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NMPEOUCIIOBUE

Kuura “"TepmoaumHamuika, KHHETMKAa W pacyeTbl METALTyprHueCcKHUX
MIPOIECCOB" SBIISETCS PE3yJTbTATOM COBMECTHOU PabOTHl PYCCKHX U (PUHCKUX YUCHBIX
U OOBEIUHSET ONBIT TEOPETUYCCKOW TOJITOTOBKA HWHKEHEPOB-METALNTYProB |
WH)XCHEPOB-HUCCIIEIOBATENICH METaJUypruieckux IMpoieccoB B HanuoHaibHOM
UCCIIEIOBATENIbCKOM  TeXHoJoruueckoM  yHuBepcutere «MUCuC» wu B
TexHoMOrnueckoM yHUBepcUTeTe T. XenbCUHKH (DUHIAHANA), U3AaHUE OTpaXkaeTr
0O0JIBIION MPOTpPeCcC B METAJUTYPrUM 3a MOCIEAHNE Ba I€CATUICTHS.

TepMoarHAMHKa, TEPMOXUMUS U KHHETHUKA BEICOKOTEMITEPATYPHBIX MPOIIECCOB
COCTAaBIISIIOT TEOPETUYECKYID OCHOBY IIPOILIECCOB TONyUYeHUS U paGUHUPOBAHUS
MeTaioB. Ha 3Toli ocHOBe KHHra IMO3BOJISIET OCBOUTH IPOBEJCHHE TEOPETUUYECKOTO
aHaIM3a CIOXKHBIX METATYPrHYeCKUX CHCTEM M MPOIECCOB U UX MOJAEIHPOBaHUE,
dbopMynupoBaTh M pellaTh 3aqaud, UMEIOLIUEe MpPaKTUYecKoe 3HaueHue. B kHury
BKITFOUEHBI TEOPHSI, MOJICIIH U PACYETHI METALTYPTHYECKUX CHCTEM U IPOIIECCOB.

B rnaBe "Tepmoxumusi” mnpuBeAeHBI METOABI pacyeTa SHEPreTHUYECKUX
pPaBHOBECHIA TP BHICOKUX TEMIIEPATYPAX.

B rnmaBe "Xumudeckas TepMOAWHAMHKA MHPOMETAJUTYPTHYECKHUX CHCTEM U
poLeccoB”  M3J0KEHbl OCHOBHBIE TEOPETUYECKHE TOJOXKEHHS paBHOBECHUI
XUMHYECKMX  peakuuid B METAJUIyprHYeCKMX  CUCTeMaX,  BKIIOYAIOIIMX
METANTHYECKYI0, MUIAKOBYIO M Ta30ByIO (has3pl, M PEIICHHs MPAKTHYSCKUX 3aiad.
TepMoaMHAMHUKA METAJUTMUYECKUX PACTBOPOB M B3aMMOJICHCTBUE B CUCTEME METaJlI—
ra3 JaHbl Ha MPUMEpax CHCTeM MeIb—cepa M MeIb—Cepa—KUCIOPO, BAKyyMHOTO
paduHUpOBaHUS Meou U 00e3yIJIepOKUBAHUS XPOMCOJEpKallero pacijaBa Ha
OCHOBe keine3a. Ha ocHOBe TpaJAMIIMOHHBIX M HOBBIX TEPMOJIMHAMUYECKHX MOeei
OKCHHBIX pacIJIaBOB MPUMEHUTEIHHO K METAJUTyPrHUYeCKUM ITakaMm (MOHHBIE
MOJMMEPHbIE HMOHHBIC MOJCIH CHJIMKATHBIX PacTBOPOB) MPHUBEICHBI pPacuyeThl
AKTUBHOCTH KOMIIOHEHTOB OCHOBHBIX M KUCIBIX IIJTAKOB. [IpencraBieHsl MeTonuka u
pe3yNbTaThl DJIEKTPOXUMHUYECKHX HM3MEPEHUNW B OKCHAHBIX pacljaBax W MUIaKaXx,
pacueTbl AaKTUBHOCTH OKCHJA JKejle3a M MapUUalbHBIX MOJBHBIX BEJIHMYUH
KOMIIOHEHTa [0 pe3yjbTaTaM 3JEKTPOXHUMHUECKUX u3MepeHHuil. PaccMmoTpensl
NPUMEPhl  PAacyYeTOB peakluid MeEXJAy METALUIOM | INIaKOM:. pPacKUCIICHHE,
necynbdypanus u nedocdopaius cTanm, a TakKe pacipeiecHue 3JIEMEHTOB MEXITY
MebIO U IIJTAKOM, MEIHBIM IITEHHOM M IUIAKOM.

