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Abstract: We present an index-1 differential-algebraic equation (DAE) model for dynamic
simulation of a calciner in the pyro-section of a cement plant. The model is based on first
engineering principles and integrates reactor geometry, thermo-physical properties, transport
phenomena, stoichiometry and kinetics, mass and energy balances, and algebraic volume and
internal energy equations in a systematic manner. The model can be used for dynamic simulation
of the calciner. We also provide simulation results that are qualitatively correct. The calciner
model is part of an overall model for dynamical simulation of the pyro-section in a cement plant.
This model can be used in design of control and optimization systems to improve the energy

efficiency and COy emission from cement plants.
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1. INTRODUCTION

The production of cement clinker is the main source of
CO; emissions in cement manufacturing. Cement manu-
facturing is responsible for 8% of the global CO5 emissions
and about 25% of all industrial CO2 emissions (Lehne and
Preston, 2018). Along with process modifications for car-
bon capture and storage (CCS), digitalization, control, and
optimization are important tools in the transition to zero
COg-emission cement plants. Development of such digi-
talization, control and optimization tools require dynamic
simulation and digital twins for the cement plant, and
the pyro-section in particular. Mathematical models for
dynamic simulation of the pyro-section in cement plants
are not available. Fig. 1 illustrates the pyro-section of a
cement plant. The pyro-section consists of pre-heating cy-
clones, a calciner, a rotary kiln, and a cooler. In this paper,
we provide a mathematical model for dynamic simulation
of the calciner. A related paper provides a mathematical
model for dynamic simulation of the rotary kiln (Svensen
et al., 2024), while papers for the pre-heating cyclones and
the cooler are being prepared. Accordingly, the contribu-
tion of this paper is a dynamic simulation model for a
subunit in the pyro-processing section of a cement plant,
namely the calciner. This model is relevant for traditional
cement plants as well as modern cement plants designed
for carbon capture (oxy-combustion with carbon capture
or post carbon capture) and useful for design of control
and optimization systems for such plants.

* This work was supported by Innovation Fund Denmark, Ref. 2053-
00012B

Copyright © 2024 the authors. Accepted by IFAC for 392

publication under a Creative Commons License CC-
BY-NC-ND.

Gas Output

Raw Meal Input

Fuel Input

] Clinker Output
Air Input L€

Fig. 1. The pyro-section for production of cement clinker
in a cement plant consists of preheating cyclones (P),
a calciner (Ca), a rotary kiln (K), and a cooler (Co).

Mujumdar et al. (2007) modeled a cyclone-based calciner
using a quasi steady state approximation for the coal
particles and a dynamic description for the raw meal and
gases. Kahawalage et al. (2017) used a CFD approach
to model an entrainment calciner. Iliuta et al. (2002)
suggested a 1D dynamic Eulerian model based with de-
tailed combustion kinetics but without a kinetic calcina-
tion model. Furthermore, Kahawalage et al. (2017) and
Iliuta et al. (2002) assume constant heat capacities. Com-
pared to the existing literature, we provide a mathematical
1D model for dynamic simulation of a single elongated
chamber calciner (different from a cyclone calciner) that
is based on rigorous thermo-physical properties and kinetic
expressions for the calcination as well as the combustion.
The model is the result of a novel systematic modeling
methodology that integrates thermo-physical properties,
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transport phenomena, and stoichiometry and kinetics with
mass and energy balances. The resulting model is a system
of index-1 differential algebraic equations (DAEs).

This paper is organized as follows. Section 2 presents the
calciner, while Section 3 describes the mathematical model
for the calciner. Section 4 presents simulation results and
conclusions are provided in Section 5.

