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ARTICLE INFO ABSTRACT

Keywords: Brazil is the largest producer of charcoal from planted forests with 5.5 million tons in 2016. The Brazilian steel
Biomass industry consumes 85% of the national production of charcoal from eucalyptus. The walls and floor of industrial
Heat transfer brick kilns are built using isolation materials that minimize heat losses during the wood carbonization stage.
N_[Ode“rfg However, the thermal inertia of these components represents additional heat that must be removed during the
zgulanon charcoal cooling stage, as reflected in the extended process time. This study aims to evaluate the effect of the

thermal inertia of the kiln structural elements for the charcoal production. A CFD (Computational Fluid
Dynamics) analysis was performed to simulate the heating and cooling of the system composed of wood, car-
bonization gases, brick walls and floor. A typical industrial kiln with capacity of 700 m® was modeled and
validated using a set of experimental measurements of temperatures during a 4-day carbonization stage with
final temperature of 400 °C and an 8 day cooling stage. The temperature profile in the walls was linear, corre-
sponding to a pseudo-steady state, where the thermal load increases with the pyrolysis time. The heat transfer at
the floor is extensive; therefore, the adiabatic boundary condition cannot be imposed at the wood bed-floor
interface. Our findings provide important information for the improvements in the kiln operation and allow
establishment of consistent initial conditions of temperature and heat flux for kinetics models for charcoal

cooling in kilns.

1. Introduction

Brazil is the largest producer and consumer of charcoal from planted
forests, with production reaching 5.5 million tons in 2016 [1]. In terms
of Brazil’s market share, 85% of the production is destined for industrial
use, mainly as a bio-reducer of iron ore in the pig iron and steel in-
dustries [1]. Charcoal is a renewable product with advantages over coal
because of its higher carbon content, which contributes to the reduction
of CO, emissions. However, the implicit production cost of charcoal is a
limiting factor of its use.

In the current scenario, where global warming is a reality, pro-
duction systems should be designed with consideration of not only
economic gain but also, reducing environmental impacts. In the char-
coal process, efforts are focused on the reduction of the emissions of
pollutant gases via burning the outlet stream and extraction of the re-
leased energy [2,3] and on the process optimization, via reduction of
the cooling time.

Charcoal production is based on a thermochemical process known
as slow pyrolysis. The quality of the charcoal is a function of the wood
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quality and carbonization rate. The process occurs in four stages gov-
erned by the temperature: wood drying, up to 110 °C; roasting, up to
250 °C; carbonization, up to 350 °C; and carbon fixation, up to 450 °C
[4,5]. After the last stage, the charcoal mass into the kiln should be
cooled prior the discharge. The carbonization time in typical rectan-
gular kilns, that varies between 190 and 700m?® of capacity is ap-
proximately 4 days, with the cooling time via natural convection of 9
and 14 days, respectively.

The carbonization process is performed in brick kilns. The bricks
have insulating characteristics adequate for the carbonization phase,
but unfavorable for the cooling, resulting in a long process time and
therefore low productivity. Cooling the charcoal bed involves cooling
the inner gases, the walls and even the floor of the kiln, which is usually
composed of compacted clay. The thermal properties of those structural
elements affect the overall heat transfer and needs to be well known.

Artificial cooling systems via forced heat convection have been
developed by companies in an attempt to reduce the cooling time and
consequently to increase the productivity [6,7]. Some prototypes using
evaporative cooling have also been tested [8], although without
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Nomenclature

absorption coefficient

characteristic length, m

charcoal emissivity

constants in the turbulence model

Coordinate along the path of radiation

density kg/m>

dissipation rate of the turbulent kinetic energy, m?/s*
dome height, m

dynamic viscosity, Pa s

equivalent Prandtl number for dissipation of the turbulent
kinetic energy

equivalent Prandtl number for the turbulent kinetic en-
ergy

expansion coefficient, K™ !

external heat transfer coefficient by convection, W/m? K
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fluid velocity [(u, v, w)], m/s

Grashof number

gravity, m/s>

interfacial area, m !

interfacial heat transfer coefficient, W/m? K
Kronecker delta

phase function for scattering

pore diameter, m

porosity
Prandtl number
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radiation intensity, W/m?

rate production of the turbulent kinetic energy, Pa/s
Rayleigh number

Reynolds stress tensor
scattering coefficient

solid angle

Specific heat, J/kg K
Stefan-Boltzmann constant
Temperature, K

Thermal conductivity, W/m K
time, s

turbulent kinetic energy, m?/s*
wall height, m

wall specific heat, J/kg K

wall temperature, K
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R RGN

wavelength
Subscripts
b Floor
f Fluid phase
s Solid phase
t turbulence
w Wall
ef-s effective thermal conductivity
surf external surface
s-i Internal surface

thorough knowledge of the carbonization and cooling kinetics, thus
limiting their implementation on an industrial scale.