B rnaBe "KuHeTHka reTeporeHHbIX METAITyprHueCKUX MPOILECCOB» MOKa3aHO
MCIIOJIb30BaHUE TEOPETHYECKHUX IMPEACTABICHUI O CKOPOCTSIX CIOKHBIX IMPOLIECCOB
B3aMMOJICHCTBHS B CHCTEMaX METaUI-IIIaKk—Ta3, TCOPHH W KPUTECPUEB MOIOOUS IS
OIICHKH KOX((UIIMEHTOB MaccorepeHoca. PaccMOTpeHbl KHHETHYECKHE MOJIETH
MPOIECCOB 00€3YTIIEPOKUBAHUS M OKUCIUTEIHLHOTO PAQUHUPOBAHUS CTATH U 3a/1a4U
C HCMOJBb30BAaHMEM MOJCIbHBIX ypaBHEHUH. V3noxeHa KHHETHYECKas MOJEb
abcopOuuu a30Ta pacmiiaBaMyd Ha OCHOBE Kelle3a U3 HU3KOTEeMIIepaTypHOH IJIa3Mbl U
BBITMIOJTHEHBI PACUYEThl IO YPaBHEHUAM MOJIEIH.

B riraBe «HaHoMaTepuaib» U3710KEHBI OCHOBHBIC 3aKOHOMEPHOCTH TIOTYYCHHS
HaHOMaTepuasioB. [IpuBeNeHBI MPUMEpPHl PAcUETOB OOPA30BAHMS 3aPOJIBIIICH IPU
MOJTyYeHUH HAHOPAa3MEPHBIX YaCTHUIl, a TaKXe MPOIECCOB B3aUMOACUCTBHS C HX
y4acTHEM.

JIoTIONHUTENBHO K H3YYEHHIO TEOPHUH U OBJIAJEHUI0 MeToIaMu (PU3HUKO-
XUMHYECKHX pPacyeTOB KHHTa TIIO3BOJUT OCBOWTH  (DH3MKO-XUMHYECKYIO U
METAJTYPrHYECKYI0 TEPMHUHOJIOTHIO HAa AHTIMHCKOM SI3BIKE, HAa KOTOPOM H3JIAeTCs
OoJbIIast YacTh MEPUOJUYECKON JINTEPATYPHI, )KYPHAIOB U KHUT M0 METauIypruu. B
KOHIIE KHUTH UMEETCS aHTJI0-PYCCKUMN CIIOBaph TEPMHUHOB.



INTRODUCTION

The most important applications of thermochemistry and thermodynamics in
metallurgy are determination of energy balances and equilibrium properties of
whole reaction systems or their crucial parts in order to derive energy and material
requirements and optimal thermomechanical and chemical conditions for
processes.

Rea metallurgical (chemical) processes are quite rarely isothermic, i.e. take
place at constant temperature. The most common and convenient simplification for
thermochemical processes is, however, an isothermal one. Another useful and
common approach is isobaric as most metallurgical processes take place at constant
pressure, which often is atmospheric. The overwhelmingly most common
thermodynamic abstraction for metallurgical processes is to treat them as a single
isobaric-isothermic process or as a set of isobaric-isothermic processes. In some cases
isochoric i.e. constant volume approach is the most proper one as for processes taking
place in closed pressurized chambers (autoclaves) or extremely rapid, explosionlike
reactions.

Industry processes are either 1) continuous, steady-state processes which means
that physicochemical and thermodynamic properties of the reaction system will vary
along the length of a reactor but not with time. 2) nonsteady-state, batch processes in
which the charge is treated in one stage and its composition and temperature are
continuously changing.

The final properties of the reaction system are often decisive and it is often
enough to carry out the thermochemical and thermodynamic analyses only for the
final (and initial if necessary) state of the process. All isobaric or isochoric continuous
or batch processes can aso be presented as a series of separate nonisothermal
thermomechanic and isothermal chemical changes. So, isothermal thermodynamic
analysis can be employed amost without restriction to the nonisothermic
metallurgical processes.

There are avalable severa computer programs for computing
thermomechanical effects and equilibrium compositions of high temperature reaction
systems. However, as the main task of this book isto help students to understand and
apply physical chemistry as a tool for solving problems in metallurgy and material
technology the exercises in this book are aimed mainly for manual computing.

Theoretical analyses of many metallurgical processes include thermodynamic
calculations of interactions in dlag-metal liquid systems. Activities of dag
components should be calculated previously.

Liquid slag is considered as an ionic solution. By comparing it with real liquid
slags one can find out the reasons for deviations and create more complex models:
polymeric models of silica melts, models of regular ionic solutions for basic and acid
slags. These models are discussed below. There are some complicated models of
subregular oxide solutions (Lumsden and Shiro-Banya models), which are not given
in this book. The study of thermodynamic models allows to approach critically one or
another model for calculation of the component activities of a slag, to determine and
to specify model parameters on the base of phase diagrams and electrochemical
measurements in slags.



Kinetic calculations of metallurgical processes help to reveal mechanics and
durations of real processes. It is of great importance to choose correct kinetic
equations. In some complicated cases it is convenient to use the criteria of similarity
for calculations of mass transfer coefficients. There are examples of kinetic
calculations: ferrous oxide reduction from slag melts by solid carbon, kinetic models
of steel decarburization process and steel oxidizing refining process and nitrogen
absorption by melts from low temperature plasma.