2. THE CALCINER

The main CO2 contributing reactions in cement manufac-
turing are calcination of limestone and combustion of coal
to provide the heat for the calcination

k
CaCO3 + heat — CaO + COo, AH, = 179.4m—g1,

k
AH, = —395.5- (1b)
mol

(1a)

C + Oy — COgq + heat,

Consequently, the CO5 emission for the calcination alone
excluding other reactions and heating is 0.356 kg CO4 per
produced kg CaO. The pyro-section of the cement plant is
designed for transfer of heat at high temperatures to the
cement raw meal to facilitate the calcination and other
cement clinker forming reactions. The cement raw meal
has a well controlled chemical composition and particle
size distribution. Hot gas, from the rotary kiln as well
as the calciner, heats the cement raw meal in the pre-
heating cyclones. Before entering the rotary kiln, the
raw meal enters the calciner. Calcination starts at about
600°C in some of the pre-heating cyclones, while the main
calcination occurs in the calciner that operates at 900-
1100°C. Typically, 90% of the limestone is calcined when
leaving the calciner and entering the rotary kiln.

Fig. 2 illustrates the chamber of the calciner modeled in
this paper. Fuel, gas, and cement raw meal enters at the
bottom of the calciner and exit at the top. The fuel, the hot
kiln gas, and the hot gas from the cooler provide the heat
for the calcination. Different designs of varying complexity
exist for calciners. The designs can be pipes, cyclones, or
have another geometry. We do not model all of these types
of calciners in this paper. The calciner modeled in this
paper is a cylindrical chamber with a cylindrical cone in
the top and the bottom. The calciner has a total height of
hior and is a cylinder with radius r. between the heights
he and he,. The cone sections have the smaller radii, r;
and r, for the lower and upper cone, respectively.

3. A MATHEMATICAL MODEL FOR DYNAMICAL
SIMULATION OF THE CALCINER

The calciner model is formulated as an index-1 DAE
system. The states, x, are the molar concentrations of each
compound in the solid-gas mixture, C, and the internal
energy densities of each phase, U. The phase temperatures,
T, and the pressure, P, are the algebraic variables, y. The
resulting model can be represented as

O = f(x,y;p)a T = [Ca 0]7 (2&)
0=g(@,y;p), y=I[T:P] (2b)
where p is the system parameters. Manipulated vari-

ables and disturbances enter through the boundary condi-
tions. The model is obtained using a systematic modeling
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Fig. 2. Diagrams of the calciner profiles. The diagrams
illustrates the dimensions and flow direction.

methodology that integrates the a) geometry, b) thermo-
physical properties, ¢) transport phenomena, d) stoichiom-
etry and kinetics, €) mass and energy balances, and f)
algebraic relations for the volume and the internal energy.
The phases considered are the mixture (c), the refractory
wall (r), and the shell wall (w).

8.1 Calciner and cement chemistry

We use the standard cement chemist notation for the
following compounds: (Ca0)2SiO9 as CsS, (Ca0)3Si02 as
CgS, (CaO)gAlgog as CgA, and (CaO)4 (AlgOg)(F@QOg)
as C4AF, where C = CaO, A = Al;,03, S = SiOg, and F
= F6203.

We use a finite-volume approach to describe the calciner
in n, segments of length Ay = hyy/n,. We define the mo-
lar concentration vector, C', as mole per segment volume
Va(k), and assume all gasses are ideal. We employ the fol-
lowing assumptions: 1) The horizontal planes are assumed
homogeneous with only dynamics along the height of the
calciner (1D-model); 2) The gas flow is assumed to prevent
solids from exiting the calciner through the bottom; 3)
Only the 5 main clinker formation reactions are included;
and 4) Only basic fuel reactions are included.

3.2 Geometry

The volume of segment k is

Va(k) = wrhe(k) + 5 (r2 + r2(k) + rery (k) (k)
+%@+ﬁm+nmmmwy(a
The cylinder and cone heights are given by
he(k) = (Ypsr — hu(k) = (yp—y + (k) (4a)

hu(k) = max(yk-&-% — heu, 0)7 (4b)
hi(k) = max(he — yp.—1,0). (4c)
The small radius’ of the cone sections are given by
rulk) = 1o+ “5—ho (k), (5a)
r(k) =+ <L (k). (5b)

cl



2024 IFAC ADCHEM
July 14-17, 2024. Toronto, Canada

The segment volumes for the refractory and walls are
computed by the relations,

‘/T,A(k) = VA(k)|’I‘c:TT- - VA(k)7 (6&)
Vw,A(k) = VA(k)|Tc:Tw - VA(k)ch:Tw (Gb)
Each Va (k) is computed with the radius for segment k.

