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A dynamic model of a multiple hearth kaolin calciner has been developed and is presented in this article. This model
describes the physical-chemical phenomena taking place in the six furnace parts: the solid phase, gas phase, walls,
cooling air, rabble arms, and the central shaft. The solid phase movement, in particular, is described by a novel mixing
model. The mixing model divides the solid bed in a hearth into volumes and the distribution of their contents, after one
full central shaft rotation, is identified by the pilot experiments. First, the model is validated by the industrial data, and
then the dynamics of the multiple hearth furnace is studied by introducing step changes to the three manipulated varia-
bles: the feed rate, and the gas, and air flows supplied. The responses of the gas phase temperature and solid bed com-
ponent profiles are analysed and the results are discussed. VC 2015 American Institute of Chemical Engineers AIChE J,

61: 3683–3698, 2015
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Introduction

Multiple hearth furnaces (MHF) are widely used in industry

for the calcination of clay minerals, such as kaolin.1 Calcina-

tion enhances the properties of kaolin ensuring its applicability

for a wide variety of products, such as paper, rubber, paint,

and refractory items.2 However, mineral processing continues

to provide challenges particularly in the area of maintaining

efficient process operations.3 Specifically, growing global

competition in the mineral processing industry has increased

the need for higher grade products. To improve the quality of

calcined kaolin, more knowledge is needed on the solid tem-

perature profile inside the furnace4 and on the physicochemi-

cal phenomena occurring during calcination. Mechanistic

models have proven to be an excellent tool for gaining deeper

understanding of processes and their behavior.5–7 The devel-

opment of mechanistic models is supported by the numerous

studies of the reactions related to kaolin calcination. For exam-

ple, the fundamentals of kaolin calcination and classification

of different calcined kaolin grades have been previously intro-

duced in Murray.2,8 Furthermore, the kinetics of kaolin calci-

nation was examined by Ptacek et al.,9,10 while both Langer11

and Castelein et al.12 have analyzed the influence of the heat-

ing rate on the properties of calcined kaolin. Additionally,

industrial experiments with tracer materials were used to study

the residence time distribution in the furnaces used for calcina-

tion, such as the MHF1 and rotary kilns.13,14

Despite the abundance of research examining the calcina-

tion reactions, significant research is still required to quantita-

tively describe the phenomena occurring in the MHF calciner.

In the literature, several mathematical models with necessary

elements have been reported. Meisingset and Balchen15 devel-

oped a steady-state mechanistic model for a single hearth

rotary coke calciner, which outlined mass and energy balance

equations for the coke bed, gas phase, and the lining. Martins

et al.16 described a one-dimensional steady-state model of the

petroleum coke calcination in a rotary kiln that predicts the

temperature profiles for the bed, gas phase, and the kiln wall

in the axial direction. Additionally, it also predicted the com-

position profiles for the gas and solid phase. The model

included rheological characteristics of the system of particles

for modeling the axial flow of the bed. Voglauer and J€orgl17

presented a dynamic model of a multiple hearth furnace used

for the roast process to recover vanadium consisting of a mass

transfer model, thermodynamic model, and a chemical model

for the characterization of decisive states like mass, tempera-

tures and the concentrations of sodium, and soluble and insol-

uble vanadium, respectively. Liu and Jiang18 have also

developed a mathematical model involving the mass and heat

transfer in a continuous plate dryer. The authors presented

equations to calculate the key parameters of the solid mass

transfer model, such as the height and the volume of each

granular heap, and retention time in the dryer. The study

showed that the optimization of a plate dryer should
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concentrate on maximizing the effective covering ratio of the
plates. More recently, Ginsberg and Modigell19 developed a
dynamic model of a rotary kiln used for the calcination of tita-
nium dioxide. The overall heat transfer phenomena and the
reactions occurring in the process were described. The model
was validated by a dynamic test case representing a 15-day
period of plant operation and the work succeeded in proving
that the dynamic behaviour of a furnace can be modelled with
quantitative accuracy.

The aim of this article is to present the development of the
dynamic model describing kaolin calcination in a MHF oper-
ated by a UK plant. In the model, the solid bed in a hearth is
divided into volumes, as presented earlier by Meisingset and
Balchen,15 as the temperature difference through a solid bed in
a hearth is over 1508C. The solid phase movement, particu-
larly, is described by a novel mixing model which offers a
simple and computationally efficient way to describe the solid
dynamics. In addition to dividing the solid bed in a hearth into
volumes, the mixing model provides the distribution of their
contents, after one full central shaft rotation, identified by the
pilot experiments. The pilot experiments were not conducted
in the abovementioned modelling papers, even though they
provide the essential information regarding the residence time
distribution of the solid phase between different hearths,
which is necessary to properly describe the phenomena taking
place in the furnace. The research outlined here is part of a
project aiming at the development of model-based state esti-
mation, monitoring, and control of the furnace, based on the
knowledge of the physical-chemical phenomena taking place
in the process. In fact, the implementation of advanced control
of the furnace plays the key role in improving the final product
quality. This article comprises of the following. First, the kao-
lin calcination process in a MHF is described in Section
Description of Kaolin Calcination in a Multiple Hearth Fur-
nace, while Section Dynamic Model of a Multiple Hearth Fur-
nace presents the physical and chemical relationships for the
calcination reactions, and the equations for the heat and mass
transfer phenomena within the furnace. Section Calculating
Model Parameters from the Experimental Data introduces the
experimental work used to determine the parameters of the

calcination reactions and the mixing model. Section Estima-

tion of Parameters and Model Validation introduces the esti-

mation of the model parameters that cannot be calculated from

the physical-chemical laws and also reports the steady-state

temperature and solid bed composition profiles and presents

the model validation results. In Section Dynamic Behavior of

the MHF, the dynamic behaviour of the MHF model is ana-

lysed and finally, Section Conclusions concludes the article.

Description of Kaolin Calcination in a Multiple
Hearth Furnace

The MHF studied in this article consists of eight hearths and

it has counter-current solid and gas flows. The heat required

for calcination is supplied to the furnace through four tangen-

tially aligned methane burners located on Hearths 4 and 6. The

temperature in the “fired hearths” is controlled by varying the

fuel gas flow, which determines the amount of combustion air.

The furnace walls are constructed of bricks and enclosed by a

cylindrical steel shell with refractory lining. Figure 1 presents

the cross-sectional view of the furnace.
The material flow through the furnace is stirred spirally and

moved across the hearths by a centrally located vertical rotat-

ing shaft carrying arms with rabble blades. Four arms are used

on each hearth, and each arm carries three to five rabble

blades, while material is fed into the top hearth through a sin-

gle inlet from the weigh feed hopper to the periphery of the

hearth. On the odd numbered hearths, the material is stirred by

the rabble blades toward the centre of the hearth, and the mate-

rial drops down to the next hearth from the centre through a

single annulus around the shaft. In contrast, the material on

the even numbered hearths is moved outward to be dropped

through the drop holes at the periphery of the hearth to the fol-

lowing hearth. The stirring pattern is repeated until the lowest

hearth is reached, from which the calcined product is extracted

through the two exit holes.
During calcination, kaolin undergoes four physical-

chemical processes presented in Ref. 9. First the evaporation

of the free moisture occurs (T� 1008C)

H2O lð Þ ! H2O gð Þ (1)

Next, kaolin undergoes a dehydroxylation reaction, in

which the chemically bound water is removed and amorphous

metakaolin is formed at 450–7008C

Al2O3 � 2SiO2 � 2H2O! Al2O3 � 2SiO212H2O gð Þ (2)

The third physical-chemical process involves a reaction

leading to the transformation of metakaolin to the “spinel

phase” by exothermic recrystallization at 925–10508C.