1. THERMOCHEMISTRY

1.1 SHORT BASIS OF CALCULATION OF ENERGY BALANCES

Thermochemical analysis and calculations are employed for determining energy
balances of processes as whole or of their particular parts or zones in order to derive
energy consumption or heat evolution and exchange with the environment (energy
loss), etc. Energy balances give basis also for computation of reaction temperatures
and temperature distribution in reaction environments.

A material system can exchange energy with its environment in the form of heat
or work. Energy exchange take place with the expense of kinetic energy of atoms,
molecules or lattice, phase transformations (solid state phase transition, melting,
evaporation) and chemical reactions (including dissolution, solution formation and
chemisorbtion). Energy balances are computed either for isobaric as usual or isochoric
conditions.

The thermodynamic function employed in thermochemical analysis of chemical
reaction systems undergoing isobaric changes is enthalpy, H. For an isochoric process
energy exchange equalsto the changesin internal energy, U (or E).

In Fig. 1.1.1 the principles of an isobaric energy (heat) balance are presented
schematically. The basic principle for an energy balance is. energy and matter
transferred into the system equals to the sum of the energy and matter
transferred from the system in different forms and accumulated inside the
system.

There are different ways to establish an energy or heat balance even when the
basis for al them is basically the same. The method presented here is based on the
computation of enthalpy of input and output substances and phases relative to pure
elements at some reference temperature for which frequently room temperature is
chosen. Another method is to compute the physical heat contents of input and output
matter, and the extents of expected chemical reactions and the heats
liberated/absorbed in them. Other methods are between these two extremes. As
enthalpy and internal energy are state properties there are no other restrictions for
construction the heat balance but the same reference is employed for both input,
output matter.

The enthalpy of a phase relative to pure elements at the reference temperature
can be divided in two categories. The isobaric chemical heat content consists of heats
of formation of all individual compounds present in the phase as well as heat of
formation of solution (heat of mixing). The isobaric physical heat content consists of
all heat absorbed in heating up the individua substances to the temperature,
concerned including heats absorbed in phase transformations (solid-solid
transformation, melting and evaporation).



The quantities readily available for the most common substances are isobaric
heat capacities, Cp(T), standard enthalpies of phase transformations
and formation of chemical compounds. The corresponding isochoric quantities the
isochoric heat capacity function, C,(T) and the corresponding internal

ener gy changes (AU or AE) can be readily computed from the isobaric ones. Severa
data compilations and computer databases give directly the "absolute enthalpies’ of
elements and compounds i.e. the sum of physical and chemical heat contents which
are tabulated relative to elements at room temperature. Data for thermal effects
involved in solution formation is very limited except for dilute molten or solid aloys
of some common metals.

For an isobaric process, in which the heats absorbed or evolved equal to the
enthalpy changes we have, accordingly

| I
AHpp = Z(Hr - Hre)j = Zn; [CpidT + ZnjAyH; (L.1.1)

in which (Ht -Hyo);, Cp; and A H; are the molar heat content, heat capacity and hest

of phase transformation of an element, compound or solution, present in the input or
output.

Accordingly, the first term (I) is the sum of heats absorbed by homogeneous
phases in heating, the second term (I1) is the sum of isothermal heats absorbed in
phase transformations which take place in substances between the reference
temperature and the input or output temperatures.

Chemical heat is the sum of heats of formation of compounds and solutions they
form.

I [l
AHgn = Zn; - AfHCj + THMiX (11.2)

The first term on the right side of equation is the sum of heats of formation of all
compounds from elements and the second term is the sum of heats of mixing
(formation of solution from its components) of all solution phases.

Pure energy (Qp) can be transferred into the reactor or reaction zone by
conduction and radiation of heat or by direct transformation of other forms of energy
into heat inside the reactor - e.g. resistive, inductive, arc, plasma, electron beam
heating and other methods to transform electric energy into heat. The accumulation of
heat in non steady state processes may take place by direct increase of heat content of
substances or with the expense of accumulation of substance in the reactor or reaction
zone.

The most serious problem in calculation of energy balances for high
temperature processes is often the lack of thermochemical data for solutions, heat
capacities, heats of mixing, solidification, devitrification etc. Accurate values for
heats of mixing for metallurgical solutions are not commonly available. In some cases
they are given within the total heat content of the given molten phase measured
relative to room temperature or some other reference temperature. As heats of mixing
are small relative to heats of reactions they can often be neglected without causing
any serious error in heat balance.



