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A B S T R A C T

Brazil is the largest producer of charcoal from planted forests with 5.5 million tons in 2016. The Brazilian steel
industry consumes 85% of the national production of charcoal from eucalyptus. The walls and floor of industrial
brick kilns are built using isolation materials that minimize heat losses during the wood carbonization stage.
However, the thermal inertia of these components represents additional heat that must be removed during the
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 700m3 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 CO2 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

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 700m3 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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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
700m3, internal dimensions of 32m in length, 4 m in width, 4 m in
height, with a1.2 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 5 h 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

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 1m 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 8 days 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

Nomenclature

a absorption coefficient
l characteristic length, m
γ charcoal emissivity
C constants in the turbulence model
S Coordinate along the path of radiation
ρ density kg/m3

ε dissipation rate of the turbulent kinetic energy, m2/s2

Lc dome height, m
µ dynamic viscosity, Pa s
σε equivalent Prandtl number for dissipation of the turbulent

kinetic energy
σk equivalent Prandtl number for the turbulent kinetic en-

ergy
β expansion coefficient, K−1

hext external heat transfer coefficient by convection, W/m2 K
→
V fluid velocity [(u, v, w)], m/s
Gr Grashof number
g gravity, m/s2

As interfacial area, m−1

hi interfacial heat transfer coefficient, W/m2 K
δij Kronecker delta
ᶲ phase function for scattering
dp pore diameter, m
φ porosity
Pr Prandtl number

i radiation intensity, W/m2

Pk rate production of the turbulent kinetic energy, Pa/s
Ra Rayleigh number
τ Reynolds stress tensor
σs scattering coefficient
ω solid angle
Cp Specific heat, J/kg K
σ Stefan-Boltzmann constant
T Temperature, K
k Thermal conductivity, W/m K
t time, s
kT turbulent kinetic energy, m2/s2

Lw wall height, m
Cpw wall specific heat, J/kg K
Tw wall temperature, K
λ 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
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