2 Al2O3 � 2SiO2ð Þ ! 2Al2O3 � 3SiO21SiO2 amorphousð Þ (3)

In the fourth and final process, the nucleation of the spinel

phase occurs and the material transforms into mullite at tem-

peratures above 10508C

3 2Al2O3 � 3SiO2ð Þ ! 2 3Al2O3 � 2SiO2ð Þ15SiO2 (4)

Mullite is hard and abrasive, and as a result it can cause

damage to process equipment.4 The desired final consistent

product which is within the specification limits has both a low

mullite and metakaolin content. The differential scanning cal-

orimetry (DSC) and thermo gravimetric (TGA) curves pre-

senting the kaolin calcination are given in Figure 2.

Figure 1. Cross-sectional picture of the multiple hearth
furnace with direct fire burners.
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Dynamic Model of a Multiple Hearth Furnace

In this modeling work, the MHF is divided to six parts: the

solid bed, gas phase, walls, central shaft, rabble arms, and the

cooling air. The overall mathematical model of the furnace

includes the reaction kinetics for the four reactions outlined

earlier, as well as models for the mass transfer and heat trans-

fer mechanisms for each of six parts. In addition, equations for

calculating the temperature dependent parameters, such as the

heat capacities of the gas components, the gas emissivities,

and the solid bed emissivities, are incorporated in the model.

The solid bed and the gas phase both have five components:

the solid bed includes kaolin, water, metakaolin, spinel phase

(product), and mullite (offspec), whereas the gas phase

includes methane, oxygen, nitrogen, water, and carbon diox-

ide. The first three subsections present the modeling equations

and then Subsection Solution procedure for the MHF model

introduces a summary of the solving procedure.

Modeling of the calcination reactions and methane
combustion

The four reactions presented in Eqs. 1–4 occur in the solid

bed and the reaction rate Ri of each reaction is described by

the Arrhenius equation Ri ¼ kiCi ¼ Aie
-

EA;i
RT Ci

� �
. The fre-

quency factors and activation energies of each reaction are

selected by fitting the reaction rate curves to the DSC and

TGA curves of kaolin, as further explained in Section Deter-

mination of the reaction parameters.
The burning of methane is assumed to be incomplete proxi-

mal to the burners and the heat provided is distributed along

the gas phase in the hearths. Equation 5 presents the combus-

tion reaction of methane

CH4 gð Þ12O2 gð Þ ! CO2 gð Þ12H2O gð Þ (5)

The amount of combustion energy (DHcombust) that the reac-

tion provides is given by the lower heating value of 802 kJ/mol.

Modeling of solids and gas phase mass transfer

A few simplifying assumptions have to be made to model the

mass transfer inside the furnace. First, the solid bed on each

hearth is split into 4 (Hearths 3 to 8) or 5 (Hearths 1 and 2)

homogenous annular volumes according to the furnace rabble

arm configuration. Second, the volumes are assumed to be iden-

tical in width in the radial direction and the mass content. Third,

the mixing model assumes that one full shaft rotation distributes

the contents of a volume between the original volume and its

neighbor volumes (one of which is the next and the other is the
previous). The distribution of solid among the three volumes is
determined by the experimental tests which are described in
Section Determination of the solid bed movement matrix D and
in addition, the density of the solids is assumed to remain con-
stant. Under these assumptions, it is proposed in this work to
calculate the solid mass distribution after one time step (repre-
senting a full central shaft rotation) with Eq. 6

mj
t11 ¼ Dj � mj

t-R
j
r;t

� �
1mj

feed;t (6)

where the mass movement matrix D describes the distribution
of the contents of each compartment mj

t after one central shaft
rotation in the hearth j, Rj

r;t and mj
feed;t denote the mass loss in

the solid phase in Hearth j and the feed to the Hearth in one
central shaft rotation. Specifically, the column i represents the
distribution of volume i between the volumes of the hearth. In
other words, element Dji is the share of content of volume i
moving to volume j in one central shaft rotation. Thus, the col-
umns of the matrix sum up to unity, except the column repre-
senting the exit volume of the hearth. Moreover, because of
the assumption that solids in a certain volume are distributed
between the current volume and its neighbor volumes after
one rotation, the matrix D has three nonzero central diagonals.
Thus, the central diagonal represents the contents staying in
the same volume, whereas the upper and lower diagonals indi-
cate the proportion of solid moving inward and outward,
respectively. Recalling Eq. 6, the feed to a hearth can be found
as the exit from the previous one as follows

mj
feed;t ¼ 12RDK

j21

� �
mj21;K

t 2Rj21;K
r;t

� �
(7)

where K is the exit volume of hearth j21 and DK
j21 is the col-

umn K of matrix Dj21.
The solid bed movement matrix is generated for each hearth

individually. As an example, it is proposed in this work to
define the solid bed movement matrix of the upmost hearth
according to Eq. 8. The parameter a is introduced to describe
the net forward flow through a hearth, which is the feed rate
minus the mass loss caused by evaporation and dehydroxylation
reactions. The upper diagonal matrix elements a1 present the
full forward flow from the current volume to the next volume
during one full central shaft rotation. Thus, the lower diagonal
matrix elements (a1 – a) present the backward flow equal to the
difference of the full forward and the net forward flows. In Eq.
8, the parameter a is only present in the second and third vol-
ume since the feed is introduced to volume 4 and the direction
of flow is in the descending order of volumes on the first hearth

D1 ¼

12a1

a12a

0

0

0

a1

122 a11a

a12a

0

0

0

a1

122 a11a

a12a

0

0

0

a1

122 a1

a1

0

0

0

a1

12a1

(8)

The gas phase in the model is assumed to be ideal and the
pressure inside the furnace atmospheric. As was the case with

Figure 2. DSC and TG curves of kaolin.
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the solid bed, also the gas phase on a specific hearth is divided
into 4 or 5 homogenous annular volumes, with the number of
gas phase volumes in the hearth the same as the corresponding
number of solid volumes in the hearth. Additionally, the gas
phase volumes are assumed to be uniform regarding composi-
tion and temperature. The gas phase has a very short residence
time in the furnace, and its temperature follows the steady-
state values defined by the temperature profiles of the other
model parts, allowing, the gas phase to be described with a
steady-state model.

The gas phase mass balance equation (Eq. 9) is derived for
each primary gas component

_ni;in2 _ni;out2Ri ¼ 0 (9)

where ni;out denotes the amount of moles of component i leav-
ing a volume, Ri is the mass change of component i due to
reactions, and ni;in, denoting the incoming moles of component
i, is obtained from Eq. 10

nj
i;in ¼ cj11

i Fj (10)

where j is the number of the volume, Fj is the gas flow through
the hearth, and cj11

i is the concentration of component i in the
previous volume.

The total gas flow in Hearths 7 and 8 is equal to the draft
through the drop holes at the bottom hearth. The total gas
flow in Hearths 5 and 6 comprises of the combustion gas and
air fed to Hearth 6 as well as the gases from evaporation and
dehydroxylation, and the air flow from the previous hearth.
The total gas flow at Hearths 1 to 4 consists of the gas flow
from Hearth 5, the combustion gas and air fed to Hearth 4
and the gases from evaporation and dehydroxylation. The
real volumetric gas flow, Freal, on each hearth having differ-
ent temperature can be calculated according to the ideal gas
law as

Freal ¼ FNTP

Treal

TNTP

(11)

where FNTP is the volumetric flow computed assuming the
atmospheric temperature and pressure.