Similarly, the surface area (sides) of each segment depends
on location and is

Ac(k) = 2mrche(k)
+ 7 Tc + ru

IWREE

Dyhith) +

re a2 (7)
—ri(k))3.

+7r rc—l—rl

3.8 Thermo-physical model

We provide a thermo-physical model for the enthalpy,
H(T,P,n), and the volume, V (T, P,n), of each phase.
These models are homogeneous of order 1 in the mole
vector, n. The thermo-physical model for H and V is

T
H(T,Pn) =Y i (AHN(TO,PD)+/ c,,,i(T)dT), ®)

i To

2 (5

7b) , solid, (s),
Pi

Z” (%) s @

k3

V(T,P,n) = 9)

AHy;(Ty, Py) is the formation enthalpy at standard
conditions (T, Py). M is the molar mass. As H and V are
homogeneous of order 1, the enthalpy and volume density
can be computed as

ﬁs = Hs(TmPa Cs)a V = VS(TC’P’ CS)’ (10&)
IA{Q = HQ(T07P7 Cg)7 V = ‘/g(TmPa 09)7 (1Ob)
H,=H,(T,,P,C,), H, = H,(T,,P,Cy). (10c)

For a given section, the solid and gas volumes can be
obtained from their densities,

Vy =V,Valk), Vi=ViVa(k). (11)

3.4 Transport phenomena

In the calciner, mass is transported by convection (ad-
vection) and diffusion, while energy is transported by
convection, diffusion, and radiation.

Velocity: ~ We assume that all material move uniformly
(same speed and direction) and that the velocity is below
0.2 Mach (Howell and Weathers, 1970). In this case, the
velocity of the turbulent flow of the mixture, v, can be
described by the Darcy-Weisbach equation,

( 2 | Dy \AP|)% (—AP)
Ve = sgn .
0.316 \| pmp3, Az Az

L is the viscosity of the mixture, p,, is the density of
the mixture, Dy is the hydraulic diameter for a non-

uniform and non-circular cross-section channel (Hesselg-
reaves et al., 2017). p,, and Dy are computed by

4Va
ZEZ:MiCm Dp = a1

(12)

(13)
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Viscosity and conductivity: ~ For a pure component gas,
a correlation for the temperature-dependent viscosity is
(Sutherland, 1893)

To+ S,

T\ 3
Hg,i = Ho <T0> T+SH
S, can be calibrated given two measures of viscosity as in
Table A.3.

For a gas mixture, Wilke (1950) provides a viscosity corre-
lation, j4, and the Wassiljewa equation with the Mason-
Saxena modification provides a conductivity correlation,
kq (Poling et al., 2001)

o Tiltg,i
Ho ZZ: > Tibi Z > %@g

- (HE\/g) (wé i‘i)l (15b)

x; is the mole fraction of component i. The viscosity of the
suspended gas mixture, p,,, is the given by the extended
Einstein equation of viscosity (Toda and Furuse, 2006)
14+ ¢/2
= = =V,
Hm = Hg 1— 26" ¢ =

Assuming that the solid-gas mlxture can be considered as
layers, the thermal conductivity of the solid-gas mixture,
km, is given by the serial thermal conductivity (Green and

Perry, 2008)
1 Vy 1 Vei 1
Eopiey
km VA kg VA ks %

The volumetric ratios describe the layer thickness.