The procedure presented in the following examples for computing energy
balances of isobaric processes is valid for isochoric ones when enthalpy (H) and
isobaric heat capacity (Cp) functions are substituted by internal energy (U or E) and
isochoric heat capacity (Cv) functions. Relations between the isobaric and isochoric
thermochemical functions are as follows:

For chemical reactions

AU°T = AHoT - Ang - RT (1.1.3)
For heat capacities of condensed substances

Cv(T) = Cp(T) (1.1.4)
and of perfect (ideal) gases

Cv(T)=Cp(T)-R (1.1.5)

Ang is the change in number of moles of gaseous reaction components in reaction and

R is the common gas constant = 8.314 Jmol-1.K-1 (1.987 cal-mol-1-K-1)

The first step in construction of energy balance of a chemical process is to
establish a stoichiometric material balance, which gives the amounts, stoichiometric
forms of substances and phases in the feed and product of process concerned. There
are severa ways to construct and compute an energy balance the main differences
depending on the choice of reference state for substances and on the forms of
available enthalpy data. It is not always reasonable to choose room temperature for
the reference temperature and pure elements for the standard state of substances. If the
material system includes exceptionally stable compounds, which do not undergo any
chemical changes in processes concerned there is no need to compute the standard
heats of formation at room temperature as they are equal on input and output side of
the energy balance and cancel, accordingly, each other.

Methods to establish energy balances for high temperature processes are better
visualised in the following examples.



Worked example 1

Adiabatic reaction temperatur e of titanium carbide synthesis

In "combustion synthesis" or "self propagating high-temperature synthesis' (SHS),
ceramic materials are synthesised by applying the heat of reaction to generate high
temperatures necessary to complete solid-solid reactions. For synthesis the specimens
pressed from a mixture of reagent powders are placed into a reaction chamber, which
is evacuated or spooled with an inert gas, the specimen is electrically ignited and the
combustion reaction goes through the specimen very rapidly.

We want to know, what is the theoretical maximum temperature (adiabatic
reaction temperature) which can be achieved when titanium carbide is synthesised by
SHS from a stoichiometric mixture of titanium powder and carbon black? Synthesis
reaction is:

Ti(s) + C(s) = TiC(sll) 1

Adiabatic reaction temperature corresponds to the conditions when the reaction rate is
very high relative to the rate of heat transfer from the reaction zone to the
environment and all heat evolved is absorbed by the reaction product. If combustion
takes place in amechanically open reactor in which the total pressure equals the
atmospheric one this heat equal s to the enthalpy of formation of one mole of TiC,
AH®,56(TiC) The principle of calculation of adiabatic reaction temperature is
schematically presented in Fig. 1.1.2 and table 1.1.1 in the form of simple heat
balance 0.5 kg of TiC synthesised from a stoichiometric mixture of titanium powder
and carbon black.

Table1l.1.1. Material & energy (heat) balance.
IN: (reagents at room temper ature)

subst. amount T "phys.heat" "chem.heat"
kg m0| ni(HT‘Hzgg)i nlAfHozgs

Ti(s) 0400 8.34 298 8.340 8.34-0

C(s) 0.100 8.34 ) 8.34-0 8.34-0

= 0 0
OUT: (productsat final temperature T ;)
TiC 0500 834 298  8.34(Hiur 8.34-A{H,0q
H298)
x= 8.34((HragHoog) + AtH 2g9))

From the material and heat balance we get the following simple equation:

10



IN OouT
0= 8.34((Hy - H®ygg)7ic + AfH  05(TIC))

0= (Hy - Hgg)7ic + AfH554(TIC) (116

From EqQ. 1.1.6 we get further

T T
AHC + [CpGdT + 1A Hope + [CpigdT =0 (1.16)
208 T

m

inwhich T, and T, are the melting temperature of TiC and the adiabatic (maximum)
temperature of reaction, r isthe mole ratio of molten to total amount of reaction
product (TiC). If r=0, T <T,,ifO>r < 1T =T,,andifr=1, T4=T,.

By introducing data compiled in the end of exampleinto the Eq. 1.1.6' we get

3290
-184,100+ [(49.95 + 0.979-103T - 14.77-105T2+ 1.59-10:6.T2)dT +
298
Tad
+r71,100 + [62.76dT =0
3290

3290

-184,100 + | (49.95T + 0.979:10:3/2.T2 + 14.77-105-T-1 + 1.59-10°¢/3-T3) +
298
298

+r71,000+ 6276T=0
Tad

We first compute the energy needed to heat one mole of TiC up to the melting
temperature in order to check the magnitude of r. Solution of Eq. 0.6’ givesfor r a
value of 0.16. |.e. the adiabatic reaction temperature is equal to the melting
temperature of TiC and 16 percent of TiC ismelted. 11.5 kJ of energy released per
mole of TiC in the reaction 1 isleft in excess when one mole of TiC is heated up to its
melting temperature whereas 71.1 kJ is needed for complete melting of TiC.

