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h i g h l i g h t s

� Steady-state properties of various
fluidized-bed autothermal structures
are analyzed.

� Effect of an external heat exchanger
and a flue-gas recycle is evaluated.

� The impact of thermal feedback onto
autothermicity and multiplicity is
analyzed.

� Feed preheating permits to extend
the region of the autothermal
operation.
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a b s t r a c t

The paper focuses on the analysis of steady-state properties of autothermal structures with a fluidized
bed. The concept of autothermicity is discussed, and typical autothermal structures are presented. A
method for the determination of the steady-states of such systems is described. Quantitative analysis
of steady-states multiplicity is presented for two autothermal structures, that is a fluidized-bed reactor
with an external heat exchanger, and with a partial recirculation of hot gases. A two-phase bubbling
bed model is employed to describe quantitatively the behavior of the catalytic fluidized bed. The influ-
ence of selected design and operating parameters on steady-state characteristics is analyzed for two sim-
ple kinetic models. The effect of these parameter on the desired product yield is evaluated for the
multiple-reaction process. The results obtained have both scientific and practical importance.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

An autothermal system is a chemically reacting system which is
self-sufficient in terms of its energy requirements [1]. Examples of
such systems are flames, single chemical reactors, and systems of
chemical reactors coupled together or with heat exchangers. The
overall thermal effect of the chemical process taking place in such
systems is exothermic. Every autothermal system is characterized
by the presence of internal or external thermal feedback.

The problem of the autothermicity of chemical reactors has
been a frequent subject of research. Var Heerden [1] was the first
to perform the steady-state analysis of an autothermal continu-
ously stirred tank reactor (CSTR) and a catalytic tubular reactor
with an external heat exchanger. He demonstrated that the process
autothermicity is inherent to the existence of multiple steady
states (MSS) in such systems. A comprehensive analysis of
autothermicity and steady-state multiplicity for the classical
chemical reactors, i.e. a tubular reactor with an internal exchanger
and with an external heat exchanger, and a CSTR with an external
heat exchanger, was presented in [2]. Due to the possible occur-
rence of multiple steady states it is necessary to determine the
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regions of their existence. Information on the process conditions
under which MSS occur is required during start-up and for proper
process control. The problem of autothermal processes control was
studied in [3]. The authors discussed various control strategies
applied in fixed-bed autothermal reactors for catalytic combustion.
There are also numerous works dealing with the practical aspects
of the various configurations of autothermal catalytic reactors.
However, they are limited to the chemical processes run in fixed-
bed reactors [4–6]. Apart from a few works focusing on selected
chemical processes, e.g. hydrogen production [7], there is a lack
of literature dealing with steady-state analysis of so-called
fluidized-bed autothermal structures (FBAS). Therefore this prob-
lem is the subject of the present study.

In a single fluidized-bed reactor the bed hydrodynamics can
provide conditions that ensure the autothermicity of the process.
It appears that the fluidized bed creates an internal channel with
a positive thermal feedback. A cold feed is heated by the contact
with the bed of the catalyst. The mechanism of internal thermal
feedback reduces with the decreasing thermal effect of the process.

In this work, a fluidized-bed reactor having additional external
channels of thermal feedback is referred to as a fluidized-bed

autothermal structure (FBAS). The feedback can be implemented
in different ways, depending on the reactor’s configuration. Fig. 1
shows some typical fluidized-bed autothermal structures. The
external autothermal feedback can be implemented by the instal-
lation of an external heat exchanger to preheat the feed (Fig. 1a)
or by partial recirculation of the hot gases leaving the reactor
(Fig. 1b). The choice of the type of thermal feedback depends
highly on the catalytic process that is carried out in the
fluidized-bed reactor. In some practical situations simultaneous
heat and mass feedback implemented by the partial recirculation
of exhaust gas can be unsafe or may influence the process yield.
Therefore, in practice the selection of the configuration has to be
done carefully and depending on the process type.

Other examples of autothermal structures are the configura-
tions with a circulating bed shown in Fig. 1c and d. In the configu-
ration with two fluidized beds shown in Fig. 1c each bed is fed with
one of the two reactants required in the process. The structure
depicted in Fig. 1d can be used for the integration of endothermic
and exothermic processes. Analogical design is applied, among
others, in chemical-looping combustion process (CLC) [8]. The con-
figuration of two apparatuses (Fig. 1d) can also be adopted to run

Nomenclature

ai model parameter
aq heat transfer area per unit volume of a bed, m�1

Aq heat transfer area in an autothermal heat exchanger, m2

Bi, Bij model parameter characterizing interphase mass and
heat transfer

cg, cz specific heat of gas and solid particles, kJ�kg�1�K�1

Cj concentration of the jth component, kmol�m�3

dz diameter of a catalyst pellet, m
Dij diffusion coefficient of the jth gaseous reactant in the ith

phase, m2�s�1

Eaj activation energy of adsorption of the jth component,
kJ�kmol�1

Ei activation energy of the ith chemical reaction, kJ�kmol�1

FM mass flow rate of gas, kg�s�1

h coordinate of height in a fluidized bed, m
Dhi enthalpy of the ith chemical reaction, kJ�kmol�1

H total height of a bed, m
k0i frequency coefficient in the Arrhenius equation, s�1

kq overall heat transfer coefficient, kJ�m�2�s�1�K�1

Kaj slope of adsorption isotherm for the jth component,
m3�kg�1

lf fluidization ratio
p total pressure, atm
qj amount of the jth component adsorbed on inert support

of a catalyst pellet, kmol�kg�1

Qi model parameters determining intensity of heat trans-
fer

ri rate of the ith chemical reaction, kmol�m�3�s�1

~ri modified rate of the ith chemical reaction, s�1

R gas constant, kJ�kmol�1�K�1

S cross section of a fluidized bed, m2

t time, s
T temperature, K
xE ratio of activation energies E2/E1
xDh ratio of enthalpies Dh2/Dh1
xk ratio of frequency coefficients in the Arrhenius equation

k02/k01
u gas velocity, m�s�1

WP yield of a process with respect to product P,
kmol�m�2�s�1

yj molar fraction of the jth component
z dimensionless height of the bed

Greek symbols
ai conversion degree of the jth component
aij
q heat exchange coefficient between phases i and j,

kJ�m�3�s�1�K�1

bijgk gas exchange coefficient of component k between
phases i and j, s�1

bijz solid particles exchange coefficient between phases i
and j, s�1

d volume fraction of bubbles in a bed
emf bed porosity at minimum fluidization conditions
ez porosity of a catalyst pellet
mj stoichiometric coefficient of the jth component
gj dimensionless concentration of the jth component
qg, qz density of gas and solid particles, respectively, kg�m�3

n recirculation ratio
f refers to cold stream inlet to an autothermal heat

exchanger

Subscripts
A, P, R refers to components A, P and R, respectively
b, e refers to bubble and emulsion phase, respectively
f refers to feed stream
mf refers to minimum fluidization conditions
M refers to mass
p refers to product
r refers to recycled stream
ref refers to reference conditions
q refers to cooling medium
s refers to external heat exchanger

Superscripts
b, c, e refers to bubble, clouds and wakes, and emulsion phase,

respectively
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