Modeling of the energy balances

In the model, the heat exchange is described between
solid and gas, solid and wall, gas and wall, wall and envi-
ronment, and gas and arms. In addition, heat is conducted
inside the walls in the radial horizontal direction and heat
exchange exists between the cooling air, the central shaft,
and the rabble arms. In the model, heat exchange between
the hearth bottom surface and the solid bed, and heat con-
duction inside the solid bed are neglected. Furthermore, the
bed volumes are assumed to be homogenous in temperature.
The model considers energy balances for the gas phase,
walls, the central shaft, rabble arms, cooling air, and for the
solid bed. The energy balance equations, containing the heat
flows, are first resolved after which the temperature values
can be acquired. The energy balance equation for the gas
phase is

_Qgas;in2 _Qgas;out1
_Qcombustion1 _Qgs1

_Qgw1 _Qgshaft1
_Qgarms ¼ 0

(12)

where _Qgas;in and _Qgas;out denote the enthalpy of the incoming
and the outgoing gas flows, _Qcombustion is the energy released
by the combustion, and the last four terms in the left side of

Eq. 12 represent the heat exchange of the gas phase with the

solid, walls, central shaft and the arms.
The molar heat capacities of the incoming and exiting gas

components are calculated as a function of temperature as pre-

viously outlined in Ref. 20. The combustion energy is calcu-

lated using Eq. 13

_Qcombustion ¼ bi _nmethaneDHcombust (13)

where bi is an estimated combustion ratio, which is

described in more detail in Section Estimation of Parame-

ters and Model Validation, nmethane denotes the methane feed

rate, and DHcombust is the specific enthalpy of the methane

combustion.
The direct heat transfer between the solid bed and the gas

phase _Qgs occurs by both radiation and convection

_Qgs ¼ rXsAgseseg T4
g2T4

s

� �
1hcgsXsAgs Tg2Ts

� �
(14)

where r is the Stefan-Boltzmann constant, Ags is the area of

the Hearth bottom. The calculation of the solid and gas emis-

sivity es and eg is described in Section Solid bed and gas phase

emissivity and the determination of the heat transfer coeffi-

cient hcgs is presented in Supporting Information Appendix A,

which also describes the calculation of all the other heat

exchange coefficients. Xs is an estimated surface view factor,

which is outlined further in Section Estimation of Parameters

and Model Validation.
Heat transfer between the inner walls and the gas phase _Qgw

occurs by convection and radiation and the heat flux can be

written as in Meisingset and Balchen15

_Qgw ¼ rAgw

ew11ð Þ
2

eg T4
g2T4

w

� �
1hcgwAgw Tg2Tw

� �
(15)

where r is the Stefan-Boltzmann constant, Agw is the area of

the walls, ew and eg is the emmisivity of the walls and the gas,

Tg and Tw is the temperature of the gas and the walls, and hcgw

is the heat transfer coefficient. The radiation term is written as

described in Ref. 15 and the effective emissivity as presented

in Ref. 21.
To calculate the heat transfer between the gas, the central

shaft and the rabble arms, the central shaft is divided into eight

sections according to the hearths, so that each section has a

fixed temperature and there is no vertical heat exchange in the

shaft. The heat exchange flux between the gas phase and the

central shaft _Qgshaft, and between the gas phase and rabble

arms _Qgarms consist of the radiative and the convective heat

transfer terms, respectively

_Qgshaft ¼ rZAgshafteshafteg T4
gas2T4

shaft

� �

1hcgshaftZAgshaft Tgas2Tshaft

� � (16)

_Qgarms ¼ rAgarmsearmseg T4
gas2T4

arms

� �

1hcgarmsAgarms Tgas2Tarms

� � (17)

where r is the Stefan-Boltzmann constant, Agshaft and Agarms is

the area of the central shaft and the arms, eshaft, earms, and eg

are the emissivity of the shaft, the arms and the gas, whereas

Tshaft, Tarms, and Tg are the temperature of the respective model

parts, hgshaft and harms are the heat transfer coefficients, and Z
is an estimated constant describing the insulation of the central

shaft, which is further explained in Section Estimation of

Parameters and Model Validation.
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The energy balance equation for the walls is given by

@Qw

@t
¼ _Qwg2 _Qws2

_Qwa (18)

where Qw is the heat accumulated in the walls, and _Qwg and
_Qwa denote the heat exchange between the walls and the gas,

and the walls and the ambient air. The heat transfer between

the solid bed and the walls _Qws occurs only by radiation since

the two surfaces are not connected to each other. The radiative

heat flux is computed according to Ginsberg and Modigell19

_Qws ¼ rXsAswesw T4
w2T4

s

� �
(19)

where r is the Stefan-Boltzmann constant, Xs and Asw are the

form factor of the solid surface and the area of the Hearth bot-

tom, and the emissivity between the solid bed and the walls

esw is affected by the gas phase emissivity and its calculation

is described in Supporting Information Appendix A. The heat

transfer between the outer wall and the ambient air _Qwa con-

sists only of a convective term as the radiative term is

neglected due to the relatively low outer wall temperature

_Qwa ¼ hcwaAwa Tambient2Touter wallð Þ (20)

where Awa is the surface of the outer layer of the furnace wall,

Tambient and Touter wall is the temperature of the ambient air and

the outer layer of the wall, and hcwa is the heat transfer coeffi-

cient. In order to describe the conductive heat transfer inside

the wall and to calculate its temperature profile, the furnace

wall is divided into eight sections according to the hearths, so

that each section has an individual temperature and there is no

vertical heat exchange in the wall. The calculation of the wall

layer temperature is further discussed in Supporting Informa-

tion Appendix A.
The equation describing the heat in the central shaft Qshaft

and the rabble arms Qarms are provided by

@Qshaft

@t
¼ _Qgshaft2

_Qshaft;cool (21)

@Qarms

@t
¼ _Qgarms2

_Qarms;cool (22)

where the heat exchange between the gas and the shaft and

arms is denoted by _Qgshaft and _Qgarms, respectively. The heat

transfer between cooling air and the central shaft _Qshaft;cool and

the rabble arms _Qarms;cool consist of the radiative and the con-

vective heat transfer terms, respectively

_Qshaftcool
¼ rAshaftcool

eshaft T4
shaft2T4

cool

� �

1hcshaftcool
Ashaftcool

Tshaft2Tcoolð Þ
(23)

