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Abstract

The lime industry is a highly energy intensive industry, with a huge presence worldwide. To reduce both production costs
and pollutants emissions, some lime production plants are introducing more environmentally-friendly energy sources, such
as local agro-industry residues. In this paper, a numerical tool is presented, which simulates a large-scale Parallel Flow
Regenerative (PFR) kiln that currently uses coke as main fuel. The developed tool aims at investigating the combustion
process under conditions of co-firing of coke and biomass and to assist the plant operators in the optimization of such oper-
ating conditions. To achieve this goal, a two-way coupling Euler—Lagrange approach is used to model the dynamics of the
particulate phase and their interaction with the gas phase. Pyrolysis, volatiles oxidation and char oxidation are modelled by
kinetics/diffusion-limited model (for heterogeneous reactions) and mixture fraction approach (for homogeneous reactions).
Moreover, two methods are investigated for representing the limestone bed: a porous medium (PM) approach and a “solid
blocks” (BM) tridimensional mesh. Comparison of the results for the case of 100% coke showed that the ideal “blocks”
method is more accurate as it adequately simulates the scattering of fuel particles through the PFR kiln anchor, which is lim-
ited with the PM approach. Moreover, the temperature profile, maximum and minimum temperatures, as well as CO, and O,
concentrations at outlet, are comprised in the expected range for this technology, according to available literature. Finally, the
predicted results of a co-firing case with 60% biomass (in mass) were validated with measurements in an industrial facility,
with production capacity of 440 calcium oxide tons per day. The results suggest that the model is fairly accurate to predict
gas temperature, as well as O, and NOy concentrations at the kiln outlet. Although some improvements are recommended
to refine the CFD predictions, these promising results and the high computational efficiency laid the foundation for future
modelling of co-firing of coke and biomass, as well as the modelling of the lime calcination process. It also paves the way
for facilitating the reduction of pollutant emissions thus contributing to a more sustainable lime production.
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Abbreviations

BM
CFD
CPU
DEM
GHG
HPS
PFR
PM
RANS
TGA
WSGG

Bricks model

Computational fluid dynamics
Central processing unit
Discrete element model
GreenHouse gas

High performance shaft
Parallel flow regenerative
Porous medium

Reynolds averaged Navier stokes
Thermo-gravimetric analysis
Weighted-sum-of-grey-gases

Nomenclature

Drag coefficient

Mixture fraction transport coefficient constant
(2.86)

Mixture fraction transport coefficient constant
(2.0)

Specific heat (J/kg K)

Standard k- € turbulence model constants
Mixture fraction

Initial particle moisture mass fraction

Particle drag force (N)

Mixture fraction variance incident radiation (W)

Enthalpy (kJ/kg)
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Symbols

SRR

a R

Radiant intensity (W/m? sr)
Turbulent kinetic energy (m? s)
Refraction index

Nusselt number (Nu=h_ L-/A)
Pressure (N /m2)

Prandtl number (Pr=pCp/A)
Radiative heat absorbed (W/m?)
Ideal gas constant (8.3145 J/mol K)
Reynolds number (Re = pvL/p)
Radiative direction (I\)

Sherwood number (Sh=k,, L /D)
Source term of governing equation
Mean temperature (K)

Particle temperature (K)

Gas temperature (K)

Molar absorption coefficient

Viscous dissipation (m? s—)

Particle emissivity

Thermal conductivity (W/m K) wavelength (m)
Radiation dispersion

Density (g/m?)

Solid angle (rad)

Stephan-Boltzmann constant (5.67 X 107 W/m?
K%
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Ope Standard k- € turbulence model coefficients
oy Prandtl number (O'L = 4

o, Radiative dispersion factor

o Turbulent Prandtl number <0T = ”T—f” >

H Viscosity (kg/m s)

M, Kinematic viscosity (kg/m s)

Hr Turbulent viscosity (kg/m s)

Or Radiative temperature (K)(0 = (//40)*)

Statement of Novelty

This paper presents a novel method that modelled the com-
bustion of coke and biomass in a parallel flow regenerative
(PFR) lime kiln. For that purpose, an equivalent (in terms
of heat transfer and pressure drop) representation of the
limestone bed is developed and coupled with comprehen-
sive CFD co-firing models. Moreover, the predicted data are
compared to measurements in a full-scale industrial facility.
Current literature on PFR kilns is very scarce and, to the best
of the author’s knowledge, simulation analysis of co-firing
in PFR Kkilns has not been reported earlier.

Introduction

Globally, lime is the main source of calcium worldwide,
thanks to its relatively low cost and its geographical dis-
tribution. Also, it is the largest-selling alkali and the fifth
most produced chemical with multiple applications in sec-
tors such as iron and steel, flue gas, water and sludge treat-
ments, civil and construction engineering, agriculture, soil
protection, food and feed additives and pharmaceuticals
[1]. In 2006, total world lime production achieved 313 Mt,
being EU production the 8.6% with more than 100 compa-
nies [2]. Lime is produced by the calcination of limestone
(mainly formed by calcium carbonate CaCO5) to produce
calcium oxide (CaO), releasing CO, [3]. This endothermic
reaction takes place at a temperature between 900 °C and
1200 °C, hence is a highly intensive energy process, where
fuel accounts between 30 and 60% of production costs [4]
and 30% of GHG emissions [5]. The potential reduction
of CO, emissions by substituting current fossil fuel by
carbon-neutral fuels can reach a 20% in a state-of-the-art
lime plant and up to 40% if it is integrated into a conven-
tional cement plant [6]. In that sense, the reduction of
GHG emissions due to combustion processes in the indus-
trial sector is a crucial topic in the European Roadmap in
order to achieve the goal of a reduction of 83% to 87%
in 2050 [7]. Moreover, the best approach to improve the
kiln efficiency is to enhance the control of its operational

parameters, specifically ratio limestone/fuel supply, com-
bustion air excess, size distribution of the limestone rocks,
and temperature of the bed [8].

Three main types of modern kilns are used for the calci-
nation of lime. The main product of shaft kilns (also called
High Performance Shaft—HPS kilns) is the low-reactive
quicklime (diameter of raw stone from 20 to 175 mm),
which presents multiple applications. The Parallel Flow
Regenerative (PFR) kilns are devoted to the production of
high-reactive, soft-burnt quicklime (stone diameter from 90
to 125 mm), mainly used in the steel industry. Finally, the
rotary kilns are used to produce dolomitic lime and higher
purity quicklime (stone diameter from 15 to 40 mm) [9].
Two other technologies have been extensively used during
the last decades, but recently overcame. On the one hand,
the Annular Shaft Kilns (ASK) are used in the production
of high-reactive quicklime, but its energy consumption and
capital expenditure (CAPEX) are higher than PFR. On the
other hand, for the soda ash and sugar industry, where a
moderate-reactive lime and high concentration of CO, are
necessary, only mixed-feed single shaft kilns can be used.
This technology, which uses coke as fuel, is also extensively
used for quicklime calcination in developing economies
[10]. Despite the fact that, in 2006, there were a total of 597
kilns producing commercial lime in EU-27, of which 551
(about 90%) were shaft kilns [4], the literature devoted to
the modelling of combustion process in lime kilns is very
limited. This can be mainly explained due to the difficulties
of modelling gas—solid reactors, such as PFR lime kilns,
which involve a number of physical, chemical and thermal
phenomena that are dependent from each other and thus
require an iterative procedure. Those phenomena include
flow motion of the solid and gas phases, heat transfer by con-
duction, convection and radiation and, finally, mass transfer
by the homogeneous and heterogeneous reactions. In addi-
tion, the numerical discretization of full-scale industrial
kilns involves very large mesh, with hundred thousands of
computing cells, due to the large dimensions of such reac-
tors. Accordingly, simplifications are needed in the model-
ling schemes in order to allow computing in a reasonable
time.