(14)

(15a)

(16)

(17)

Mass transport: ~ The mass transport in the vertical
direction is by convection (advection) and diffusion. The
material flux vector is

N=N,+Ns, N,=vC, Ny=-D0d.C. (18)

Remark 1. Note that the diffusion (dispersion) is low and
set to zero in the simulations in this paper.

Enthalpy and heat transport: ~ The vertical transport of
of enthalpy (internal energy and pressure work) is given
by the enthalpy flux that can be computed by

H. = Hy(T., P,N,) + Hy(T., P, N;) (19)
The heat conduction is given by Fourier’s law
Qc = _kmazTc (20)

with k,, being the thermal conductivity.

Heat transfer between phases:  The transfer of heat be-
tween phases are described by Newton’s law of heat trans-
fer

(c:;“) = Acrﬁcr(Tc - Tr); (21&)
76"11)0 = Arwﬁrw(Tr - Tw); (21b)
i}ue = Aweﬁwe(Tw - Te)~ (210)

A;j is the in-between surface area, and 3;; is the convection
coefficient. The convection coefficients, 3, are computed by
the correlation

f="Nu, (22)
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where d is the diameter of the cross section. For thermal
heat transport across surfaces of different phases, the
overall heat transfer coefficient, Af3, is given by

—1
d:vl
1w<%%+§: nm> - B

A; is the surface area, k; is the conduct1v1ty, and dx; is the
width of phase i. For curved surfaces the width is given

by dz; = In ( Tidd

used as a generic formula for the Nusselt number, Nu, of
turbulent flow in tubes (Incropera et al., 2007)

L(Rep — 1000)Pr

) r;. The Gnielinski correlation can be

= , 24a
1+12.7(4)2(Pr3 — 1) (242)
f=1(0.791In(Rep) — 1.64) "2, (24b)
m ('D

Rep = PmUe™H (24c)

fim

Cpbm
Pr= Z” . (24d)

The heat capacity C), is given by

(25)

sz E NiCp,q
i

with ¢, ; being specific molar heat capacities.

Radiation:  The transfer of heat due to radiation is given
by
rad — g Ao (e T — €. T2), (26a)
P10 = g Aye(ewTih — € T2). (26b)

o is the Stefan-Boltzmann’s constant and € is the emis-
sivity. We assume axial radiation is negligible. Assuming
that the calciner is made of the same material as a rotary
kiln, then the emissivity of the wall and refractory is 0.85
and 0.8 (Hanein et al., 2017). The total emissivity of the
solid-gas mixture is given by (Alberti et al., 2018)

€c = €5+ €5 — Aeg, (27)
where Aej is the overlap emissivity. The emissivity of the
gas mixture, €4, is computed using the WSGG model of
4 grey gases (Johansson et al., 2011). Assuming that the
raw meal has the same emissivity as the kiln bed surfaces,
€s = 0.9 is the solid emissivity (Hanein et al., 2017).

Aey = es€g,

3.5 Stoichiometry and kinetics

The stoichiometric matrix, v, and the reaction rate vector,
r =r(T, P,C), provide the production rates, R:

R= [Ré} =vTr.

R, is the production rate vector of the solids (CaCOsg,
CaO, Si027 AIOQ, FQOQ7 CQS, CgS, C3A, C4AF7 and C)
and R, is the production rate vector of the gasses (CO.,
Ns Og, Ar, CO, Hy, and H20). The reactions in the solid-
liquid phase related to clinker production are

(28)

#1: CaCO3 — COy + CaO, 7, (29a)
49. 2Ca0 + SiOs — CsS, ra, (29D)
#3: Ca0 + a8 — C38, rs, (29¢)
#4: 3Ca0 + Al,O3 — C3A, T4, (29d)
#52 4Ca0 + A1203 + F6203 — C4AF, Ts5, (296)

while the combustion of fuel reactions related to heat
generation are

#6: 2CO 4 Oy — 2CO., 76, (30&)
#7. CO + Hy,O — CO3 + Hy, 17, (30b)
48: 2H, + 0y — 2H,0, re, (30¢)
49: 20+ 0y — 2CO, ro, (30d)
#10: C+ Hy;O — CO + Ho, 710, (306)
#11: C+ CO; — 2CO, T11- (30f)