_Qarmscool
¼ rAarmscool

earms T4
arms2T4

cool

� �

1hcarmscool
Acarmscool

Tarms2Tcoolð Þ
(24)

where r is the Stefan-Boltzmann constant, Ashaftcool
and Aarmscool

are the area of the central shaft and the arms, eshaft and earms is

the emissivity of the shaft and the arms, whereas Tshaft, Tarms,

and Tcool are the temperature of the respective model parts,

hcshaftcool
and hcarmscool

are the heat transfer coefficients.
The energy contents of the cooling air Qcooling air is described

by Eq. 25

@Qcooling air

@t
¼ _Qcooling air;in1 _Qarms;cool1

_Qshaft;cool

2 _Qcooling air;out

(25)

where _Qcooling air;in and _Qcooling air;out are the enthalpy of the

cooling are entering and leaving the volume, whereas
_Qshaft;cool and _Qarms;cool denote the heat exchange power

between the cooling area and the central shaft and the arms,

respectively.
Finally, the solid phase energy balance equation is written

as

@Q

@t
¼ _Qmass;in2 _Qmass;out2

_Qreactions2
_Qevaporation1 _Qsw1 _Qsg

(26)

where Q denotes the enthalpy of the solid contents of a volume,
_Qmass;in and _Qmass;out represent the energy in the solid entering

and leaving the volume, _Qreactions and _Qevaporation describe the

enthalpy of the chemical reactions taking place in the solid phase

and free water evaporation, whereas the last two terms in Eq. 26

represent the heat exchange between the solid bed and the walls,

and the solid bed and the gas. When considering the solid bed

movement during one time step (one central shaft rotation), the

energy in each solid bed compartment can be calculated using

Eq. 27, in a similar way as previously outlined in Eq. 6

Qj;k
t11 ¼ Dj � Qj;k

t 1Qfeed;t (27)

For each component in the solid phase, the heat capacity is

assumed to be constant, see Table 1.
Solid bed and gas phase emissivity. The solid bed con-

sists of kaolin which consists mainly of a mixture of alumin-

ium oxide and silicon oxide. The literature values for the

emissivity of aluminium oxide and silicon oxide at various

temperatures are given in Ref. 23–25. From them a correlation

between the emissivity of the kaolin esolidbed and the tempera-

ture Tsolidbed is determined (see Supporting Information

Appendix B) and the derived result is given in Eq. 28

esolidbed ¼ 2:10 � 1027 � T2
solidbed 2 0:00064 � Tsolidbed 1 0:88

(28)

The gas emissivity in Hearths 1 to 6 is affected by the water

and carbon dioxide content and the temperature of the gas

phase. Other gas phase components are not considered as they

all are small two atomic components and as such, do not affect

the radiation properties of gas.21 The gas phase in Hearths 7

and 8 is close to the air, having little content of water and car-

bon dioxide, and therefore, the emissivity can be estimated as

0.1–0.13 according to Ref. 21. However, this value is

increased by the solid particle presence in the gaseous phase.

Thus, it was decided to estimate the effective emissivity of the

gaseous phase in Hearths 7 and 8 as 0.2, which allowed to

achieve reasonably low temperature of the solid leaving the

furnace. The gas phase emissivity, calculated according to

Perry and Green21 (Table 5.7), are summarized in Table 2.

Solution procedure for the MHF model

The developed model contains differential, algebraic and

the difference (discrete-time) equations representing the mix-

ing model, and therefore, a standard DAE (differential-alge-

braic equations) solver cannot be applied. Instead, a special

solving algorithm has been tailored for the developed model

taking into account the different time scales of the dynamics

of the model parts. In more detail, the time step of the solver is

naturally limited by one full central shaft rotation, which

makes the first-order Euler method very accurate for describ-

ing the slow dynamics of the solid phase and the wall

AIChE Journal November Vol. 61, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 3687



temperature. Therefore, higher order methods, like Runge-
Kutta are not required. Taking into account the slow dynamics
of the solid phase and the wall temperature, the energy balance
of the fast gaseous phase is resolved separately (before) com-
puting the balance for the slower phases, which results in

avoiding iterations and reducing computations. Furthermore,
the gaseous phase has to be resolved after computing the solid
phase mass balances, providing the amount of water trans-
ferred from the solid to the gas phase. Finally, computing the
mass and energy flows between the model parts only ones per
time step is necessary to achieve the mass and energy conser-
vation in the solution, which is frequently even more impor-
tant in practice than reaching a higher order of the solving
procedure. In summary, the solving procedure presented in
Figure 3 was developed utilizing theoretical considerations to
avoid unnecessary iterations and higher-order solving proce-
dures and as a result, the implemented solver is able to simu-
late a day of real time in about 2 min on an average PC.

The solution procedure for the MHF model consists of five
main steps. First, the reaction rates are calculated using the
reaction parameters obtained from the experimental data.

Table 1. The Heat Capacities of the Solid Components

Component
Heat Capacity

(kJ/kg K) Reference

Water 4.18 Perry and Green21

Kaolin 1.16 Schieltz and Soliman22

Metakaolin 1.19 Schieltz and Soliman22

Spinel phase 0.93 Obtained experimentally
in the plant

Mullite 1.11 Schieltz and Soliman22

Table 2. The Calculated Gas Phase Emissivity

Hearth 1 2 3 4 5 6 7 8

e 0.34 0.32 0.3 0.27 0.27 0.23 0.2 0.2

Figure 3. Scheme of the solution procedure for the MHF model.
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Second, the solid mass balance is computed, which requires

the mixing model. Third, the mass and energy balances of the

gas phase are solved using the estimated parameters, such as

the burning ratios, solid bed surface view factors and the extra-

neous air flow to Hearth 8. The next step consists of energy

balance calculations for the walls, cooling air, central shaft,

and the rabble arms. The fifth and final step solves the energy

balance of the solid bed by combining the heat fluxes deter-

mined in the previous steps by utilizing the mixing model. The

model solution cycle is presented in Figure 3 summarizing the

mass and energy flows between the model parts and the usage

of the current model states. In addition, Figure 3 shows in

which step the experimentally determined and the estimated

parameters are used in the calculations.
During one solution cycle, representing one full rotation of

the central shaft, the solving procedure calculates the current

states of the six model parts (the solid phase, gas phase,

walls, cooling air, rabble arms, and the central shaft). The

first step, the computation of the reaction rates in the solid

phase, is done by direct calculations using the current tem-

perature profile distribution. In the second step, the solid bed

mass balance is solved using the computed reaction rates and

the experimentally determined mixing model. After the first

two steps, the energy produced by the reactions in the solid

bed, the energy flows caused by the convection in the solid

bed and the water transferred to the gas phase are available.

In the next step, the water transferred to the gas phase is first

used to calculate the mass balance, and subsequently the

energy balance of the gas phase is determined. Specifically,

the steady-state values of the heat fluxes between the gas

phase and other model parts are calculated by solving alge-

braic equations achieved by an interval division method.

Subsequently, the fourth step involves solving the tempera-

ture profiles of the walls, central shaft, rabble arms and the

cooling air using the obtained heat fluxes. Finally, the last

step of the solution cycle combines the heat fluxes in the

solid bed, the heat exchange between the solid bed and other

model parts, and the composition of the solid bed to calculate

its energy balance and temperature profile through the fur-

nace. In these last two steps, Euler’s method is employed.

The solving algorithms have been implemented in MATLAB

environment. The solving procedure is developed to compute

the mass and energy flows between the model parts once dur-

ing a solution cycle. Thus, while resolving the balance equa-

tions of two model parts, the same value of the mass and heat

flow between them is used. A conservative solution scheme

is attained and the mass and energy conservation is achieved
in the solution.

Calculating Model Parameters from the
Experimental Data

Determination of the reaction parameters

The reaction parameters, namely the frequency factor and
activation energy of the Arrhenius equation, were determined
for the four reactions (Eqs. 1–4) by identifying the reaction
rate curves from the experimental data provided by the com-
pany operating the furnace. The experimental reaction data
obtained by using the DSC and TGA is shown in Figure 2.
The reaction parameters were determined by approximating
the reaction rate curves while using a heating rate of 408C/
min. Table 3 lists the obtained values of the kinetic parameters
and the values of the reaction enthalpies, as well as the
kinetics found in the literature.