Most of the literature is focused on shaft kilns and
most of the cases present analytical models. The common
approach of the analytical (semi-empirical) models is to
consider the bed of stones as a porous medium. The mod-
elling is focused on the calcination processes, by uncou-
pling the transport equations inside the limestone bed from
the gas composition and gas and wall temperatures. It is
worth underlining that the limestone calcination process
used to be mathematically modelled in one dimension (i.e.,
the furnace height [11]) and it is controlled by heat transfer
mechanism (not by kinetics) [12]. This approach has been
found on single shaft using natural gas [13, 14] or heavy
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oil as fuel [15], ASK with natural gas as fuel [16, 17], and
mixed-feed shaft kilns with coke [18, 19].

In [20], the analytical modelling of both HPS and PFR
furnaces is extensively presented, using natural gas and
lignite as fuels. This work compares both technologies
and the impact of the fuel at commercial scale, and it dem-
onstrates the challenges associated with the validation in
this kind of kiln. The model has been validated only by
pressure drop and wall heat losses measurements. On the
other hand, a detailed analytical model for rotary Kkilns is
presented in [21], with specific focus on heat transfer and
scaling up, and an extensive validation process at labora-
tory scale.

Validation challenges have been also observed in the most
advanced Computational Fluid Dynamics (CFD from now
onwards) models of PFR kilns [22]. This work presents a
CFD-DEM coupled model [23] for a full scale PFR kiln, on
different operation stages using natural gas as fuel. Despite
the high quality of the model and its high computational
cost, this model has been only validated under commission-
ing phase with two temperature probes.

On the other side, the application of CFD methods to
combustion process in diverse technologies at industrial
scale are plentiful and there exist numerous references in
the available literature, e.g. [24-35]. Specifically, the pul-
verized coal combustion was investigated through different
approaches (e.g., generalized finite rate model and mixture
fraction /PDF approach) so as to compare them and select
the most appropriate for the large-scale rotary lime kiln case.
In reference [36], a three-dimensional CFD simulation is
performed using similar methods to those exposed in the
present paper, but in a rotary kiln. Particularly, the calcina-
tion of limestone bed and its effects were simplified.

The present study develops a CFD model that aims to cal-
culate the flow of gas and fuel particles, temperatures and pres-
sure drop inside the kiln during the combustion of pulverized
solid fuel. The main goal is to simulate the combustion process
that occurs in the PFR shaft kiln located near Zaragoza (Spain)
and to be the basis for improvement of operating conditions
when co-firing is performed. The PFR kiln object of this study
is schematized in Fig. 1. It is worth to note that the CFD model
needs to balance accuracy, to capture the main characteris-
tics of combustion in the shaft kiln, and computational cost.
This requirement stems from usability for practical purposes:
it takes almost three days to observe a change of behavior in
the kiln or a shift in the quality of the lime product after a
modification of the operation conditions. Once such a model is
available, it can be used to predict the behavior of the kiln upon
changes in the mode of operation. Thus, the plant operators
may evaluate the impact of modifying the fuel on the pollut-
ant emissions, the aerodynamics and the temperature profile
before attempting such modification in the actual kiln. This
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Fig.1 PFR shaft kiln analyzed in the present study Adapted from
[37]

will not only save time and money, but also prevent performing
tests with a negative result in the actual facility.

To reach this main objective, the present work develops
a novel method to model the co-firing process of coke and
biomass in an industrial PFR lime kiln with a focus on the
coupling between combustion process and the non-reactive
physical behavior of the limestone bed. The main novelty is
the development of a computationally efficient CFD model of
a full scale PFR lime kiln applied to biomass/coke co-firing.
The current literature on PFR kilns is very scarce, and the few
CFD models are focused on very detailed (and computation-
ally expensive) simulations of the limestone bed using natural
gas as fuel. The model presented in this paper has been exten-
sively validated with real plant data and due to the relatively
low computation cost could be subsequently used for control
and optimization issues in the industrial environment.

Case Study

Natural limestone is crushed to stones of several centimeters
and subject to a process of calcination at high temperatures
that produces calcium oxide (lime) and carbon dioxide [38].
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This process used to be carried out in shaft kilns [10], where
high temperatures are produced by burning fuel within a
continuously moving bulk of stones. The so called “soft-
burnt lime” is a highly reactive product obtained at tempera-
tures around 900 °C (1173 K) [39]. Higher temperatures set
a process of recrystallization that should be avoided, since
it negatively affects the reactivity of the lime.

The kiln to be analyzed is a PFR shaft kiln, which oper-
ates in cycles as follows: the burner lances in shaft 1 trans-
port the fuel along with the primary combustion air, while
the lances of the shaft 2 expel only primary combustion air.
The shaft 1 is called the burning shaft, while the shaft 2 is
the regenerative shaft (see Fig. 1). The operation is sche-
matically depicted in Fig. 2. Limestone enters via the upper

part of both shafts. The burner lances at the top of the burn-
ing shaft inject fuel and primary combustion air, thus set-
ting ignition. Moreover, secondary combustion air enters
uniformly through the upper part of the burning shaft, while
refrigerating air (also called “lime cooling air’’) comes uni-
formly from the bottom of both shafts. Note that this opera-
tion mode also pre-heats the combustion air.

After a cycle of several minutes, the shafts reverse their
roles, i.e., the shaft 2 becomes the burning shaft (where fuel,
and primary and secondary combustion airs are injected),
and the shaft 1 becomes the regenerating shaft, where only
primary air is introduced and where gases are exhausted.
The kiln continuously operates in this alternating mode.
Limestone is calcined in the burning shaft in parallel flow

Secondary air ﬂ ﬂ Outflow
K 7 Limestone B
T=300K \/
--—-91m
Primary _l Fuel 1
air|¢ ®
/ { b
'.J 3 . El/ =3
= Regenerating|air ! =
= . 5
- Burning Regenerative| >
L shaft shaft| S
D
q r ---45m
Lime Lime
T=300K" — ——1 5.31 m Front
Lo T, 5.58 m Deep

U Refrigerating air U

Fig.2 Left: frontal view showing the air and fuel inlets, as well as
limestone and gas circulation. Right: frontal (up) and lateral (down)
views that will be used to report the results of the CFD simulations

(see Sect. 4). The profiles of wall temperature is presented in the left
(calcination zone 1173 K—inlet/outlet 300 K)
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(fuel and stones flow in the same direction), while the lime-
stone in the regenerative shaft is pre-heated in counter flow
by the hot gases that cross the channel near the base. Further
details are given below when addressing the computational
model.