Modeling and simulation are tools for use in analysis, design and
project optimization. Some previous research focused on modeling the
process of charcoal cooling and charcoal carbonization [8-10] with
adoption of simplifications that sometimes do not consider physical
phenomena of importance, e.g., time-dependent boundary conditions.
Computational fluid dynamics (CFD) allows the evaluation of different
scenarios and configurations of cooling and carbonization systems in
simulated prototypes, saving both costs and time of experimentation.

This study is the first report in the literature of a mathematical
model for simulation the carbonization in a rectangular brick kiln. The
model was used to investigate the thermal inertia of the structural
components and to provide information for formulation of mathema-
tical models that include the heat transfer during the charcoal cooling.

2. Methodology
2.1. Experimental setup

The carbonization kiln under study corresponds to the industrial
model 390 from Vallourec Florestal, with wood load capacity of
700 m?>, internal dimensions of 32m in length, 4m in width, 4m in
height, with al.2 m high dome (Fig. 1). The walls are built with 0.24-m
thick clay brick and doors at each end are constructed of concrete with
a thin metal structure. Four chambers located below the kiln provide
the energy required for ignition and for starting the pyrolysis. The ig-
nition chambers are four structures located just below the floor surface
(Fig. 1B) and equidistant throughout the kiln. In this chambers, wood is
burnt at the beginning of the process (first 5h of the carbonization
stage). The gases resulting from this combustion process are conducted
along the kiln by a channel located just below the floor (Fig. 1D). These
hot gases circulate the bed of wood providing the energy for starting the
pyrolysis. The two energy sources at the base of the wood bed (Fig. 1C)
represents the energy provided for the combustion gases, which are
responsible for the natural convection flow into the porous section and
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the gas head space over the bed. Its implementation into the model will
be described further on.

The carbonization stage takes 4 days with a final temperature of
400 °C. The further cooling stage lasts for 8 days in natural convection
condition with a final temperature of 50 °C. The carbonization gases
flow through a duct to a central burner.

Three production cycles were monitored via a data acquisition
system consisting of 17 J-type shielded thermocouples 4 AWG, three
data acquisition modules (ICP CON 7018) and one interface module
(ICP CON 7520) connected to a computer. At 1 m high, the thermo-
couples recorded the average of 11 measuring points of temperature of
the inner wall face during the carbonization and cooling stages. At
3.8 m high, the average of 6 measuring points of temperature of the
inner wall face were registered. The average temperatures recorded
during the three cycles were used to validate the proposed model.

2.2. Model and simulation

The carbonization cycle was modeled to quantify the thermal effects
of the thermo-chemical conversion of the wood bed to charcoal. It is
important to remark that the focus of this work was not the modeling of
pyrolysis reactions. Therefore, the overall heat generated by the wood
drying and subsequent pyrolysis was modeled as an energy source in
the heat transfer governing equations. This source was calculated based
on a thermal balance and adjusted for typical values of reaction heat of
pyrolysis in literature. A typical carbonization cycle of 12 days (4 days
for the carbonization stage and 8days for the cooling stage) was
modeled and simulated with the CFD technique using ANSYS CFX v11.0
software.

2.2.1. Physical model

The computational domain is defined by the kiln brick wall, the clay
floor and the inner porous material (Fig. 1). Because the length of the
kiln is significantly greater than its width, the heat transfer to the ex-
ternal environment occurs mainly in the cross-section. Thus, a two-di-
mensional approach can be performed, creating two solid subdomains
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Fig. 1. Typical Brazilian charcoal plant (A). Brick kiln with thermometry system and ignition chamber (B). Computational domain detailing a two-dimensional
approach for the kiln cross-section (C). Top and side view of brick kiln showing detail of combustion chamber and hot gas inlet (D).