The rate functions, (T, P, C'), used in this paper are given
given by expressions of the form

r= k(T HPﬁ'C;”, k;(T) = koTme~ . (31)

kE(T) is the modlﬁed Arrhenius expression. Cj is the
concentration (mol/L). «; is either the stoichiometric
related or experimental-based power coefficient. 3; is the
power of the partial pressure P, = (Cy/ >, C;) P

3.6 Mass and energy balances

The mass balances for the solid phase and the gas phase
are

8,505 = —6ZNS + RS, (32&)

0;Cy = —0,Ny + Ry. (32b)
The energy balances for the combined solid and gas phases,
the refractory wall , and the wall are

N - rad
00, = ~0.(ll, +Q,) — T 9 (33a)
Va

T{ld cv

T ~ + Q _ W
00 = ~0:Qr + = . (33b)

o A 7611)1) Qrad + Qwe
00 = ~0.Qu+ " . (33¢)

8.7 Algebraic equations for volume and internal energy

The total specific volume of the gas and the solid is
governed by the relation

Vy(T., P,Cy) + Vi(Te, P,Cs) = Vo + Vo = Va = 1. (34)

The specific energies, U , in (33) can be related to temper-
ature, pressure and concentration by the thermo-physical
relations

0o = i1y + A, — PV,

(35a)

= H(T., P,Cs) 4+ Hy(Te, P,Cy) — PVy(Te, P, Cy),
Ur = Hr = HT(T”‘7P? CT‘)a (35b)
Uw = Hy = Hy(Tw, P, Cuw). (35¢)

4. SIMULATION RESULTS

We simulate the calciner during 60 min of operation to
demonstrate the simulation model. We consider a 33 m
high calciner with an inner radius of 3.08 m and refractory
and shell thicknesses of 0.21 m and 0.01 m, respectively.
The refractory is made of alumina brick and the shell is
iron. The operation is set to match a 234 ton/h clinker
production with a consumption of 400 Kcal/kg clinker
corresponding to 12 ton fuel per hour. The solid inflow
is 67.7 kg CaCOg/s, 5.4 kg CaO/s, 7.2 kg SiOq/s, 1.2 kg
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Fig. 3. Evolution of the solid concentration in the calciner.
The calciner is divided into 5 finite volumes. The top
plot is the finite volume in the top of the calciner,
while the bottom plot is the finite volume in the
bottom of the calciner.

Al503/s, 2.3 kg FeaO3/s, and 11.2 kg C2S/s at 850°C. The
fuel and air inflow is 3.4 kg carbon/s, 1.5 kg Ny /s, and 0.5
kg Oz /s at 60°C. In addition, the calciner receives a kiln
gas inflow of 6.7 kg CO2/s, 19.6 kg No/s, 1.9 kg Oy /s, 0.4
kg Ar/s, and 0.2 kg HoO/s at 1100°C, and a 3rd air intake
of air at 950°C with 0.1 kg COs/s, 25.7 kg No/s, 7.9 kg
O2/s, 0.5 kg Ar/s, and 0.2 kg HoO/s. The temperature of
the ambient environment is 25°C. Appendix A provides
the parameters and physical properties.

4.1 Manual model calibration

Selected reaction rates are manually calibrated to qaulita-
tively fit the model to operational data. The calcination
reaction rate, r1, was adjusted by a factor of 270 to give a
90.0% conversion of CaCO3 to CaO. The main combustion
reaction rates, rg and rg, were adjusted to obtain a suit-
able outflow temperature in the range of 850-900°C. We
obtained an outlet temperature of 887.5°C by adjusting rg
by a factor of 5 x 10° and 79 by a factor of 60.