In the present study, the kiln uses pulverized solid fuels
for the combustion process. Although several types of solid
fuels have been tested at the facility, up to date the main
fuel that is used consists in coke, i.e., a fossil fuel com-
posed mostly of carbon (88% in mass), with low content of
ashes and volatile matter. The coke is imported from North
America and, due to its high purchase cost and the envi-
ronmental impacts associated to its use, the facility aims
at partly replacing it by a local and more environmentally-
friendly solid fuel, i.e., solid biomass. This type of fuel dif-
fers substantially from fossil fuels in their larger content of
volatiles and lower calorific value. On the other hand, the
biomass fuels generally present the advantage of producing
lime with a lower sulfur content, thus increasing its qual-
ity and its market price. The use of biomass also positively
impacts on the de-carbonization of the process by reducing
greenhouse gas and pollutant emissions, especially nitrogen
oxides (NOy) and sulfur oxides (SOx). On the contrary, the
milling of biomass usually consumes more energy compared
to mineral fuels, hence particle size uses to be higher in
the case of solid biomass in order to maintain the fuel pre-
treatment costs [40]. The plant uses two different mills, one
for each type of fuel. After the mills, the pulverized fuels
are stored separately in intermediate storages before being
mixed and fed into the kiln. In the present work, the solid
biomass that is used to develop and validate the present CFD
simulations consists in grape seeds flour, which proceeds
from local agro-industries. The proximate and ultimate
analyses, as well as heating value, of the biomass and the
coke considered in this study are shown in Table 1. Moreo-
ver, Table 2 presents the pulverized fuel spherical particle
diameter, following Rosin—Rammler distributions.

Computational Model

Physical Models

The calculations necessary to understand and to assess the
interaction between gas flow and combustion inside the kiln
were carried out using the commercial software FLUENT
(v17.2). The main well-known model governing equations
are presented in Appendix 1 and more detail may be found in
[41]. The dynamics of the gas inside the kiln are modeled by
the steady-state Reynolds averaged Navier—Stokes (RANS)
equations. Turbulence closure is included via the standard
k-e model with standard wall functions. This formulation
is an appropriate compromise in industrial applications

@ Springer

Table 1 Thermo-chemical properties of the studied fuels

Coke Grape seed flour

Ultimate analysis (d.a.f.)

C (Wt%) 88.7 44.8

H (wt%) 3.0 5.7

O (wt%) (by difference) 5.9 47.2

N (wt%) 1.6 2.3

S (wt%) 0.2 0.0
Proximate Analysis (a.r.)

Moisture (wt%) 8.5 13.4

Ash (Wt%) 0.4 35

Volatile matter (wt%) 9.7 75.0
Heating value (a.r.)

LHV (MJ/kg) 30.9 13.8

d.a.f dry ash free, a.r. as received, wt% percentage in mass (weight)
basis

Table 2 Fuel particles diameter

Granulometry Coke Grape seed flour
Maximum diameter (m) 3.0x107°
Minimum diameter (m) 1.2x 107
Average diameter (m) 9.0x107 6.8x1077
Dispersion 1.5

between a realistic representation of turbulent flow and a
fast calculation. Moreover, previous studies underlined a
good agreement between this formulation and experimental
results in very different multiphase reactors such as a shaft
kiln modelled by a system of packed spheres [42], or a rotary
kiln [43]. Wall functions are based on empirical equations
and allow an accurate representation of the turbulence with-
out solving the viscosity-affected region close to the walls
(with a substantial increase of computational resources).
The dynamics of the particulate phase (both coke and
biomass) and their coupling with the gas phase is modeled
using a two-way coupling Euler-Lagrange approach. This
approach takes into account the composition of the particles
(mass fractions of ash, volatiles and fixed carbon), their par-
ticle size distribution, as well as the processes of devolatili-
zation and char oxidation. Due to the micrometric size of the
particles, they are dragged by the flow without dynamically
affecting it. However, there is a bi-directional exchange of
momentum, energy and mass between the fuel particles and
the gas flow. The number of particles is determined from the
mass flow rate of fuel, as well as the density and size distri-
bution of the particles. In the case of co-firing, two combust-
ing particles are defined, one for coke and another for the
corresponding biomass. Each one has its own composition
and kinetic properties as detailed below. Since the biomass
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is mixed with the coke prior to injection in the furnace, two
injections for each lance in the burning shaft are defined, one
for each type of fuel.

The radiative heat transfer is computed using the P1
model. Although this simple model is known to present
some deviations at very high and low temperatures, it was
chosen for its simplicity and because of our moderate tem-
perature of interest. i.e., around 900 °C in the whole simula-
tion volume. By other side, the P1 model takes into account
the radiative exchanges between the gas and the particles
(as well as the wall and bed surfaces) and it has shown to
be accurate in the simulation of both pulverized coal and
biomass combustion [44-46]. The absorption coefficient
of the gas is modeled through the weighted-sum-of-grey-
gases (WSGG) approach. Scattering of particles is assumed
to be isotropic since the particles are small enough to be
considered almost spherical and because the particle rota-
tion is included in the treatment. These two factors tend to
average-out anisotropies in the scattering due to particles.
On the other hand, the gas is considered incompressible
since maximum velocities are of the order of tens of meters
per second (Ma < 0.3). Therefore, the actual density of the
gas is determined according to the ideal gas model. Finally,
the heat transfer mechanism in the particles is computed by
a simple heat balance to relate the uniform temperature of
the particle to the convective heat transfer (using the using
the Ranz and Marshall’s correlation) and the absorption/
emission of radiation at the particle surface from P-1 model.

Co-firing Model

The combustion of fuel particles involves three main pro-
cesses: devolatilization, oxidation of volatile products and
char oxidation. Devolatilization consists in the release of
volatile products, such as tar and low molecular weight
gases, from the fuel particles. In the case of oxygen-rich
fuels, such as biomass, large quantities of CO and CO, can
be formed. Subsequently, volatiles are oxidized in the pres-
ence of combustion air supplied to the system. The main
contents of the gas are CO, CO,, H,0, H,, CH, and other
hydrocarbons. The char core left by the devolatilization
mostly consists of C, N, and O and it is slowly oxidized in
the presence of the oxygen contained in the air.

The devolatilization of both coal and biomass particles is
modeled assuming that all devolatilization process occurs in
one step according to the reaction [47]:

k
Solidfuel —> X(volatiles) + (1 — X)(char)

where X is the volatile fraction, and k, is the rate constant.
Kinetics is defined by a first order single step Arrhenius
model:

dX _ 4 &) x

i Aue( )(X X)

where X* is the amount of volatiles released at complete
pyrolysis, R is the gas constant (J kmol™") and T is the abso-
lute temperature (K).