Regarding the evaporation of free water, both Meisingset
and Balchen15 and Martins16 refer to the kinetics defined by
Lions et al.,26 which are provided in Table 3. Assuming the
constant heating rate of 408C/min, these reaction kinetics and
the kinetics used in this article result in a similar fraction of
unreacted component, as confirmed by Figure 4.

The kinetics of the dehydroxilation reaction have been
investigated by a number of authors, who have conducted
numerous experiments at different temperature ranges and
using kaolin samples with varying properties. Bellotto et al.27

observed a significant difference between the kinetics of the
dehydroxylation reaction for ordered and disordered kaolin
samples. Moreover, the reaction rate obtained by Bellotto
et al.27 was 100 times slower when compared with the results
of Criado et al.,28 which was explained by the approximately
10 times larger particle size in the latter case. In addition, dif-
ferent model orders (first, second, and third) and kinetic mech-
anisms were employed in the literature to describe the kinetics
at different conversion rates. As an example, Saikia et al.29

compared nine options to describe the reaction at the tempera-
ture range between 450 and 6008C, and Ptacek et al.10 esti-
mated Avrami exponent as 2.24. As a result, the kinetic
parameters obtained from the literature show a wide range of
variation. In this article, the kinetics were selected to describe
the experimental data provided by the plant. The obtained
reaction rate is slower compared with the ones proposed by
Criado et al.28 However, Criado et al.28 did not specify the
degree of kaolin structural disorder and considered the experi-
mental data up to the conversion rate of 0.6, which could cause

Table 3. Reaction Parameters of the Four Reactions Occurring During Kaolin Calcination

Reaction

Frequency
Factor
(1/s)

Activation
Energy
(kJ/mol)

Kinetic Parameters
Found in the Literature:

Frequency Factor A (1/s) and
Activation Energy E (kJ/mol)

Enthalpy of
the Reaction

(kJ/kg)

Evaporation 5 3 107 61.0 A 5 1.967 3 104, E 5 40.4 (Lyons et al.26) 2258.2
Dehydroxylation 1 3 107 145.0 A 5 2.83 3 108, E 5 157.1 (Criado et al.28) 891.0

A 5 8.33 3 103, E 5 108.9 (Bellotto27) – disordered kaolin
A 5 6.33 3 106, E 5 158.0 (Bellotto27) – ordered kaolin
A 5 9.57 3 108, E 5 196.8 (Saikia et al.29)
A 5 9.74 3 1010, E 5 195 (Ptacek et al.10), n 5 2.24

Spinel formation 5 3 1033 856.0 E 5 856 (Ptacek et al.9) 2212.9
E 5 700 – 727 (Silva et al.30)

Mullite formation 1 3 1017 522.0 A 5 4.93 3 1015, E 5 512.5 (Ptacek et al.31), H> 6 C/min 1301.7
A 5 1.83 3 1013, E 5 525 (Gualtieri et al.32)
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the difference in the obtained kinetic parameters. On the other

hand, the reaction rate used in the present study is faster than
the ones obtained by Bellotto et al.27 and Saikia et al.29

With respect to the formation of spinel phase, the kinetics

proposed by Ptacek et al.9 are used in this article, as it agrees

well with the experimental data provided by the plant. As an
alternative, Silva et al.30 obtained a slightly lower value for

the activation energy (700 – 727 kJ).
The mullite formation reaction was studied by Ptacek

et al.,31 who concluded that the activation energy of the reac-

tion depends on the heating rate H. According to these

kinetics, mullite formation activates at a temperature above
11008C, whereas the experimental results provided by the

plant show that the reaction should start at around 10508C.
Therefore, the activation energy proposed by Ptacek et al.31

was used to describe the reaction kinetics in this study,
whereas the frequency factor was increased in order to fit the

experimental data from the plant. Gualtieri et al.32 obtained a

similar value for the activation energy, however, the frequency
factor value is lowered by a larger particle size in the samples

used in the experiments. In addition, the effect of the kaolin
structural order on the reaction kinetics has been confirmed in

this study.

Determination of the solid bed movement matrix D

Material and methods. The main equipment used for the

testing includes a pilot scale furnace and a continuous weight
proportioner. The pilot scale multiple hearth furnace is a 1:12

ratio replica of the industrial furnace without heating equip-
ment. The rabble arm configuration is the same as it is in the

original multiple hearth furnace. The walls are made of Per-
spex allowing for the observation of the solid bed movement

and an Engelhardt continuous weight proportioner is used as

the feeder device. The feeding mechanism consists of rough
and fine streams separated by a weighing pan with the desired

feed rate can be entered to the feeder by accuracy of 10 grams
per hour. The material is fed from the container to the rough

feeding section. From there, the material is moved to the fine

feeding section through a weighing pan which discharges the
material to the fine feeding section in predetermined cycles.

The cycle time is adjusted to the desired feed rate and it is cal-
culated by the machine automatically.

The residence time distribution through the whole pilot fur-

nace was studied using tracer experiments. Sesame and corian-

der seeds were used as the tracing materials, as the bulk
density of the seeds is 592 kg/m3 for sesame and 338 kg/m3

for coriander, which is close to the bulk density of kaolin pow-
der (350 kg/m3). It was also noticed during the experiments
that the seeds were carried with the clay powder and their flow
pattern was similar.

The tracer experiments were executed using a feed rate of
70 g/min corresponding to the real feed rate of about 120 kg/
min. The rotation speed of the central shaft was 3 RPM. The
steps of the tracer experiments were the following: the pilot
furnace was operated to steady state; tracer material (100
grams) was weighed and dosed into the pilot over one minute.
Samples were collected from the two bottom drop holes; from
the drop hole A samples were taken every 5 min for the first
20 min, and then every minute thereafter, while from the drop
hole B, the samples were taken about every 7 min. After com-
pleting the sampling, the seeds were separated from the sam-
ples by sieving and weighted.

The mass distribution experiments were executed using a
feed rate of 70 g/min corresponding to the real feed rate of
about 120 kg/min. The rotation speed of the central shaft was
3 RPM. The steps of the mass distribution experiments were
the following: the pilot furnace was operated to the steady
state, and then feeder and the rabble arms of the pilot were
stopped. The furnace was subsequently disassembled and the
mass of the material on each hearth was weighed.

Experimental results and the determination of the solid
bed moving matrices. The movement of the solid bed was
studied to determine the residence time of every hearth. The

Figure 4. The fraction of unreacted components assuming the heating rate of 40 C/min.

Solid line denotes the reactions used in the present study, crosses – evaporation of water according to Lyons et al.,26 triangles –

dihydroxylation according to Criado et al.,28 diamonds – dihydroxylation according to Saikia et al.29 circles – mullite formation

according to Ptacek et al.9 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Mass distribution between the hearths from
the tests 1, 2, 3, and 4.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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mass distribution between the hearths was studied with a
pilot furnace. The shape of the residence time distribution
estimated from the pilot experiments fits perfectly to the dis-
tribution obtained by industrial experiments.1 However, even
if proper scaling has been selected, the mean residence time
obtained from the pilot experiments is slightly shorter com-
pared to the mean residence time measured in the plant.
Therefore, the residence time distribution obtained from the
experiments with the real plant has been utilized to estimate
the mixing matrix. Subsequently, using the residence time
distribution for the whole furnace and the mass distribution
between the hearths, the solid movement matrices were
defined.