4.2 Dynamic simulation

Fig. 3 and Fig. 4 illustrate the dynamic behavior of the
model. Fig. 3 shows the solid molar concentrations and
Fig. 4 shows the temperatures. In this simulation, the
system settles to a steady state in 30-40 min. The mixture
and refractory wall temperatures increase rapidly from
400°C to 900-1000°C along the calciner. Right after the
ignition point at 1.6 s, the model exhibit non-monotonic
behavior. Otherwise the behavior is monotonic approach-
ing the steady states. The calcination process occurs when
sufficient heat is released by the combustion.
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Fig. 4. The temperature of the of the gas solid mixture,
the refractory temperature, and wall temperature
during the 60 min operation of the calciner. The
temperatures are illustrated as function of position
and time. Note that the time axis is logarithmic.

4.3 Steady-state simulation

Fig. 5 shows the steady-state mass flow of all compounds
in the calciner. The calcination process occurs rapidly
within the first 10 m where most of the CaO is pro-
duced. Similarly, the combustion produces CO from the
fuel in the lower part of the calciner. This CO is sub-
sequently consumed in the COs forming reactions. The
CaCOgs conversion were obtained by manual calibration
of the model parameters. The gas compositions can be
used to evaluate the qualitative correctness of the steady
states. Typical practical operations conditions would be
about 35% COs and about 3% Os with the rest being
primarily Ns. The model produced the steady-state outlet
composition: 37.17% CO,, 59.74% Na, 1.42% O, 0.77%
Ar, 0.00% CO, 0.00%C, 0.82% H50, and 0.08% H,. Hence
the fuel is completely consumed and that the level of CO,
is in the right range (slightly higher than the practical
operation). Correspondingly, the Og level is also in the
right range (slightly lower than the practical operation).

5. CONCLUSION

In this paper we presented an index-1 DAE model for
the calciner in the pyro-section of a cement plant. The
model can be used for dynamical and steady-state simu-
lation of the calciner. By manual calibration, the model
is able to provide simulation results that qualitatively
matches practical operation. The model is the result
of a systematic modeling procedure that involves flow
pattern, geometry, thermo-physical properties, transport-
phenomena, stoichiometry and kinetics, mass and energy
balances, and algebraic relations for the volume and the
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Fig. 5. The steady-state mass flows of gasses and solids
along the height of the calciner. Most of the calcina-

tion occurs in the first 10 m of the calciner.

internal energy. The calciner model will be connected with
models for the pre-heating cyclones, the rotary kiln, and
the cooler such that the pyro-section of a cement plant
can be dynamically simulated. Such a model is important
for model-based design and development of control and
optimization systems for the pyro-section of cement plants.
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Appendix A. PHYSICAL PROPERTIES

Table A.1-A.4 provide the parameters and physical prop-
erties. Table A.1 shows the parameters for the kinetic
expressions. Table A.2 and Table A.3 shows literature data
for the solid and gas material properties.

The molar heat capacity of CaCOj is (Jacobs et al., 1981)

cp = —184.79 +0.32- 10737 — 0.13 - 107°7*
J (A1)

~3.69- 10572 5Tz T
3.69 - 10 +I8BATE [

for 298-750 K.

The specific heat capacities of the remaining components
are computed by (Svensen et al., 2024)

cp = Co+ C1T + CoT? (A.2)
and Table A .4 reports the corresponding parameters (Cp,
C1,C2).

Table A.1. Reaction rate coefficients of gasses
from the open literature.

Table A.3. Material properties of the gasses.