The frequency factor (A4,) and activation energy (E,) for
the kinetic rate were obtained from literature and presented
in Table 3. Coke devolatilization was assimilated to anthra-
cite [41]. Grape seed devolatilization kinetics were obtained
by means of Thermo-Gravimetric Analysis (TGA) experi-
ments under similar combustion conditions [48].

The char combustion model applied was the kinetics/
diffusion-limited based on the models of Baum and Street
[49] and Field [50], assuming a first order C-O, reaction
mechanism. The Burnout Stoichiometric Ratio was fixed to
1.33, assuming that C (s) is oxidized to CO [28, 51-54]. The
combustion rate is defined as the variation of mass of char
particle (m,,) according to:
dmp DORC

—L=A
dt P Dy+R,

where A, is the surface area of the particle, P, is the partial
pressure of oxygen, D, is diffusion rate coefficient and R, is
the kinetic rate of combustion of char [41]:

(7, +7)/2]""

d,

Dy =C,

Rc= Ace(%>

The value of the mass diffusion limited rate constant (C,)
was set to 5-10712 [55]. The values of the kinetic parameters
(Table 3) were determined from the composition of the fuel
according to Hurt and Mitchell correlation [56].

The combustion of the gases is modeled using the mixed-
is-reacted model. This approximation is valid for reacting
flows with high Damkohler numbers (Da>> 1). In this model,
thermochemistry is reduced to a single parameter, the so-
called mixture fraction [28], which is defined as the mass
fraction of burned and unburned fuel. This approach has the

Table 3 Combustion kinetic data for coke and grape seed

Coke Grape seed
Devolatilization parameters [41] [48]
Ea (MJ/kmol) 117.0 70.0
Aa(s™h 1.80x 10’ 1.67x10"
Char oxidation parameters [56] [56]
Ec (MJ/kmol) 106.9 41.7
Ac (kgm2s'Pa”!) 0.969 0.305
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advantage of introducing only one more transport equation
to the scheme. Mass fractions of fuel, oxidant and products
are simulated by solving the mean and variance of the mix-
ture fraction transport equation for each fuel, with a specific
probability density function (PDF) for each solid fuel (coke
and biomass).

With respect to the emissions of nitrogen oxides (NOy),
their formation is estimated as a post-process. There are
three main sources of NOy during combustion: thermal
NOy, prompt NOy and fuel NOy. Thermal NOy are formed
through the oxidation at high temperatures of the nitrogen
that comes within the combustion air. By other side, prompt
NOy are formed by the oxidation of the fuel nitrogen in the
presence of radicals such as C, CH and CH,. Finally, the
dominant source of NOy emissions during the solid fuels
combustion is the so-called “fuel NOy”, which arises from
the oxidation of the nitrogen contained in both the volatiles
and the char residue. To conclude, Table 4 summarizes the
values used to set up the NOy model in the present calcu-
lations. The values used for the biomass predictions were
taken from available literature for similar fuels [57, 58]. As
expected, the NOy modelling routes for biomass and coke
are different due to the nature of the fuels. Biomass con-
tains more nitrogen, but the conversion routes to NOy favor
the formation of NH; instead of HCN. Since the latter is a
precursor of NOy, using biomass fuels usually results in a
reduction of NOy emissions.

Limestone Calcination Model

Due to the process of comminution, limestone particles pre-
sent an average size of 4 cm, which, for simulation purposes,
would require the representation of tens of thousands solids
to fill in the actual volume of the kiln. In the literature, there
are studies that tackle this problem by simulating only a

Table 4 Summary of values used for NOx calculation

Biomass [57, 58] Coke

N intermediate =~ HCN/NH;/NO N intermediate =~ HCN/NH,;/NO

Volatile N (wt%) 0.55 Volatile N (% 0.22
wt)

Conversion 0.6 Conversion 0.3
factor Factor

HCN 0.2 HCN 0.82

NH, 0.6 NH, 0.1

Char N conver- HCN/NH3/NO Char N conver- ~ HCN/NH;/NO
sion sion

Char N (wt%) 0.45 Char N (% wt) 0.78

Conversion 0.6 Conversion 0.3
factor factor

HCN 0.2 HCN 0.33

NH, 0.6 NH, 0.1
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section of the kiln and by employing a hybrid DEM-CFD
technique, e.g. in [23, 59]. A CFD simulation models the
flow of gas through a porous medium, while limestone move-
ment is computed by means of a discrete element method
(DEM) simulation running in parallel. In this approach, the
gas flow is unaffected by the dynamics of the stones, while
it provides the temperature distribution according to which
the calcination process is computed. The DEM simulation
allows to compute the conversion degree of the limestone as
it moves downwards through the kiln. This hybrid approach
is very accurate as regards to mechanical movement and
conversion reactions of the solids (limestone), but the fuel
combustion is either approximated by a volumetric heat
source term [59] or it is calculated by a standard “one-step
methane/air combustion” using an Arrhenius rate expres-
sion [23]. Moreover, despite the relatively low number of
cells (120,000 computing cells for CFD simulation in [23]),
the CFD-DEM coupling method is complex and, above all,
highly time-consuming, which make its use for industrial
scale simulations problematic. DEM simulations are more
computationally expensive than CFD [60], especially for
the large amount of stones involved in this case. In addi-
tion to the two different types of simulations, it is neces-
sary to implement a communication system to translate data
between them. As a result, a simulation involving a section
of a similar kiln (not the whole volume) can last up to three
weeks [22].

Taking into consideration that the present study is focused
on the understanding and improvement of the combustion
process under co-firing conditions and that it consists in an
industry-oriented approach, the authors built up two differ-
ent models to account for the limestone. Then, the results of
each model are compared and the most appropriate represen-
tation of limestone is selected for running the complete set of
simulations. In the first method, a porous medium approach
is used to model the lime contained within the volume of
the kiln. This method is very convenient because it allows
generating a high-quality mesh (see Fig. 3), composed of
3.5 % 10° cells. Most of them are hexahedral (mean cell size
56 mm), except around the lances and the crossover chan-
nel, where tetrahedral cells are used (only 12 cells present
an aspect ratio below 0.2).

The porous medium is modeled by setting an appropriate
value of the porosity, as well as its permeability and inertial
loss coefficient, which can be determined from the known
size distribution of stones in the kiln. Values are shown in
Table 5. The porosity obtained was 0.36, which is in agree-
ment with values reviewed from literature, e.g. [23]. The
porous medium approach applies the Darcy law to compute
the gradient of pressure imposed upon the flowing gas along
the porous zone, and the corresponding velocity field.