The mass distributions obtained in the four experiments per-
formed are shown in Figure 5. Clearly, Hearths 3 and 7 have
the largest portions of kaolin, whereas Hearths 1 and 2 have
the smallest portions indicating that the material spends a rela-
tively short time on the first two hearths and a much longer
time on Hearths 3 and 7. The results of the four tests showed a
good correlation and are shown in Figure 5.

The net forward flow coefficients aj, used in the solid bed
movement matrix, were chosen to achieve consistency
between the experimental results and the mixing model pre-
diction of the mass distribution between the hearths and the
residence time distribution. The backward flow parameters
aj were selected to be 5% of the total net flow for Hearths 1
and 2, and 10% for the rest of the other hearths, since higher
values of the backward flow in the first two hearths are
inconsistent with the short residence time in these particular
hearths.

Figure 6 presents the resulting residence time distribution

according to the identified solid movement model and shows

the residence time distribution curve of the industrial experi-

ment. Comparison between the model and the industrial set-

ting shows that both of the curves are consistent. Additionally,

in both cases, the tracer starts reaching the outlet approxi-

mately 20 min after introduction into the system and the last

particles leave the furnace within 80 min.

Estimation of Parameters and Model Validation

Four different types of model parameters introduced in Eqs.

13, 14, 16, and 19 need to be determined from the experimen-

tal data. These four parameters are:
1. The burning ratios bi (at Hearths 4, 5, and 6 as shown in

Table 4) distributing the combustion energy obtained between

the different volumes, are identified from the process data. The

burning ratios are used for simplification of the complex fluid

dynamics calculation in the presence of combustion flame. In

fact, if all of the methane would be burned in the volume next

to the walls its temperature would increase too high.
2. Form and view factors Xs;i for the solid bed surface

areas, which describe the surface shape of the solid bed and

it is used to follow the energy transfer between the gas and

solid phases in each hearth i.
3. The central shaft has insulation, but its characteristics

are unknown. If the insulation is ignored in the model, the

Figure 6. The residence time distribution according to the mixing model matrices (left) and the tracer content in
the product during the industrial experiments1 (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 4. The Burning Ratios

Volume

1 2 3 4

Hearth 4 b1 3 (1 – b1)3 b1 3 (1 – b1)2 b1 3 (1 – b1) b1

5 b2 3 (1 – b2)4 (1 – b2)5 0 0
6 b2 3 (1 – b2)3 b2 3 (1 – b2)2 b2 3 (1 – b2) b2

Table 5. The Steady-State Inputs and Outputs used for

Model Adaptation

Variable Value

Feed rate 120 kg/min
Gas flow H4 3.684 kg/min
Air flow to H4 69.857 kg/min
Gas flow to H6 2.219 kg/min
Air flow to H6 39.69 kg/min
Cooling air flow 88.0 kg/min
Cooling air exit temperature 1608C
Product exit temperature 7508C

AIChE Journal November Vol. 61, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 3691

http://wileyonlinelibrary.com


cooling air temperature increases to an unrealistically high

value. Therefore, a heat exchange area multiplier Z is intro-

duced to lower the heat exchange between the central shaft

and the gas phase and between the rabble arms and the gas

phase. The multiplier Z can be estimated from the energy the

cooling air absorbs from the furnace since the amount of the

cooling air and its inlet and exit temperatures are known.
4. Extraneous air flow to Hearth 8 through the bottom drop

holes is unknown. This extraneous air flow is introduced for cool-

ing down the solid bed in Hearths 7 and 8, since no other mecha-

nisms for cooling are available. Specifically, it is known that the

solid bed reaches temperature up to 10508C at the end of Hearth 6

and the solids exit the furnace at a temperature around 7508C. This

information can be used to estimate the amount of the extraneous

air flow. In addition, it was confirmed from the operative person-

nel at the plant that there a draft through the drop holes exists.
For determination of these model parameters, the steady-

state process data from May 2013, at which the feed rate was

120 kg/min, was used. The steady values of the input variables

and the outputs (the exit temperature of the cooling air and the

product) are summarized in Table 5.
Next, the model parameters were estimated by minimizing

the sum of the mass and energy balance errors and the errors

between the model outputs and the actual measurement data.

Specifically, the modeling error minimization procedure was

conducted utilizing nonlinear least-squares as shown in Eq. 29

min
x; p

f1 xð Þ21f2 xð Þ2
� �

(29)

where p contains the burning ratios, form factors, insulation

multiplier and the extraneous air flow to Hearth 8, x represents

a model steady state, f1 denotes the error of the mass and

energy balances and f2 is the error between the output varia-

bles of the state x and the actual measured variables. The esti-

mated model parameters are given in Table 6.
The estimated parameter values were applied and a simula-

tion at the steady state was performed. The resulting tempera-

ture profiles of the solid bed and of the gas phase predicted by

the model are presented in Figure 7 with the measured values

of the gas phase temperatures next to the walls.

Figure 7 shows that in Hearths 1 and 2, the solids tempera-
ture rises to 1708C and only the evaporation of free moisture
occurs. This is because of the short residence time on these

Table 6. Values of the Estimated Model Parameters

Parameter b1 b2 Xs,1 Xs,2 Xs,3 Xs,4 Xs,5 Xs,6 Xs,7 Xs,8 Z Extraneous air to H8 (kg/min)

Value 0.77 0.5 0.52 0.46 1.9 1.34 1.39 0.5 1.28 0.56 0.72 34.78

Figure 7. The steady-state temperature profile of the MHF at the feed rate of 120 kg/h.

The x-axis presents the volumes of the solid and the gas phases organised in the order of the solid flow from top to bottom. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. The model simulation compared with indus-
trial measurement data.
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hearths observed from the mass distribution tests. When the
solids enter the third hearth, their temperature rises rapidly
and the dehydroxylation reaction begins. The metakaolin for-
mation reaction lasts until the second half of the fifth hearth,
by which time the solids temperature becomes increasingly
get higher. The “spinel phase” or the product starts to be pro-
duced in the middle of the sixth hearth, since the solids tem-
perature is high enough. Now, the exothermic reaction
increases the temperature even faster and also the endothermic
mullite formation reaction begins and leads to a cooling of the
solids. From the beginning of the seventh hearth, the solids
temperature decreases until the material exits the furnace at
7508C having a mullite content of approximately 5 mass-
percent.

Next, the dynamic model was validated using the industrial
data. Figure 8 presents the comparison of the gas phase tem-
peratures next to the walls in different hearths between the
model estimate and the industrial measurement data. In Hearth
6, the higher variability of the simulated temperature when
compared with the measured one can be explained by the fact
that the actual plant runs in a closed-loop and the temperature
in Hearth 6 is controlled, whereas the model is run as an open-
loop simulation.

