢ | bp | E | F | 6 | H |
1
= it B e Resut x|
3 T 600 K K mol mol
4 P 1 bar 355 0 Option: | Amount | ok
S Pbo le Stream: | j
6 Sn0 Cancel
7 A/LIQUID/ A/LIQUID] Phase: [ AL =l
8 Next K mol mol Add
9 Pb |=|F{3tep|_F|_mo| 600 0.8 0.2 | AL =
10 Sn A 0-2 mol 595 0.8 02 I ﬂ Help
11 DT 5 590 0.8 02
12 T 600 585 0.8 0.2 Output range: N | =Sheet1!$G§2:$N$4 [
1 580 08 02
Unit: I mol ﬂ
x| 7 Hoader
Option: I Incoming amount j ok |_Comments
Phase: I LIQUID ﬂ Amounts for all constituents (8) in all phases (4). The first two rows in
Cancel Qutput range are reserved for headers. Each of the next 50 rows
Constituent: | Pb j correspond to one calculation step and each column correspond to
Add one constituent in one phase.
GComponent: I ﬂ -
Value: —l =Sheet1!$C$9 J Help
Unit: | mol LI

VIr