(walls and floor), and one porous domain to represent the wood and
charcoal inside the kiln (Fig. 1C). The porous medium corresponds to
the wooden bed with logs positioned horizontally. Initially, the bed
occupies the total space of the kiln, and as the pyrolysis progresses, the
wood degrades and shrinks. The bed height was then defined as a
function dependent on the process time, decreasing up to 1.8 m at the
end of the carbonization stage (4th day) and remaining constant during
the cooling.

In order to investigate the heat diffusion effects through the floor,
this subdomain was extended up to 4 m depth and 2 m on each side, as
depicted in Fig. 1.

The computational domain was discretized for each subdomain,
which allows a set of meshes with good orthogonality. After a previous
spatial and temporal convergence testing, a mesh of 13,740 elements
(8820 for the porous subdomain, 888 for the wall subdomain and 4032
for the floor subdomain) and a time step of 60 min were chosen. A mesh
refinement was applied at the bed-walls and bed-floor interfaces to
improve the heat flux conservation and temperature continuity.
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2.2.2. Governing equations

Because the aim of this research was to understand the heat transfer
and its inertia in the structural components of the kiln, the following
assumption were adopted:

a) The intergranular gas inside the kiln is an ideal mixture of CO, and
Ng.

b) Buoyant force modeled using the Boussinesq approach.

¢) Low-Mach number: density changes only associated with tempera-
ture variations.

d) Charcoal bed is considered as an isotropic porous medium in the
condition of local thermal non-equilibrium.

e) Thermal radiation intensity is isotropic.

The governing equations of the transient model were based on the
continuity, momentum and energy equations. For the porous medium:

%

"
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Terms on the left hand side in Egs. (14) represent transient and
advective transport. The last two terms of Eq. (2) correspond to the
resistive force terms and represent the viscous and drag forces resulting
from the interaction between the solid and fluid phases in the porous
medium. These two terms were adjusted by experimental measure-
ments of pressure drop, where a quadratic relationship to the true ve-
locity was observed (Table 1). The term associated with the gravity
vector in Eq. (2) represents the buoyant force due to the gas density
changing with temperature.

During the pyrolysis, heat generation increases and is transferred
into the porous bed, creates temperature gradients that promote the gas
flow inside the kiln. In the porous media, the flow becomes turbulent
when Re > 280 [11]. In order to account for turbulence fluctuations,
Egs. (14) were modified to a time-averaged form (Reynolds-Averaged
Navier-Stokes equations), where the Reynolds stress tensor (1) in Eq. (2)
is modeled using an eddy viscosity, p:

V.t = V'(—hW) (5)
Iyt v, v
Sy (LT 1 N
an 5)6,' 3 (6)

where §; is the Kronecker delta and k is the kinetic energy of the ve-
locity fluctuations. The terms on the right-hand side of Eq. (6) represent
the Reynolds shear and normal stresses. To close the system of the
governing equations, the Reynolds stress was modeled by the k-¢ model
[12,13]:
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where k" is the turbulent kinetic energy, « is the rate of dissipation and
Ok, 0., C.7 and C,, are closure parameters with values of 1.0, 1.3, 1.44
and 1.92 respectively [12,13].

Egs. (3) and (4) describe the energy transport in the solid and fluid
phases of porous medium, respectively. The source term g” in the solid
phase represents the energy supplied for the ignition and the con-
sequent energy released during the partial oxidation reactions (reaction
heat of pyrolysis). In the pyrolysis reaction, the main components of the
wood (hemicellulose, cellulose and lignin) are degraded at different
rates following an Arrhenius type reaction kinetic [14]. Other authors
proposed an alternative and complementary approach in which the
degradation rate varies as a function of the reaction product: inter-
mediate solid, char, tar or gas [15-17].

The reaction heat of pyrolysis, varies in a wide range. Dougaard and
Brown [18] reported values varying from 0.78 to 1.64MJkg™ ' de-
pending on the type of biomass source. A value of 0.93 MJ kg ™! was set
during the carbonization stage (four days) in order to run the simula-
tions. This term was implemented in CFX acting in the two-point energy
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sources (shown in Fig. 1C) during the first five hours of the process. For
the rest of time of carbonization stage, the source term was set to act on
the whole porous subdomain. After, for the cooling stage, this value was
set to zero. Table 1 presents the model parameters used in the simu-
lation.