The second method for limestone representation consid-
ers the presence of stones as a series of solid bricks scattered
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Fig. 3 Detail of the mesh used for the porous medium approach calculations (method 1)

inside the kiln. In this model, the bricks are sized such that
the free volume they leave matches the estimated porosity as
calculated earlier (0.36). Mesh generation is more difficult
in this case and a grid-independence study is carried out in
order to find out the most suitable cell size (see Appendix 2).
This idealized geometry obtained by this method, as well
as the mesh generated, are depicted in Fig. 4, where the
mean cell size of structured hexahedral cells varies from
8% 8x50 to 25 %25 x50 mm, with a minimum of 6 cells
between bricks.

Boundary Conditions and Model Implementation

The process of calcination is not modeled in the present
simulations, as the main objective of this study is to evaluate
the impact of biomass co-firing on the combustion param-
eters inside the kiln. For the porous medium approach
(method 1), the appropriateness of the conditions for the
calcination process is assessed by monitoring the gas tem-
perature; i.e. the appropriate value is expected to be around
900 °C, as suggested by previous review [4]. In the approach
using solid bricks (method 2), the brick walls constitute a
boundary condition, where the wall temperature is coupled
to the temperature of the surrounding fluid by convective

heat transfer. In this way, the temperature of each brick is
dynamically calculated, instead of being fixed.

Given that calcination is not modelled, the large amount
of carbon dioxide liberated during the calcination process
has to be taken into account during the simulations. This
is important not only for the correct calculation of gas spe-
cies concentrations, but also for the calculation of the radia-
tive heat transfer since carbon dioxide is a participative gas
[61]. The presence of carbon dioxide has been considered by
introducing this gas component through air inlets. To esti-
mate the carbon dioxide concentration at inlets, actual data
from lime production is used (CO, mole fraction=0.33).
The suitability of this solution has been ascertained by
checking the oxygen concentration at the exit of the kiln.
This model with carbon dioxide in air inlets produced an
oxygen concentration in good agreement with measurements
in the kiln.

As regards the temperature boundary conditions for the
kiln walls, a temperature of 900 °C (1173 K) is fixed on kiln
walls at the calcination zone and the ambient temperature is
fixed at bottom and top inlets (see Fig. 2).

Finally, the RANS equations are solved using the
SIMPLE scheme for the pressure—velocity coupling and
PRESTO for pressure interpolation. The under-relaxation
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Table 5 Numerical parameters and boundary conditions of CFD sim-
ulations

Flow field RANS
Turbulence k-€
Radiation P-1
Multiphase model Discrete Phase Model
Pressure—velocity coupling SIMPLE
Pressure interpolation scheme PRESTO
Gas-fuel BC (details Table 6)
Coke mass flow (kg/h) 484-1335
Coke particle diameter (pm) 90
Biomass mass flow (kg/h) 0-727
Biomass mean particle diameter (pm) 0.7
Gas composition (% vol.—T 300 K)
0, 52.8%
N, 13.9%
Cco, 33.3%
Wall BC
Shear No slip
Turbulence Standard wall functions
Free stream temperature (K) (Fig. 2) 300—1173
Emissivity (—) 0.7
Bed BC (Porosity model)
Porosity (—) 0.36
Permeability (m?) 8.23x10°
Inertial loss coefficient (m™") 1200
Bed BC (Bricks model)
Shear No slip
Turbulence Standard wall functions
Heat transfer coefficient (W m=2 K™!) 5
Density (kg m™) 2800
Cp(Jkg'K™ Polynomial
Thermal conductivity (W m~! K1) 2.25
Emissivity () 0.8

values are reduced with respect to their default values. This
scheme allows obtaining a converged solution for the flow
and energy first, prior to activate particle injection. Using a
single 2.9 GHz CPU, it takes around 6 h to obtain the con-
verged solution of the flow and energy equations. The wall
clock time required to reach a stable solution with particles
injection and combustion depends on each simulation case,
but the average is approximately 24 h.

The refractory walls are made of magnesite (see proper-
ties in Table 5), with an internal emissivity set at 0.7. This
value was raised with respect to the tabulated value of 0.38
in order to adjust the wall temperature of the kiln since age-
ing is known to increase the emissivity of refractories, see
e.g. [62]. The burner lances are made of carbon steel, whose
properties are also set in the database of the solver. Finally,
the bricks are assumed to be composed of calcium carbonate
(CaCOy). Accordingly, the internal emissivity of the bricks
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was set to 0.8 [63], and the heat transfer coefficient was
estimated at 5 W/m?-K. In order to estimate this value, the
authors averaged the result of known Nusselt number cor-
relations for vertical and horizontal walls using the Reynolds
number estimated from preliminary simulations.

Finally, a logic diagram is included in Fig. 5 to summa-
rize the overall methodology used in the present work. On
the left (see Fig. 5a) are depicted the steps followed to con-
struct the numerical simulation, i.e., from the geometrical
representation to the post-processing step, while the Fig. 5b
represents the flow chart used to set up the co-firing model.

Results and Discussion

The simulated cases correspond to operation modes tested
by the industrial facility and they are summarized in Table 6.
The depicted fuel flow rate and the air flow rate were pro-
vided by plant operators, as well as the air distribution
through the primary/secondary combustion airs and cooling
air. Thus, 11% of the air is primary air used to convey the
fuel to the kiln through the lances. Around 55% of the air is
secondary combustion air that enters through the upper part
of the burning shaft of the kiln, while the rest is cooling air
entering mainly through the bottom (see Fig. 2). The power
input is computed from the heating value of the fuels used
(see Table 1) and their mass flow rate. The substitution base
for the co-firing case (BMG60) is a mass basis, thus this case
corresponds to a blend of fuel composed of 40% coke and
60% biomass. The conditions in fuel blend and air distribu-
tion were retrieved from actual operation of the kiln. Note
that this choice leads to an important variation in power
input with respect to the cases where only coke is used as
fuel, due to the large difference in heating values.

Coke Combustion
Coke Combustion with Porous Medium (PMO0)

In this section, the results obtained using the porous medium
approach are presented, in the case of 100% coke as fuel.
The temperature profile is shown in Fig. 5, for the fron-
tal and lateral views of the shaft kiln (see studied views in
Fig. 2). The left panel shows that the ignition seems to start
far below the burner lances and that the flame front is not
appropriately delimited. As a result, the burning shaft (left)
presents a low average temperature, well below the required
temperature for calcination, i.e., 900 °C. The regenerative
shaft, by other side, presents a much higher temperature,
although the distribution is not homogeneous. Indeed, there
is a clear horizontal gradient, with high temperatures con-
centrated near the outer wall of the regenerating shaft.
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Fig.4 Left: view of the kiln with the bricks representing the limestone. Right: details of the mesh used for the “solid bricks” model calculations

(method 2)

More striking are the differences stressed out in the lateral
view (Fig. 6b), which corresponds to the burning shaft. Two
narrow streams of air at ambient temperature coming from
the lances can be clearly observed. Higher temperatures
appear well below the lances and are concentrated in two
separated regions. There does not seem to exist any spread-
ing or diffusion of air and temperature to the rest of the
burning shaft. This contrasts to what one would intuitively
expect to see, since the stones form random networks of
channels through which the combustion air, the fuel particles
and the gases produced from the combustion process should
circulate and diffuse.