T.g=3290K =3017°C; r =0.16
Thermochemical datafor calculations

TiCl AH% 95 = 4.184-(-44) Jmol = -184,100 J/mol
A Hzog0 = 4.184-17,000 = 71,100 Jmol
Cp(T)g, =4.184-(11.939 + 0.234-10-3T - 3.531-10°T-2+ 0.451-106T2) Jmol;
Cp(T)yq = 418415 Jmol

11



Worked example 2

Adiabatic reaction temper ature of combustion synthesis of titanium nitride

Titanium nitride is synthesised from titanium powder and gaseous nitrogen under high
pressure by SHS-method. A 0.2 kg specimen loosely pressed from titanium powder is
placed into a pressure chamber of 2 dm3. Reaction chamber isfilled by pressurised
nitrogen to 18 MPa at room temperature and the charge is electrically ignited. What
would be the theoretical maximum temperature in the reaction zone and the
corresponding pressure in the reactor under adiabatic conditions ?

Relation between the real process and its thermochemical model used for
computing the maximum adiabatic temperature is as follows:

Heat released in the chemical reaction
Ti + U/2N,(g) = TiN 2

is assumed to be completely absorbed by the reaction product TiN and remaining gas
(N,). Asreaction takes place in a closed vessel the reaction system does not perform
any work against the external pressure and thermochemical conditions of the process
are isochoric. Heat of reaction which equals to the change of the internal energy of the
titanium nitride formation (A;U°) heats up the reaction product (TiN) and the
remaining nitrogen gas.

The change of the mole number of gaseous species, An,, is according to the
reaction equation 2 equal to - 0.5. If we consider nitrogen to behave as a perfect gas
even at 18 MPathe amount of nitrogen in the reaction chamber is according to the
ideal gaslaw (PV = nRT) equa to ny, = 1.8:107-0.002-8.314-1-2981 = 14.53 mol

Table1.1.2. Heat & Material balance

IN: (internal energy of reactants at 298K)

subst. amount T "phys.heat" "chem.energy”
kg/m3  mol Mi(Ur-Uogg); AU 508

Ti 0.200 4.184. | 298 4.18-0 4,180
kg 18..

N, 0.002 1453 |* 14.53.0 14.53-0
m2

> = 0 + 0

OUT: (internal energy of productsat T )

TiIN 0258 418 T,  418UrgUsgrn  4.18AU%

kg 8
z= 4.18(UrogUsge)rin + 1244(UrpgUgggly, +
4'18.AfU0298
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From the energy balance U,, = U, we get
0= Ny - AfU%08 * Nrin(Ur-Uzgedtin + M, (Ur, Uasedn, (1.1.7)

and further according to Eq. 1.1.1
Th T

NrinAeU 208 + Ny ( fCV(T)sde +rAnUry) + 40y, fCV(T)NZdT =0 (1.1.7)
298 298

wherer isthe molar ratio of molten to the total reaction product (TiN) and n'y, isthe
amount of the remaining nitrogen and AU+ iSthe isobaric heat of fusion of TiN.
(Noticethat A, Hyin = ArUtin D)

By introducing the tabulated values of thermochemical properties of reactants
(from the end of this example) into Eq. (1.1.7") we get

3223
4.18(-336,620) + 4.18( [(49.83 + 3.93-103T - 12.38-105T-9)dT + r-62,760 +
298
Tad Tad
/66.94dT ) + 12.44 [(19.00 + 4.27-103T)dT = 0
3223 298
Integration gives
3290
1,407,072=4.18(  (49.83T + 3.93-10-3/2°T2 + 12.38-105T 1) +
298
Tad Tad
+162,760+| 66.94T) + 12.44| (19.00T + 4.27-103/2°T?)
298 298

The solution of equation gives for the adiabatic reaction temperature
T.q = 2863K = 2590°C

When inserting the values V = 0.002 m3, ny, = 12.44 mol, R = 8.314 Pa:m3:mol--K-1

and T4 = 2863 K to the state equation of ideal gas PV = nRT we get for pressure
corresponding to fully adiabatic conditions

P,y = 12.44-8.314-2863/0.002 = 162 M Pa (= 1597 atm)

Asthe time for combustion wave to propagate through the specimen may be few
seconds, a substancial part of the heat evolved will be transferred to the walls of
reaction chamber and the mean temperature of nitrogen gas will be markedly lower
than the adiabatic temperature. The actual pressure prevailing in the chamber after the
completion of combustion will, accordingly, not reach the level of the calculated
pressure val ue.
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Thermochemical data used for calculations:

TiN:  AHCg = 4.184(-80,750) Jmol = -337,860 Jmol
ArHaoos = 4.184-15,000 Jmol = 62,760 Jmol
Cp(Mo = 4.184(11.91 + 0.94-103T - 2.96-105T2)
CP(T)iq = 4.184-16 = 66.94 Jmol

From the given isobaric functions we get the corresponding isochoric ones (see Egs. 3
to5)

AJU® o, = -337,860 - (-0.5)-8.314-298 = -336,620 Jmol
CV(T)y = Cp(T)y = 49.83 + 3.93-10°.T - 12.38-105-T-2 ¥mol

N,(9): Cp(T) = 4.184(6.66 + 1.02-:10-3T) Jmol, and for corresponding isochoric heat
capacity (Eq. 5)