Furthermore, two cases of feed rate step were used to vali-
date the model dynamics. The recorded feed rate and the gas
flows to the Hearths were used as the model inputs, and the

model prediction of the temperature in the key Hearths 4 and 6

were compared with the measured values. In the first case, pre-

sented in Figure 9, the feed rate was increased from 115 kg/

min to 120 kg/min, whereas the average gas flow to Hearths 4

and 6 raised from 3.68 kg/min to 3.71 kg/min and 2.05 kg/min

to 2.21 kg/min, respectively. In fact, the control strategy keeps

the gas temperature profile variations small during the transi-

tion. In the result, the gas temperature in Hearth 4 dropped

from 9608C to 9408C, whereas the temperature in Hearth 6 is

not affected by the transition much. As it can be seen from

Figure 9, the model prediction follows the measured tempera-

ture in the key Hearths 4 and 6. In the second case, presented

in Figure 10, the feed rate was increased from 115 kg/min to

120 kg/min, whereas the gas flow supply to Hearth 4 increases

from 3.58 kg/min to 3.70 kg/min. The temperature in Hearths

4 and 6 was kept stable during the transition, and the simulated

temperature accurately followed the measured values. As the

validation results show, the model is able to produce good esti-

mates of the current gas phase temperature and the model per-

formance can be evaluated as satisfactory.

Dynamic Behavior of the MHF

The dynamic behavior of the model was investigated to

study the effect of the process inputs on the reactions

Figure 9. The model validation with the first feed rate
step (the dashed lines in the temperature
plots denote the measured values, and the
solid lines denote the model prediction).

Figure 10. The model validation with the second feed
rate step (the dashed lines in the tempera-
ture plots denote the measured values, and
the solid lines denote the model prediction).

Figure 11. The response of the gas phase temperature
next to the wall in the feed rate increase
test.
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occurring in the solid bed and the process outputs. Feed rate

and the gas and air flows to Hearth 4 were chosen as manipu-

lated variables while studying changes in the gas temperature

profile through the furnace, and the quality variables: product

and offspec mass-percentage in the lower hearths. The model

response was studied by introducing a step change at 833 min

in the input variables when the model had settled into a steady

operation mode. In addition, Supporting Information Appen-

dix C presents the results of the tests in which the gas and air

flow rates to Hearth 6 were manipulated in a similar way.

Furnace response under feed rate changes

The model behavior was first studied by introducing a

2.4 kg/min (2%) step increase in the feed rate. At the begin-

ning, the mullite formation in Hearth 7 slows down, which can

be observed as the slight increase in the amount of the spinel

phase in the final product, see Figure 12.
As the product formation reaction is not receiving enough

heat, it collapses in the volumes of Hearth 6 at around 1200

min and the product contents in the Hearth drops to zero, as

can be seen in the product content dynamics displayed in Fig-

ure 12. Thus, the product formation reaction moves to the

beginning of Hearth 7. The shift of product formation to the

beginning of Hearth 7 also affects the gas temperature profile

in Hearths 5, 6, and 7 in Figure 11. However, the final product

is still composed almost entirely of the spinel phase.
After 1560 min of the simulation time, the spinel formation

partly moves to the middle of Hearth 7, which is confirmed by

Figure 12. As a result, the metakaolin conversion to the spinel

phase is not complete and the gas temperature in Hearth 7

decreases rapidly. During the whole test, the temperatures of

the exhaust and the gas phases on Hearths 2 to 4 decrease

steadily until settling to a new steady state, as Figure 11

shows. In contrast, the gas temperature in Hearth 8 slowly

increases as a result of the rising temperature of the solid that

enters to the last hearth.
Next, a step decrease of 2.4 kg/min (2%) was introduced to

the feed rate and the model response is shown in Figures 13

and 14. At the beginning, the mullite formation is activated in

Hearth 7 due to the temperature rise, which can be seen as a

decrease of the spinel phase contents in Figure 14.
After 1260 min of the simulation time, the spinel formation

partly moves toward the middle of Hearth 6, as demonstrated

by Figure 14. Simultaneously, the mullite formation in Hearth

7 increases rapidly and the share of off-spec in the final prod-

uct rises above 5%, which is demonstrated in Figure 14. As a

result, the gas temperature in Hearths 6 and 7 changes its

dynamics as it is seen in Figure 13.
In this case study, the temperatures of the exhaust and the

gas temperatures of Hearths 2 to 5 increase steady until reach-

ing a new steady state, since more specific energy is supplied

to the furnace.

Furnace response under gas and air flows changes on

Hearth 4

Next, a 11.0 kg/min (5%) step increase was introduced to

the gas and air flows to Hearth 4. The model response isFigure 12. The response of the product content of the
solid bed in Hearths 6 and 7 during the feed
rate increase test.

Figure 13. The response of the gas phase temperature
next to the wall in the feed rate decrease
test.
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presented in Figures 15 and 16. At the beginning, the spinel
phase formation in Hearth 6 and its conversion to mullite in
Hearth 7 slowly increase their rates, as seen in Figure 16.

As the gas temperature on Hearth 6 rises, the product forma-
tion rapidly moves toward the earlier volumes at 1180 min, as
it is demonstrated in Figure 16. It causes a small change in the
dynamics of the gas temperature in Hearth 6. Simultaneously,
the drop of the temperature in Hearth 7 is caused by the
increased reaction rate of the endothermic mullite formation,
which can be seen in Figure 16 as a decrease in the product
content. The rise of the gas temperature in Hearth 8 before the
1180 minute of the simulation and its afterward decrease also
follows the phenomena occurring in Hearth 7.

The exhaust gas temperature and the temperatures of
Hearths 2, 3, and 4 increase instantly after the step change and
afterward they settle to a higher steady state than the initial
temperature was. As the extra energy is supplied to Hearth 4,
the gas temperatures of Hearth 5 grows smoothly, which is
caused by the slow increase of the temperature of the solid
phase entering this hearth.

Subsequently, the model response was studied using a
11.0 kg/min (5%) step decrease in the gas and air flows to
Hearth 4 and the results are shown in Figures 17 and 18. Due
to the lack of energy supplied to the furnace, the product for-
mation reaction first moves to the beginning of Hearth 7 at
about 1130 min of simulation. At 1310 min, the reaction
moves towards the middle of the hearth, as shown in Figure
18. Additionally, the gas phase temperature in Hearths 6 and 7
follow these reaction shifts, see Figure 17.

Next, the temperature in the solid phase drops, and does not
achieve in any part of the furnace the temperature of 9258C
required for the spinel phase reaction to occur. Thus, the reac-
tion collapses around 1420 min, as observed in Figure 18.
Now, the solid bed on Hearth 7 and the final product consist
only of metakaolin. Since the reaction is not releasing heat

anymore, it greatly affects the gas and solid temperature in the

last three hearths of the furnace.
As the gas and air flow to Hearth 4 drops, the temperatures

of the exhaust gas and Hearths 2, 3, and 4 decrease first with a

steep drop and then more steadily until a new steady state is

reached. In contrast, the temperature of Hearth 5 decreases

steadily for the whole recorded time period.

A study of the model sensitivity to the reaction kinetics
and the solid bed moving parameters

The performed step tests clearly demonstrate how sensitive

the model is to the energy balance in the furnace: increasing

or decreasing the feed rate by 2% without changing the sup-

plied energy is able to substantially shift the temperature pro-

files. However, it seems that the model adequately describes

the actual energy balance. On the other hand, in the mineral

processing industry the mined material properties frequently

vary. In order to demonstrate the sensitivity of the model to

the reaction kinetics, simulations with the nominal inputs,

specified in Table 5, were performed assuming doubled and

halved frequency factors of the dehydroxylation, the product

formation and the mullite formation reactions. The kinetics of

the free water evaporation was not studied as the amount of

free water in the feed stream is small. The changes of the gas
Figure 14. The response of the product content of the

solid bed in Hearths 6 and 7 during the feed
rate decrease test.