The statistical analysis of temperature profiles shows that
average temperature is 400 °C and the maximum is 1400 °C.
This is very low considering that calcination requires at least
900 °C and that the adiabatic temperature of coke is around
2000 °C. The 3rd quartile of the temperature distribution
is 300 °C and the skewness is 1.2. Both data indicate that
the distribution is skew toward the left (low temperatures),
which is not very realistic. Finally, the kurtosis of the dis-
tribution is around 4 (a high value of the kurtosis implies

greater deviations or greater outliers). Hence, the tempera-
ture profile obtained with the porous model presents several
inaccuracies.

The profile of velocities is presented in Fig. 7 in a log-
arithmic scale, to make its structure apparent. As can be
seen, the highest velocities are concentrated at the exit of
the lances and the velocity magnitude drops very fast by two
orders of magnitude, i.e., from more than 50 m/s to around
2 m/s. This is the anticipated effect of the porous medium,
and intuitively, what one expects from a bed of the stones
filling in the lime kiln.

Finally, Fig. 8 depicts the trajectories of the fuel particles.
Firstly, it may be seen that the fuel particle trajectories are
in complete correspondence with the temperature profile in
Fig. 6 and explains the lack of turbulence and spreading in
the movement of the gases inferred from that figure. Sec-
ondly, it seems counterintuitive that particles move in such
an orderly way in a medium filled with stones. This observa-
tion adds to the fact that if temperatures were as shown in
Fig. 6, the process of calcination would be highly uneven,
at odds with reality. The main issue is that FLUENT v17.2
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Fig.5 Flow chart of the methodology used in this work: (a) general CFD model and (b) co-firing validation procedure

Table 6 Summary of cases

: wt% Biomass Qyue (kg/h) Q,ir (kg h™") Power input (kW) Air excess (%)
simulated
PMO 0 1335 18,849 11,458 55
BMO 0 1335 24,357 11,458 70
BMGS60 60 1212 24,835 6948 199

PM porous medium model (method 1), BM bricks model (method 2), BMGS bricks model using grape seed
flour as biomass, Qp,,; Total flow of fuel (i.e., coke and biomass), Q. Total flow of air (primary, second-
ary and cooling), % Biomass % of biomass in the fuel (on mass basis), the rest being coke, Air excess (\-
1) x 100, where A = (Real air-to-fuel-ratio) / (Stoichiometric air-to-fuel ratio)

code applies a sink of momentum in the region defined as
porous medium; this affects the velocities of the particles,
but it does not alter their trajectories. Moreover, since the
medium is defined as isotropic, the small lateral velocities
are almost completely suppressed. For all the reasons men-
tioned above, it may be concluded that the porous medium
model is not an appropriate approach for simulating the pres-
ence of lime stones in the PFR shaft kiln.

Coke Combustion with the Brick Model (BMO0)

For the reasons just exposed, the authors were led to con-
sider a more realistic representation of the limestone. As a
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compromise with computer demands, an idealized represen-
tation of stones as regular bricks filling the kiln was chosen,
as can be seen in Fig. 4. As explained in “Limestone calcina-
tion model” section, the distribution of bricks is such that
the available fluid volume matches the bed porosity, with the
same particle size distribution as the limestone in the actual
facility. The properties of limestone are set on the faces of
the bricks, being the inner volume empty since no fluid is
circulating inside them. The brick’s walls interact thermally
with the surrounding gases, being radiation and convection
considered in the brick model developed.

As can be seen in Fig. 9, the temperature profile in this
model is much more homogeneous than in the porous
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Fig.6 Temperature profile
obtained for the porous medium
model (PMO), frontal (a) and
lateral (b) views

(a)

medium approach (PMO0). In the BM model the flame front
(with temperatures around 1000 °C) develops earlier, in such
a way that the burning shaft (on the left in Fig. 9a) presents
a more homogeneous distribution of temperatures. In the
regenerative shaft, the temperatures are also more homo-
geneous than in the porous model (PMO), and the horizon-
tal gradient is inappreciable. There is a striking difference
between the right panels of Figs. 9 and 6, the former being
very homogeneous in the center of the burning kiln, as one
intuitively expects for a homogeneous calcination of the
lime. The homogenizing effect achieved is ultimately due to
the considerable number of surfaces added, which contrib-
ute to heat transfer via convection and radiation. The new
surfaces may also explain the rise in maximum temperature
with respect to the porous medium model (PMO0), although
more simulations would be needed to ascertain this point.

The statistical analysis of temperature profiles presents
very realistic values. The average and maximum temper-
atures are 800 °C and 1900 °C, respectively (the average
temperature in the calcination zone is around 1000 °C, as
expected). The 3rd quartile, the skewness and the kurtosis
of the distribution are 1200 °C, 0.1 and 1.4, respectively,
thus representing more homogeneous, realistic and consist-
ent values in comparison to the real process.

(€]

(b)

The logarithmic velocity profile shown in Fig. 10 looks
similar to that of the porous model, see Fig. 7. The left panel
shows the highest velocities concentrated just at the lances
outlet, followed by a sharp and homogeneous drop of around
two orders of magnitude. The plane in between the bricks
shows a very homogeneous velocity profile, just as in the
porous model, but the fluid velocity is higher because there
is no impediment to the flow and there is more flow of air
since plant operators increased the excess air (see conditions
of simulated cases in Table 6).

For the BMO case, it is interesting to depict the profile
of oxygen, in molar fraction (see Fig. 11). It shows that full
combustion is delayed until the central region of the burning
shaft. However, once combustion starts, the process takes
place quite homogeneously inside the burning kiln (except
in the area close to the bottom, where cooling air is injected).
Close to the exit of the regenerative shaft, the concentration
of oxygen slightly increases due to the air supplied through
the regenerative lances.

With respect to the fuel particles trajectories, Fig. 12
illustrates that the brick model (BMO) effectively scatters
the particles through the burning shaft anchor; this effect can
be clearly observed at the outlet of the burner lances. Moreo-
ver, it can be seen that there exists a channeling effect in the
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Fig. 7 Velocity profile in loga-
rithmic scale obtained for the
porous medium model (PMO),
frontal (a) and lateral (b) views

Velocity

-100.00
51.79
26.83
13.89

7.20
3.73
1.93

(a)

spaces let by adjacent bricks. These results are more realistic
than the previous model (PMO). Also, there is a close corre-
spondence between Figs. 12 and 9, and it is apparent that the
correct representation of fuel particle trajectories is crucial
in order to achieve an accurate prediction of the temperature
and gas composition profile inside the kiln.

By comparing the results obtained with both methods
(porous model and bricks model), it may be concluded that
the bricks model is a more accurate representation of the bed
of stones inside the kiln; hence, it will be used in subsequent
calculations.