Cv(T)=27.61+4.27-103T - 8.314=19.00 + 4.27-103T

Worked example 3

Energy balance of the deoxidation of anode copper

After oxidising refining (fire refining) oxygen content of anode is too high for
electrolysis and copper should be deoxidised. Vaporised propane is one of the
employed deoxidants. The main deoxidation reactions for propane are

CsHg(g) = 3C, + 4H,(9) 3

H,(9) + [O] = H,0(9) 4
and

Cq +[0] =CO(9) S

We want to know if the deoxidation reaction is endothermic or exothermic and what
would be the end temperature when molten copper is deoxidised with propane at
1200°C from 0.80 to 0.15 wt-% of oxygen. Based on the experience from an
industrial anode furnace we assume that hydrogen is consumed completely in
deoxidation reaction but 1/3 of carbon passes unreacted through the melt. For
simplicity we neglect the heat loss, i.e. it is presumed to be equal to zero.

As copper is not oxidising we get for the amount of oxygen in copper in the end
of deoxidation period; m;q = (0.15/100)-(992/0.9985) = 1.49 kg. The amount of
oxygen transferred from one ton of copper by hydrogen and carbon is, accordingly, 8
kg - 1.49 kg = 6.51 kg =0.407 kmol.

14



According to the reactions 4 and 5 one mole of hydrogen and carbon are
consumed in reduction of one mole of oxygen. From four moles of hydrogen and
three moles of carbon released in decomposition of one mole of propane one mole
carbon is not reacting and accordingly, six moles of oxygen are removed from the
melt by one mole of propane. This gives avalue of 0.407/6 = 0.0678 kmol/2.98 kg
C;Hg for one ton of anode copper under the given conditions.

Initial temperature of copper, 1200°C is chosen for the reference temperature.
Propane is computed to decompose at room temperature. As the final temperature was
assumed to be closeto the initial (= reference) temperature the constant Cp-values
corresponding the reference temperature, 1473K, are used in computing the heat
absorption by reaction products and copper.

Table 1.1.3. Material balance per 1 metric ton of anode copper

IN OouT

substance kg kmol substance kg kmol

Cu(l) 992 15.61 Cu 992 15.61

[O] 8 0.500 [O] 1.49 0.093

C;Hg(0) 2.98 0.0678

H.(g) 0.271 H,O(q) 0.271

Cy 0.203 CO(g) 0.136
Cy 0.0678
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Tablel1.1.4. Energy balance for one metric ton of anode copper;
Reference temperature = 1473K (1200°C)

substanc amount  Temp. ni(H-H+o) n;-AH
e
i kmol K kJ kJ
IN:
cu(l) 15.61 1473 0 0
[O] 0.500 1473 0 0.50-(-85,350)
CsHg(g) 0.0678 298 0 0.0678:(-103,850)
298
Ha(g) 0.271 298 0271 fCp(T)pdT O
1473
= 0.271(-35,584)
298
Co 0.203 208 0203 [Cp(T)cdT |
1473
= 0.203(-22,594)
> -14,230 49,716
OUT:
cu(l) 15.61 T 15.61(T-1473)Cpey, O
[O] 0.093 T 0 0.093-(-85.35)
H,O(g) 0.271 1473+T  0.2717-1473Cpyo  0.2714(-250.45)
2 2
CO(g) 0.136 1473+T  0.136:T-1473-Cpco ~ 0.136:(-115.16)
2 2
Cy 00678 T 0.0678(T-1473)Cpc
(T-1473)(15.61Cpc,  -91,471
+0.136Cpy 0 +
0.0678Cpc, +
0.0678Cpc)
Heat loss 0

From the heat balance we get the following equation interconnecting the amount of

heat released in chemical reactions at 1200°C and the amount of heat absorbed in
heating up copper, carbon, carbon monoxide and water vapour up to end

temperatures. Temperature chosen for computing the heat content of gaseous products

(leaving the reactor continuously) is the mean temperature between the initial
temperature 1473 and the end temperature T.

IN

-14,230/kJ - 49,716/kJ =

16

ouT
Sny(Hy-Hyspe) - 91,471/kJ




27,525/kJ = Zni(HT'H1473)

27,525 = (15.61-31.38 + 0.271-45.78/2 + 0.136-33.96/2 + 0.0678-23.62)(T-
1473)

from which we get for the end temperature 1528K = 1255°C
Thermochemical data
Heat capacities:
Jmol-1.K-1

Cp = 0.109+38.94-105T-1.481-105T-2-17.38-10-6T2
Cp(1473) = 23.62

Cor

H,(9): Cp = 27.28+3.26-108T+0.502-105T-2
CO(g): Cp(1473) = 33.96
H,0(9): Cp(1473) = 45.78
cu(l): Cp(1473) = 31.38

Standard heats of formation:

AfHoIkImoOl  TIK Ref.