The heat transfer by the gas flow through the porous matrix is
proportional to the interfacial heat transfer coefficient h;. These term
was assumed to act inside the porous bed locally and it depends on the
gas properties, characteristic length of particles (1) and Nusselt number
(Nu). This dimensionless number relates the contribution of the con-
vective and conductive mechanisms in the heat transfer phenomena at
the fluid-solid interphase. The coupling term (h;) appears in the two
energy equations (Egs. (3) and (4) accompanying the interstitial heat
exchange specific area (Ay):

Nu
by =k an
The interfacial gas flow, driven by the buoyancy force, circulate the
porous bed toward the heat space. In this free flow region, which ex-
pands as the porous bed shrinks, the gas reaches a higher velocity, re-
sulting in larger Reynolds numbers and increasing convective heat
transfer at the bed surface. Because of this, the carbonization front runs
from top to bottom of the bed.
Radiation between particles is considered in Eq. (3) within the
diffusive term, in which the effective heat transfer coefficient ke
quantifies the conduction and radiation phenomena [19]:

Ket—s = Ke + Krag 12)

krad = 4qocyde§' (13)

where o is the Stefan-Boltzmann constant, y is the charcoal emissivity
and d, is the average diameter of the charcoal pores. Energy traveling as

Table 1

Model parameters.
Wall (brick fireclay) [22] Value
cow kg™ K71 960
Ky Wm™' K] 1,0
pw [kg m ™ 2645
Clay floor [22]
e [T kg™ K] 880
ky Wm™'K™1] 1,29
pp [kg m 2] 1450

Porous media (fluid phase) [12]

CO thermophysical properties
N, thermophysical properties

Ansys CFX database
Ansys CFX database

Porous media (solid phase) [6,17,22]

cp wood [T kg™' K™'] 2385

k wood [Wm ™' K] 0,19

p wood [kg m~ %] 540

¢, charcoal [J kg™ K] 1017

k charcoal [W m™! K™ '] 0,03

p charcoal [kg m~ %] 345

1 [m] 0.13

v 0,9

dpore [um] 350

Porous media [6,18]

£ 0,6

Ay [m™?] 65

Nu 2 + (1.1Pr***Re®)
AP/l [Pam™] 24V + 343 V2
¢’ [Wm™ 3] 1185
Carbonization time [h] 96

Cooling time [h] 192
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radiation through the interstitial fluid can be modeled using an addi-
tional transfer equation for the porous domain, where the change in
intensity is a balance among emission, absorption and scattering
[20,21]:

v d
= i (S)—ari1(S)—ouir(S) + Zi; (S0 p(4,0,01) dovy

@i

i,

as (14)

The first term on the right side of Eq. (14) represents the gain by
emission, followed by the loss terms of absorption and scattering. The
last term represents the gain by scattering. The radiation emitted by the
wood bed (under carbonization conditions) interacts with the fluid
region above it and with the inner surfaces of the kiln. This is known as
limit diffusion, because radiant energy is dispersed in all directions. The
radiation model P1 was adopted to account for the radiant heat flux,
because the medium inside the kiln is optically dense and approaches
the limit diffusion condition. The P1 model simplifies the radiative
transfer equation and reduces the required computational effort.

The walls and floor are defined as impermeable with average
properties. For these domains, a transport equation is only required for
energy, in which the diffusive mechanism is governing:

0T, )

Cowbu =5 = KV as)
ATy
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2.2.3. Boundary conditions and interfaces

The hydrodynamic conditions at the bed-wall and bed-floor inter-
faces are no-slip, zero speed and thermal energy conservation along the
normal direction:

0T 0T 0Ty
I
base porous

*on on on 17)
_[kwf&] - [ L L
on 'wall on on porous (18)
oT;_;
hi[T—i—Tr] = ky ax 4 19)

Egs. (17) and (18) model the heat flux at the bed-wall and bed-floor
interfaces. Eq. (19) responds by the heat flux between the head space
inside the kiln and the inner surface of the walls.

For the carbonization stage, the boundary conditions were estab-
lished as the following: on the floor, at a depth of 2m, an adiabatic
boundary condition is set; in the symmetry planes, normal gradients are
set to zero for all quantities; on the external wall surface, a convective
boundary condition is established with outside temperature set to 25 °C:

aTsurf,t
ox (20)

The convection heat transfer coefficient was calculated considering

hext[Tsurf,t_ m] = kw

300
250
200
150
100

50

A

Temperature (°C)

0 2 4 6 8
Carbonization cycle (days)

Temperature (°C)

Fuel 226 (2018) 508-515

an average air velocity of 4.5m/s and outside temperature of 25 °C.
Following the experimental approach proposed by [9], an approxima-
tion was made depending on the height of the kiln:

Lateral wall, for 0.3 < Pr,; < 100 and 10'0 < Ra < 10'3:

hext = [0.138ﬁcr0~36(Pr‘;;”—o.ss)] [1+ (2.237fv,i)]
Ly 2n
Dome, for Ra > 10%:
k .
heyx = 0.10=2ERal/3[1 4 (2.237fvy
ext L [1+(C air) ] 22)

Where f is a correction factor that depends on the temperature differ-
ence between external surface and air [9]:f = 0,229 for AT =
8.33°Cf = 0,200 for AT 13.89°Cf = 0,171 for AT
27.78 °Cf = 0,150 for AT = 55.56 °Cf = 0,121 for AT = 111.11°C

As initial conditions for carbonization stages, all temperatures were
set to 25°C. For the cooling stage, the boundary conditions were
maintained, except for the adiabatic boundary condition in the floor,
which was modified to a depth of 4 m. The simulated conditions at the
end of the carbonization stage were used as the initial conditions for the
cooling stage, by switching to zero the heat source term in the energy
equation (Eq. (3)).

The simulation time was set to 96 h (4 days) for the carbonization
stage and 192 h (8 days) for the cooling stage. The first-order backward
Euler and high-resolution discretization schemes were used for the
transient and advective terms, respectively. The residual target was set
to RMSE < 107°.

3. Results and discussion
3.1. Model validation

Average of six experimental measurements points of temperature at
height of 3.8 m and 11 measurements points of temperature at 1 m
height on the inner surface of the wall were compared with the simu-
lation data (Fig. 2). The CFD predictions are found to be in good
agreement with the experimental data, with R? of 92% and 95% for the
carbonization and cooling stages, respectively. In the highest position
(Fig. 2A), as a consequence of the buoyancy forces, a rapid increase in
temperature is observed due to the flow of hot gases toward the head
space. The internal wall temperature reached almost 300 °C at the end
of carbonization stage, and it is a characteristic temperature used by
charcoal producers to monitor the behavior of pyrolysis inside the kiln.

3.2. Simulation

During the carbonization stage (Fig. 3), the advance of the carbo-
nization front can be observed from the top to the bottom of the kiln. By
having a much lower density compared to wood, stagnant gases at the
top of the bed are heated rapidly, creating a convective flow that pro-
mote the carbonization front. The simulated Reynolds number varies
between 250 for the porous bed and 8800 for the head space, a

B

0 2 4 6 8

Carbonization cycle (days)

Fig. 2. Experimental (dotted line) and simulated (black line) temperature at the internal surface of the wall at a height of 3.8 m (A) and at a height of 1 m (B) during

carbonization cycle. Four days for carbonization stage. Eight days for cooling stage.
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4 day

Fig. 3. Temperature distribution of the fluid phase of the charcoal bed, walls and floor during the whole carbonization cycle. The arrows indicate the gas flow pattern

at the head space.
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Fig. 4. Heat flow rate at walls (black line) and floor (red line) during the car-
bonization cycle. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

condition that justifies the use of a turbulence model. Similarly, during
the cooling, the gas phase in the head space releases heat rapidly and
therefore decreases its temperature at higher rates than the bed. This
phenomenon has been observed in the industry during the opening of
the kilns, where apparently cold kilns can undergo combustion break-
outs when the air comes into contact with still hot pieces of charcoal

400
350 4 day
& 300
£ 250 -
=
= 200

5]
E-ISO
© 100
=

50

0

0 004 008 012 0,16 02 0,24
Wall thickness (m)

lies inside the bed.

The heat diffusion through the floor can also be observed in Fig. 3.
During the carbonization stage, the heat diffuses from the heated bed to
the floor. The diffusion in the depths of the floor continues during the
cooling stage, and a zero-temperature gradient can be observed by the
boundary condition imposed (4 m depth and 2m on each side). After
the fifth day of processing (first day of cooling), the temperature at the
floor is found to exceed the temperature of the bed above the kiln (i.e.
interface). This condition results in a reverse heat flux at floor interface,
in which the bed begins to absorb energy from the floor (dotted-line,
Fig. 4), making it difficult to cool down the bed.