Coke Combustion Validation

The validation of numerical simulations with experimental
data is a challenging task in an industrial environment. On
one hand, only few process variables are monitored during
furnace operation; mainly outlet temperature and flue gas
composition (O,, CO, NOx and SO,). On the other hand, the
simulation of some critical process performance indicators is
out of the scope of this work (e.g. calcination rate or changes
on granulometry of limestone). Finally, the measurements on
this kind of plants present several uncertainties due to factors
such as variability on raw materials and fuel composition,
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1.00
0.52
0.27
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0.07
0.04
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(b)

status of the maintenance of the furnace refractory lining,
positioning of the sensors, etc.

For all these reasons, a specific experimental campaign
for 100% coke combustion validation has not been carried
out (only for co-firing was possible to run specific tests).
Instead, an indirect validation of the simulations has been
developed. Firstly, the results have been discussed and com-
pared with the plant operator’s rule-of-thumb. Secondly, the
CFD simulations have been compared to available literature
data, which are summarized in Table 7. In total, ten different
research works related to simulation and modelling of lime
kilns were found. With respect to the lime kiln technology,
only the works of Do [20] and Krause et al. [22] modelled
PFR kilns, with co-firing of natural gas and lignite, and
with natural gas, respectively). As regards the use of coke
as fuel, the works of El-Fakharany [18] and Shagapov et al.
[19] reported coke combustion in Mixed Feed Lime Kilns,
with higher granulometry and longer combustion times.
The other references are related to other kind of lime kilns
and different fuels. In all the cases, the temperature ranges
in the calcination zone are comparable to the one obtained
in the present work, i.e., between 900 and 1300 °C. The
maximum temperature obtained in this work is higher than
other models mainly for two reasons, peak temperatures
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Fig. 8 Fuel particles trajectories
obtained for the porous medium
model (PMO), frontal (a) and
lateral (b) views

™ e —

(a)

of single particles are not simulated in analytical models
(but fully modelled on discrete CFD simulations) and coke
combustion present higher adiabatic flame temperature than
natural gas or lignite. This temperature (1551 °C) is similar
to other applications of similar pulverized fuel combustion
[25]. Therefore, besides the complexity of all the phenomena
involved and the limitation of available data for validation, it
may be said that the simulations present a reasonable agree-
ment with plant operation.

Application to Biomass Co-firing (BMGS60)

Once it was determined that the bricks model allows calcu-
lating a realistic representation of the gas and fuel particles
circulation inside the kiln, the model is applied to a case of
co-combustion of coke and biomass. According to a poten-
tial operation mode of the plant, the fuel blend is made of
40% coke and 60% biomass, on a mass basis. In this case, the
total fuel flow rate was reduced with respect to the BMO and
PMO cases, which, added to the lower heating value of the
biomass, resulted in a much lower power input (see Table 6).
Moreover, air excess applied in case of co-firing conditions
BMGS60 is extremely high (i.e., 199%). For all the above-
mentioned reasons, the temperature profile depicted in

Temperature

2000
H 1859
1718

1577
1436
1295
1154
1013
871
730

- 589
448
307
166
25

(C]

(b)

Fig. 13 results in lower temperatures and less homogeneous
distribution in comparison to temperature profile in BMO
case (see Fig. 9).

The burning shaft shows the effect of the volatiles com-
bustion of biomass in the form of chaotic plumes above the
exit of the lances, as well as some “hot spots” below the
burner lances. In the regenerative shaft (the right shaft of
Fig. 13a), horizontal gradients of temperature appear, which
was absent in the case of 100% coke (BMO case).

As can be seen in Fig. 14, the velocity profile obtained in
this BMGS60 case is very similar to that obtained in BMO
case (Fig. 10). In both cases, there is a fast drop of the veloc-
ity magnitude at the burner lances outlet. Notwithstanding,
the velocity distribution in BMGS60 case is slightly less
homogeneous.

On the other hand, the trajectories of fuel particles are
depicted in Fig. 15. General features are similar to those
of BMO case (see Fig. 12), but there are also important dif-
ferences. Firstly, there are more particles since biomass is
grinded thinner than coke (see Table 2). Secondly, the par-
ticles trajectories are more homogeneously distributed. This
effect is found for both shafts and it is more apparent in the
lateral view (Fig. 15b). The close correspondence of the par-
ticles distribution with the temperature and velocity profiles
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Fig.9 Temperature profile
obtained for the bricks model
(BMO), frontal (a) and lateral
(b) views

Temperature

2000
1859
1718
1577
1436
1295

[C]

(b)

Fig. 10 Velocity profile in
logarithmic scale obtained for
the brick model (BMO), frontal
(a) and lateral (b) views

(b)
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Fig. 11 Oxygen concentration
profile obtained for the brick
model (BMO), frontal (a) and
lateral (b) views

Fig. 12 Fuel particle trajectories
obtained for the brick model
(BMO), frontal (a) and lateral
(b) views
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Fig. 13 Temperature profile for
co-combustion case (BMGS60),
frontal (a) and lateral (b) views - 2000
1859
1718
1577
1436
1295
1154
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[C]

Fig. 14 Velocity profile in loga-
rithmic scale obtained for the
co-combustion case (BMGS60),
frontal (a) and lateral (b) views
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highlights the importance of particle dynamics to understand
combustion process in such technology.

Thus, in the present case, the most important differences
are shown in the temperature profile but must be attributed
to the mentioned reduction in total fuel flow rate (and thus
power input) with respect to BMO case, and not only to the
presence of biomass in the fuel blend.

Comparison of predicted results with experimental data
is fundamental for the validation of the CFD simulation
tool developed. In comparison to laboratory facilities, the
instrumentation available in industrial facilities is usually
much reduced and, accordingly, the amount of experimen-
tal data for the validation is limited. In this study, available
data included the gas temperature at the crossover channel,
as well as gaseous emissions at the exhaust gas outlet. In
Table 8, the comparison of measurement data and numeri-
cal predictions is shown for the BMGS60 case. As can be
seen, the numerical predictions are in good correlation with
measured data.

The average temperature in the bridge area is very similar
for both cases, as does the concentration of O, at the exit.
The calculated NOy emissions at exit are slightly lower, but
still in good agreement with measured data. The difference
may be due to the conversion routes to NOy formation and/
or to values used in the models.

Table 8 Comparison of simulation results with measured data, for the
co-combustion case (BMGS60)

Predicted values Meas-
ured
values

Temperature at bridge (°C) 841 800
0, exit (%) 6.7 7.0
NOy (mg/m®) at 6% O, 548 630
CO (mg/m?) at 6% O, 308 76
SO, (mg/m?) at 6% O, 683 9

On the other hand, the concentration of CO and SO, are
overpredicted by the numerical model. The computation of
combustion product species is based on the two-mixture-
fraction non-adiabatic non-premixed combustion model. In
this model was created a 5D look-up table with 19 species
(simplifying the definition of species emitted during devola-
tilization and excluding some intermediate species in the gas
combustion and SO, mechanisms). Hence, the computation
of CO and SO, could be subsequently refined with a more
detailed look-up table.