CgHg(9): 298 1
Ho>O(g): -250.467 1473 2
CO(g): -115.164 1473 2

The standard Gibbs energy change for the reaction

1/20,(g, 1atm) = [O]; 4
ISAG®, =-20400 + 4.43-T cal/mal, 3
Asingenera AG = AH - T-AS, we get from the above equation an approximate value
for the molar heat of formation of an infinitely diluted solution of oxygen in molten

copper

AH° = - 20.400 kcal = 85.35 kJ.

1 M. Kh. Karapetyants, Chemical Ther modynamics. MIR, Moscow 1978.

2 Barin, ., Knacke O., Thermochemical properties of inorganic substances.
Springer-Verlag Berlinet a., 1973.

3 Sigworth, G.K, Elliot, J.F., The Thermodynamics of dilute copper alloys.
Can.Met.Quart. 13 (1974) 3, 455-461.
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Worked example 4

Energy balance of coal gasification in molten iron

In some new developments for coal gasification molten, high carbon iron is applied as
the reaction environment for gasification reactions (e.g. Molten Iron Puregas or MIP-
process). Oxygen and coa powder are blown into the iron melt. Desul phurisation can
performed by blowing lime powder into the reactor with oxygen used for gasification
sulphur being absorbed in highly basic slag. Extra heat can be absorbed with by water,
hydrocarbons or lime injected into the melt. In order to determine consumption of
cooling agent one has to establish a heat balance for the reactor.

Principles of coa gasification reactor are described schematically in Fig. 1.1.3.
Pulverised coa with lime powder and pure oxygen are injected into molten iron
through bottom tuyeres or top lances. Coal is thermally decomposed to carbon and
volatile species, carbon is dissolved in the iron melt, coal gangue reacts with lime and
forms a basic slag which also absorbs the major part of sulphur. Carbon reactsin
molten iron with oxygen and water vapour and is converted into carbon monoxide.
Slag is continuously or timely tapped and stored. Steam is used in this example for
balancing the heat generated in carbon conversion.

The main processes are, accordingly:
1. Coal cracking reactions, which release carbon, hydrocarbons, hydrogen, carbon

monoxide, nitrogen and sulphur;
2. Dissolution of carbon

C(9) = [Cle 6
3. Oxidation of dissolved carbon by oxygen

04(9) + 2[C]r = 2CO(g) 7

and water vapour

H,0(9) + [Cre = Hy(9) + CO(Q) 8
4. Dissolution and slagging of sulphur:

$,(9) = S 9

[Slge + CaO(9) = (CaS)gzg + [Olre 10

The main task in establishing a heat balance is to determine the oxygen to cooling
agent ratio. The work temperature of the reactor is 1500°C.

Following specifications and simplifications are committed for establishing the
material and energy balance for the process:

e Coal, lime and oxygen are injected at room temperature (25°C = 298K), steam at
350°C (623K);

e  Processtemperatureis 1500°C (1773K) at which all products (gas and slag) are
assumed to leave the reactor;

e  Carbon content of molten iron at 1500°C is kept as 3.5 wt-%;

e  Heat losses are (pilot reaction) 0.170 GJ'ton coal;

o  Gangue substances react with the [ime and form basic slag which absorbs all
sulfur in the form of calcium sulfide. Iron losses in slag are assumed to be
compensated by iron oxides fed into the reactor with coal;

e  Dust formation is neglected;
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e  Conversion of al carbon and hydrogen bearing substances into carbon monoxide
and hydrogen is compl ete;

e Astheprocessis continuous it should also proceed under steady state conditions,
i.e. there will be no accumulation of materials or heat inside the reactor, and
temperature and material distribution within the reactor will not change with the
time.

Calculation of the material balance

Compositions and quantities of reactant materials are givenin Table 1.1.5. Materia
balance for 1 metric ton of coal presented in Table 1.1.6 is established on the base
Table 1.1.5 according to the specifications and simplifications given above.

Table1.1.5. Compositions and quantities of input materials (coal, lime, steam and
oxygengas) perl  metric ton of coal

Substanc C H* N O* S H,O AlLO; SO, Fe Ca O, N>
e * O
kg kg kg kg kg kg kg kg kg kg ms m3

Coal/ 87 30 10 30 8 ? 31 41 35 - - 8.01
1000kg O

Lime/

86 kg 86

Transp
gas/80m 80
3

(NTP)

Steam/ Z(?)

kg(350°

®)

Oxygen/ Y(?)
mM3(NTP)

Total: 87 31 41 35 86 88.0
0 1

*H,0+CH,
**Oxygen in easily reducible compounds like H,O and Fe-oxides

To establish a stoichiometric material balance one has to know or choose the chemical
(mineralogical) composition of input and output substances and phases. It was
assumed here that hydrogen, oxygen and sulphur are present in coal as methane, water
and element sulfur. Material balance in kg per metric ton of coal is presented in Table
1.1.6. The chosen chemical forms substancesin coal gangue and cooled slag are listed
in Table 1.1.7, the choice being more or less arbitrary. The stoichiometric material
balanceis presented in Table 1.1.8.
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Calculation of the heat balance

Physical and chemical enthalpies of gaseous components are computed using Cp
functions and standard heats of formation givenin Table 1.1.10. The chemical

enthal pies of the chosen coal gangue and slag components are presented in Table
1.1.7. The heat content of molten slag room temperature as the standard state is
computed separately (next paragraph) according to V oskoboinikov's equation for heat
capacity function. The unknown amounts of oxygen and water vapour are solved from
material and heat balances.