The heat flow through the walls is faster than the heat flow at the
bed-floor interface (Fig. 4). The walls exchange heat with the en-
vironment via convection and radiation, reaching a maximum value of
1427 W at the end of the carbonization stage. At the beginning of the
cooling (during the first two days), a higher heat rate can also be ob-
served. Soon after, the heat rate begins to decline exponentially, re-
flecting a long cooling time. Sixty hours after the process start (the
second day of carbonization), the heat flux at the floor interface is
260 W, and presented a tendency to remain stable until the end of the
carbonization stage. On the second day of cooling (approximately 32 h),
the heat rate reverses its direction and the bed begins to absorb heat
from the floor. The exposed phenomenon highlights the importance of
not considering the floor as adiabatic and address new possibilities for
different approaches to understand the cooling problem and its further

250
200
150
100

Temperature (°C)

0 0,04 008 012 0,16 02 0,24
Wall thickness (m)

Fig. 5. Temperature distribution into the wall during the carbonization (A) and cooling stages (B) at 0.8 m high.
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Fig. 6. Temperature distribution into the floor during the carbonization stage (A) and during the cooling stage (B).

optimization.

The integration of the heat flow rate function shown in Fig. 4 en-
ables estimation of the heat losses during the process. During the car-
bonization stage, 302.8 MJ are lost through the walls and 69.9 MJ are
lost through the floor. These values represent 46.8% of the total energy
required in the process (794.8 MJ). Current research in the field of
material science evaluating insulation characteristics in bricks [22-24]
could be applied in the charcoal industry. Materials with lower thermal
conductivity would minimize losses during carbonization but could
extend the cooling time even further.

The temperature distribution at the wall thickness during the car-
bonization and cooling stages is shown in Fig. 5, at 0.8 m high. The
linear profile corresponds to pseudo steady state heat conduction,
where the thermal load increase with the pyrolysis time (Fig. 5A). This
behavior enables modeling of the wall domain with fewer mesh ele-
ments. Additionally, the brick walls can be modeled even without a
physical domain, using the thermal resistance approach [22]. This ap-
proach could result in a lower CPU running time.

For a one-dimensional plane wall, Fourier’s law establishes that the
heat flux is proportional to the temperature gradient. After the second
day of cooling (Fig. 5B), the temperature gradient decreases con-
siderably, relying on a low heat transfer rate.

Two inlets at the floor provide the heat to start the wood pyrolysis at
the beginning of carbonization process. A controlled combustion occurs
from the inlet chambers, and then, the process become self-sustaining
as the pyrolysis reaction occurs. The floor surface is heated rapidly
during the first day when the chambers are active. During the carbo-
nization stage, heat diffusion through the floor starts from the surface
and reaches a depth of almost 2 m, where an adiabatic boundary con-
dition can be correctly established (Fig. 6A).

During the cooling stage, heat diffusion through the floor continues
and the adiabatic boundary condition had to be moved to the depth of
4m (Fig. 6B). After the first day of cooling, the floor’s temperature is
found to exceed the temperature of the interface (Fig. 6B), thereby
inverting the heat flux, as observed in Fig. 4. Therefore, the use of an
insulation layer at the floor will contribute to a more effective con-
version from wood to charcoal, since the heat loss though the kiln floor
will be no longer significant. Moreover, with an insulation layer, the
cooling stage will be also improved since no heat will be transferred
from the clay floor to charcoal.

4. Conclusions

Computational fluid dynamics was presented as a reliable tool for
the modeling and simulation of the thermal phenomena involved in the
pyrolysis and cooling stages in the production of charcoal in industrial
scale kilns.

The thermal inertia of the structural elements of a brick kiln was
characterized by determining the temperature profile and heat flux
through the walls and floor during the carbonization and cooling stage.
The temperature profile in the brick walls showed a pseudo-steady state
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behavior that allows modeling this subdomain using the thermal re-
sistance method. This approach can reduce computational time in si-
mulations using the CFD method.

The analysis of the heat flux through the structural elements of the
kiln allows the quantification of the heat losses in each stage of the
process. The bed-floor interface cannot be considered adiabatic. The
floor can be only considered as adiabatic at 2 m depth during the car-
bonization stage and at 4 m depth during the cooling. The time when
the charcoal bed begins to absorb heat from the floor is crucial for the
design of carbonization and cooling systems, evaluating different ma-
terials and configurations for their optimization.

The simplified model presents an adequate prediction of tempera-
ture distribution at walls, floor and porous material. These temperature
fields can be used as the initial conditions in the computational model
formulation of the cooling process of brick kilns, enabling the simulated
conditions to approach the real conditions.
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