It is possible to refine the computation of SO, using
the SOy model implemented in Ansys Fluent. This model
includes several sub-models related to detailed kinetics
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and turbulent interactions. However, the model strongly
increases the computational cost, and it has not been used
in this work. Moreover, the dry desulphurization process has
not been modeled. It is possible that lime (and unreacted)
limestone is absorbing partially SO,, resulting in the forma-
tion of CaSO,. This is a well-known desulfurization process
that takes place in the range of temperatures reached inside
the kiln [39].

The excess of CO in the simulation, compared to meas-
ured values could be due to two main additional factors.
On the one hand, the main product of char oxidation is CO
in the simulations (Burnout Stoichiometric Ratio was set
at 1.33). This approach is extensively used in literature for
biomass/coal co-firing simulations [28, 51-54]. However, in
the present case it probably overestimates the generation of
CO. On the other hand, the calcination process has been sim-
plified (see Section “Limestone calcination model”) hence
the production of CO, due to calcination is not computed
locally and it is included as a CO, source with air inlets.
This approach reduces the amount of oxygen available in the
flame section and increases the amount of CO, in the kiln
that probably inhibits the oxidation of CO to CO,.

The present results show that CFD simulations can serve
as a helpful tool for analyzing and improving the opera-
tion in an actual and fully-operating lime PFR kiln. This
new tool may assist plant operators in the optimization of
co-firing conditions, which are crucial to ensure that pol-
lutant emissions are under established limits, the quality of
lime produced is satisfactory, and the operational costs are
minimized.

Conclusions and Future Work

The main goal of the present work was to develop a CFD
model for the combustion process inside a lime calcination
PFR shaft kiln that combines accuracy with computation
time in obtaining results, since the model is intended to be
used as a benchmark to predict optimum operation condi-
tions in an actual plant. Under this perspective, a series of
simplifications was introduced. The most important of which
concerns the representation of the limestone inside the kiln.
In a first approach, the bed of stones is treated as a continu-
ous porous medium with appropriate values of the porosity
and permeability. In a second approach, limestone is repre-
sented as an arrangement of bricks scattered in the volume
of the kiln. The results have shown that the porous medium
approach produces unrealistic results of the temperature dis-
tribution, as well as the fuel particles trajectories. On the
contrary, the second approach renders a more realistic rep-
resentation of fluid dynamics within the kiln, in line with the
expected effect of the actual bed of stones.

The model has been validated with literature data (for
a 100% coke simulation) and experimentally validated at
industrial scale for a co-combustion case of 40% coke and
60% biomass, on a mass basis. The results show a good
agreement for gas temperature, O, concentration and NOy
at the exit. However, the simulations overestimate SO, and
CO concentrations, mainly due to limitations of the model.
Overall, considering the limited data for validation, the
complexity of the involved phenomena and the hypothesis
to reduce the computational cost, the simulations present a
good agreement with real operation data.

As a result, the model developed in this study can be used
to adjust the operating conditions of PFR kilns, e.g., when
the fuel blend is modified or when the PFR kiln power is
increased. Notwithstanding, some improvements are recom-
mended in order to refine the CFD simulation results:

e Smaller bricks and irregular disposition. Smaller bricks
would enhance the resemblance to the stones, while an
irregular disposition would be more similar to the ran-
dom distribution of voids through which fuel particles
circulate. It would also help to cover the volume that is
currently empty next to the lances and the channel.

e A heat sink term can be added to the bricks in order to
model the consumption of energy due to the process of
calcination. This could lead to a more accurate prediction
of temperatures of the bricks themselves, but also of the
gas flowing through the kiln.

e The calcination degree can be improved by taking into
account the distribution of carbon dioxide along the shaft
height. Also, it can be included in a time-dependent run
in order to account for process history.

Appendix 1 Governing Equations of CFD
Model

The CFD governing equations used in this work are imple-
mented in ANSYS Fluent commercial code. No modifica-
tions have been made and more details can be found in [41,
64] (see Table 9).

Appendix 2 Independence Mesh Study

The goal of this section is to study to which degree the
results obtained depend on the mesh used to run the cal-
culations. To this end, simulations of the same case have
been run with three different meshes obtained by refining
and coarsening a medium sized mesh that has been used to
carry out the simulations in this document. The case chosen
for this verification is the bricks model using coke as fuel.
To carry out a mesh verification it would be ideal to have
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Table 9 Main CFD model
governing equations
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three meshes with very different sizes, i.e., number of cells
[65]. However, in this particular case, where the volume
essentially consists of narrow channels between the bricks
it is very difficult to coarse or refine the mesh to a large
extent. By one hand, regarding coarsening, the minimum
number of cells in a channel is three, otherwise flow is not
well defined. By other hand, when coarsening, introducing
many elements in the channel distorts them, which nega-
tively affects the solution, instead of improving it as should
be for a thin mesh. For these reasons we are forced to con-
sider a not very wide span in mesh sizes.

In Table 10 we have summarized the key parameters of
the three meshes used along with relevant temperatures
inside kiln for comparison. The number of cells is the num-
ber of small volumes in which the mesh is subdivided, while
h is the average linear size of the cells. The ratio of the linear
sizes, coarser to medium and medium to refined, gives a
more intuitive idea of the relative size of the meshes. Note
that the refined mesh differs from the medium more than
does the coarser, this is due to the limitation mentioned
above regarding the minimum number of cells in a channel.

Next, we consider the average temperature of the front
and lateral planes that we have used for comparison through
this document, the average temperature of all the bricks, the
temperature at the exit of the kiln and the average tempera-
ture of the gas inside the kiln. Finally, columns 5 and 6 show
the relative difference (expressed as a percentage) between
the result obtained with meshes medium and coarser, and
medium and refined, respectively.

It is immediately apparent that the results are less differ-
ent between refined and medium meshes, than between the
latter and the coarser. Roughly, the difference is an order of
magnitude smaller, expressed as a percentage. This is even

Table 10 Summary of meshes used for verification and main results
obtained in the simulations

Coarser Medium Refined % diff % diff
M-C M-R
N ele- 5,705,312 6,687,292 8,639,064
ments
H (m) 0.02959 0.02819 0.02498
Ratio 1.0498 - 1.1284
Tovg, ot~ 889.68 810.3 820.36 9.8 1.24
(X)
Tovg, tatera 840.54 737.57 750.55 14 1.8
Togpricks  1006.42 921.46 927.55 9.2 0.7
(X)
T, (K)  1002.4 1008.2 1026.9 0.6 1.8
T (K) 8487 774.4 783.7 9.6 1.2
Vinax 95.4 954 94.9 0 0.5
(m/s)

more telling taking into account that refined and medium
meshes differ more, as evidenced by their ratio, than does
the coarser respect to the medium. By comparing the results
of meshes medium and refined, one can conclude that the
medium mesh is robust, so refining leads to almost negli-
gible improvements while increasing the complexity of the
case and the calculation time. By other hand, simplifying
by coarsening the mesh leads to differences of 10% in the
results, which given the comparison medium-refined, have
to be considered less accurate.
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