Heat content of slag

V.G. Voskoboinikov et al.4 has established an equation for composition dependence
of heat capacity of blast furnace type slags from the measured heat contents of large
number of industrial slags. Equation gives the apparent mean specific heat capacity of
molten slag at 1623-1873K relative to room temperature and slag composition (ref. 4)

Cl., = [0.63-102(T-293) -2.0-10°6(T-293) -3.67 + 0.067(1 - %Ca0/%,,)] kJkg
(1.1.8)

in which %Ca0 and X%, refer to calcium oxide content and the sum of contents of
other oxides in slag, respectively, presented in weight per cent scale. For the coal
gasification slag we get %Ca0O/
>%,, = 0.761 which gives at 1500°C the following value for the apparent mean
specific heat capacity relative to 298K (25°C)

Chil=1.26 kJ(kgK)
and for the heat content of slag at 1500°C:

(Hy775-Ho8)gag = Moy C-AT = 166.5:1.29-1475 = 317 MJ

Chemical enthalpy of gangue, slag and lime

Gangue and slag were assumed to be mainly composed of silicates. Concentrations of
chosen gangue and slag forming constituents as well as their thermochemical
properties at 298K are givenin Table 1.1.7.

4.Voskoboinikov's results cited by Onayev, I.A., Fiz. Khim. Svoistva Shlakov Tsvetnoi
Metallurgii. Nauka, Alma-Ata, 1972.
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Solving the O,/H,O(g)-ratio in the injection gas mixture

Steam (Z) and oxygen (Y) consumption for one metric ton of coal are solved from the
heat and material balances.
Heat balance equation (from Table 1.1.9):

Hi, - Hout = Qpy (heat 1oss)

out —

-3117 - 230.4 - Z/18 - (-5519 + 45.4 - Z/18) = 179 (MJ)
Z =145.1kg
Oxygen (O,) balance equation:
2.843 + Z/36 + Y/22.4 = 38.062 kmol

Y = 698.6 m¥(NTP)

Tables of material and heat balances and ther mochemical data for calculations
Table 1.1.6. Material balance per 1 metric ton of coal

kmol C 02 N, H, S Ca S Al Fe
IN
Coal: 725 2076 .357 15.0 .249 682 .608 .063
0
Lime: 767 1534
Steam: Z/36 Z/18
Oxyge Y[22.4
n:
Transp
gas. 3.569
)y 725 (2843 3926 (150 .249 1534 .682 .608 .063
+Z/36+ +
Y [22.4) Z/18)
OUT:
Sag: 1.812* 249 1534 682 .608 .063
166.5
g
Gas: 725 3625 3926 (15.0
+
(inCO) Z/18)
> 725 38.062 3926 (150 .249 1534 .682 .608 .063
+
Z/18)

*the total oxygen calculated as O,
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Table 1.1.6'. Composition of the product phases presented in the form of single

compounds
S ag: CaO SO, Al,O5 FeO CaS tot
72 41 31 4.5 18 166.5 /kg
43.2 24.6 18.6 2.7 10.8 100 Iwt-%
49.7 26.4 11.8 24 9.7 100 /mol-%
Gas: CO H, N,
72.5 15+7/18 3.926 /kmol

Table1.1.7. "Chemical enthalpies" (standard Gibbs energies of formation) of coal
gangueandslagat 298K (formation from elements)®
Compound AfHC 595 IN/OUT  quantit heat
y

kJmol kmol MJ

Ca0(s) -636 IN 1534 -976
ouT - -

CaS -482 IN - -
ouT 0.249 -120

SiO,(9) -904 IN 0.043 -39
ouT - -

Al,0;-2S 0, -3380 IN 0.304  -1028
ouT - -

3Al1,04:2S10,(9) -6830 IN - -
ouT 0.004 -27

2Ca0:-SiO,(9) -2310 IN - -
ouT 0.351 -811

2Fe0-SIO4(9) -1485 IN 0.031 -46
ouT 0.031 -46

2Ca0-Al,05:SI0,(s) -4005 IN - -
ouT 0292  -1169

IN -2089

ouT -2173
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Table 1.1.8 The stoichiometric material balance: kmol/ton coal

280, 2S0, SO, S0, Al,O3
S0,
IN
Coal: 65.94 1.886.56 .36 .249 .043.304 .031
Lime: 1.534
Oxygen Y
: 22.4
Steam: Z/18
Transp. gas. 3.57
z 65.94 188+ 656 _Y 393 .249 1534 .043 .304 .031
224
Z/18
OuT
Slag: .249 .004 351 .031 .292
. 725 15.0+ 3.93
Gas. Z/18
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