Unit kr n E 4 aq a2 a3 B2
rne | ZE 108 0 [ 1757 | 1 0 0] o
rof r?‘ggs 107 0 240 2 1 0 0
r3? r?‘gl‘s 10° 0 420 1 1 0 0
r4% :?‘53 108 0 310 3 1 0 0
r5® ?‘fs 108 0 330 4 1 1 0
re® Eg‘? 7.0 - 10% 0 66.5 11 11 0 0
re€ | 10 2.8 - 108 0 83.7 1 1 0 0

m
rgd | 2 1.4-106 | 0.5 | 295.5 1 1 0 0
ro¢ | L | 88-10M1 | 0 239 | 0.5 | 0.5¢ 0 0
r10f 1 2.6 - 108 0 237 0 0 0 | 06
r11d i 3.1-108 0 215 0 0 0 | 04

Thermal Molar diffusion
Conductivity® | mass® Viscosity® Volume®
Units mK_jnW mi;)l puPa s cm?
16.77 (300K) 15.0 (T=300K)
CO2 70.78 (1000K) 44.01 41.18 (1000K) 16.3
25.97(300K) 17.89(300K)
No 65.36(1000K) 28.014 41.54(1000K) 18.5
26.49(300K) 20.65 (300K)
O2 71.55(1000K) 31.998 | 49.12 (1000K) 16.3
17.84 (300K) 22.74(300K)
Ar 43.58 (1000K) | 39.948 55.69(1000K) 16.2
25(300K) 17.8(300K)
CO 43.2(600K) 28.010 29.1(1000K) 18
Csus - 12.011 - 15.9
609.50(300K) 853.74(300K)
H2O | 95.877(1000K) | 18.015 | 37.615(1000K) 13.1
193.1 (300K) 8.938(300K)
H> 459.7 (1000K) 2.016 20.73 (1000K) 6.12

All B1, B3 is zero and the unit of the activation energy E 4 is %],

I Unclear in source, ¢ Mastorakos et al. (1999), ® Guo et al. (2003),
¢ Jones and Lindstedt (1988), ¢ Karkach and Osherov (1999),
¢Walker (1985), fBasu (2018)

Table A.2. Material properties of the solids.

Thermal Molar
Conductivity | Density mass

Units % cxiB ﬁ
CaCOs3 2.248¢ 2.71° 100.09°
CaO 30.1¢ 3.34b 56.08°
SiO2 1.4%:¢ 2.65° 60.09°
AloO3 | 12-38.5¢ 36 3.99b 101.96°
Fez 03 0.3-0.37¢ 5.25% 159.69°
CaS 3.45+0.2¢ 3.314 172.249
Cs3S 3.3540.3¢ 3.13¢ 228.320
C3A 3.74+0.2¢ 3.04% 270.19°
C4AF 3.17+0.2¢ 3.7-3.97 | 485.979

@ from Green and Perry (2008), ® from Rumble (2022),
¢ from Ichim et al. (2018), ¢ from Abdolhosseini Qomi et al. (2015),
€ from Du and Ge (2021), f from Bye (1999),
9 Computed from the above results
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@ from Rumble (2022), ® from Poling et al. (2001)

Table A.4. Molar heat capacities.
Temperature
Co Cy Ca range
: J 10-3J 10-°J

Units mol-K mol-K?2 mol-K3 K
CaOP 71.69 -3.08 0.22 200 - 1800
SiOg? 58.91 5.02 0 844 - 1800
AloO3% | 233.004 | -19.59 0.94 200 - 1800
Fex 03¢ 103.9 0 0 -
CaS? 199.6 0 0 1650 - 1800
C3Sb 333.92 -2.33 0 200 - 1800
C3Ab 260.58 9.58/2 0 298 - 1800
C4AF? 374.43 36.4 0 298 - 1863
CO2® 25.98 43.61 -1.49 298 - 1500

No 27.31 5.19 -1.55e-04 298 - 1500

02 25.82 12.63 -0.36 298 - 1100

Ar?® 20.79 0 0 298 - 1500

co“ 26.87 6.94 -0.08 298 - 1500
Csus® -0.45 35.53 -1.31 298 - 1500
H20¢ 30.89 7.86 0.25 298 - 1300

Ho? 28.95 -0.58 0.19 298 - 1500

et al. (2020), ¢ from Rumble (2022)

@ coefficient from Jacobs et al. (1981), b coefficients from Hanein