Figure 15. The response of the gas phase temperature
next to the wall while increasing the gas
and air flows to Hearth 4.
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and the solid phase temperature profiles are presented in

Figure 19.
As the frequency factor of the dehydroxylation reaction

increases, the temperature of both phases drops around Hearth

4, and rises around Hearth 6. The magnitude of the shift

reaches its maximum for the solid phase temperature in Hearth

4, whereas the gas phase temperature and the temperature of

the solid in Hearth 6 are not significantly affected. Thus, it can

be concluded that estimating the dihydroxylation reaction

kinetics based on available gas temperature profile measure-

ments is difficult. Fortunately, the dehydroxylation reaction

kinetics have a moderate effect on Hearths 6 and 7, which are

especially critical for the process optimization and control.
The increase of the frequency of the product formation

shifts the reaction to an earlier volume of Hearth 6, which sig-

nificantly increases the temperature profile in Hearth 6 and

greatly drops the temperature in the subsequent Hearths. In the

result, the mass fraction of mullite in the final product

increases by about 2.5%. On the other hand, the decrease of

the frequency factor of the product formation does not shift

the reaction, and therefore, the gas and the temperature pro-

files are only mildly affected. This can be explained by the

exothermic nature of the product formation. Indeed, as the

reaction activates in some volume of Hearth 6, the rising tem-

perature maintains high reaction rate in this volume despite

the decrease in the frequency factor. Overall, the kinetics of

the product formation reaction is crucial for the process.

Therefore, achieving efficient control and optimization has to

be based on online monitoring of the product formation taking

place in Hearth 6, as offline model tuning and parameter esti-

mation would probably not be sufficient due to the importance

of the phenomena.
The kinetics of the mullite formation does not affect the gas

and temperature profiles through the furnaces, as confirmed by

Figure 19 and the mullite content in the final product is

changed by less than 1% in both cases.

Figure 16. The response of the product content in
Hearths 6 and 7 while increasing the gas
and air flows to Hearth 4.

Figure 17. The response of the gas phase temperature
next to the wall while decreasing the gas
and air flows to Hearth 4.

Figure 18. The response of the product content in
Hearths 6 and 7 while decreasing the gas
and air flows to Hearth 4.
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Regarding the dynamics of the solid phase, the backflow

between the volumes in the hearths is difficult to estimate

from the experiments. Thus, simulations were performed
assuming the doubled and the halved backflow in Hearths 3 to

8. The backflow in Hearths 1 and 2 is small due to the short

residence time in those hearths, and therefore, there is no need

in its evaluation. The shift of the temperature profiles com-

pared the results obtained using nominal parameters are pre-
sented in the last plot in Figure 19. It can be concluded that

the intensity of the backflow has a relatively small effect on

the furnace steady state.

Discussion of the Process Dynamics

The performed tests have demonstrated that the model out-

comes are adequate. In particular, the spinel phase formation

takes place in the last two volumes of Hearth 6 and first two

volumes of Hearth 7, which agrees with the process knowledge.

More specifically, the reaction moves towards the entrance of

Hearth 6 when higher specific energy is supplied to the furnace,
and the reaction shifts toward Hearth 7 as the amount of the

supplied energy decreases. In the former case, higher tempera-

ture is reached in the solid phase which activates the mullite for-

mation reaction in Hearth 7. On the other hand, if the specific

energy is decreased too much, the temperature in the solid

phase drops below the temperature required for spinel forma-
tion, and the reaction collapses. In this case, the output of the

furnace consists of pure metakaolin. Thus, it can be concluded

that the furnace must be controlled such a way as to direct the

spinel formation at the end of Hearth 6 and the first volume of

Hearth 7, which would deliver both highest content of the spinel

phase in the product and stable operating conditions.
The dynamics of the temperature profile through the furnace

is the result of complex interactions between the fast dynamics

of the gas phase, the slower dynamics of the solid content and

the even slower dynamics of the furnace walls. As an example,

during the changes in the gas and air feed flows, the gas phase

temperatures show first fast responses and then slow dynamics

while settling to their new steady values. On the other hand, it
takes a considerably longer time for the gas phase temperatures

to react to steps in the feed rate. In some cases, significant shifts

in the temperature dynamics occur after a much longer time,

even after 700 min, which denotes the ability of the solid bed

and the walls to act as a reservoir of huge amounts of heat.
Comparing the dynamics of different furnace hearths, it was

noticed that the temperatures of the exhaust gases and Hearths
2, 3, and 4 show qualitatively simple behaviour. In contrast,

the temperature of the gas phase in Hearths 5 to 8 depends on

the process inputs in a more complex and nonlinear way. This

is explained by the shifts in the spinel phase and mullite for-

mation reactions through Hearths 6 and 7.

Conclusions

A dynamic model of kaolin calcination in a Multi Hearth

Furnace (MHF) was developed in this paper. This model

describes the physical-chemical phenomena taking place in

the six furnace parts: the solid phase, gas phase, walls, cooling

air, rabble arms, and the central shaft. A simple mixing model
was proposed to describe the dynamics of the solid phase, and

experiments with a pilot plant have been conducted to estimate

the parameters of the mixing model.
Simulation studies have confirmed that the outcomes of the

developed model are qualitatively adequate and its performance

can be evaluated as fairly good. Thus, the model can be used to

study the physicochemical phenomena occurring inside the fur-
nace and it provides temperature profile through the hearths. In

particular, the model behaviour was studied by introducing step

changes in the three input variables: the feed rate, and the gas,

and air flows to Hearths 4 and 6. A discussion regarding the

observed process dynamics was provided. In addition, the

model sensitivity to the reaction kinetics and the backflow in
the solid bed movement was also discussed. In addition, as the

simulation results have demonstrated, the conditions in different

volumes in a hearth vary greatly, and a conclusion can be made

that introducing the division into volumes is required to

Figure 19. The change in the gas and solid tempera-
ture profiles due to change in the frequency
factors of the reactions and the backflow in
the solid phase movement.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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properly represent the actual chemical-physical phenomena. In

the future work, the properties of the feed material will be con-

sidered in the model along with a more detailed study of the

solid bed dynamics which will take into consideration the effect

of the rabble arm configuration.
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Notation

Roman letters

A = area, m2

Ai = frequency factor for reaction i, 1/s
Ci = concentration of solid component i, kg
ci = concentration of gas component, mol/m3

Di = solid bed movement matrix of hearth i
EA,i = activation energy of reaction I, kJ/kg

F = total gas flow, m3

h = heat transfer coefficient, W/m2K
j = number of the current hearth
k = number of the volume
ki = reaction rate coefficient for reaction i, 1/s
m = mass, kg
ni = moles of gas component i, mol
Q = heat, kJ
R = gas constant, =8.3145 J/molK
Ri = reaction rate for reaction i, kg/s
Rr = mass transfer rate from solids to gas phase, kg/s
T = temperature, K
t = time, s

Greek letters

e = emissivity, radiative exchange ratio
r = Stefan-Boltzmann-constant (=5.67 3 1028 W/(m2K4))

Indices

g = gas
s = solid

w = wall
gs = gas-solid

gw = gas-wall
gshaft = gas-shaft
garms = gas-arms

sg = solid-gas
sw = solid-wall
wa = wall-ambient
wg = wall-gas
ws = wall-solid

shaft,cool = central shaft-cooling air
arms, cool = rabble arms-cooling air

c = convective heat transfer
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