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ABSTRACT

BUSTOS VANEGAS, Jaime Daniel, D.Sc., Universidade Federal de Vigosa, December,
2018. Charcoal cooling Kkinetics: Computational simulation and industrial
applications. Advisor: Marcio Arédes Martins. Co-Advisor: Angelica de Céssia Oliveira
Carneiro.

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 common-use technology for large-scale charcoal production in the
country consists of masonry kilns. Its walls and floor 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. The long cooling time
is also due to the heat generation in oxidation reactions at low temperatures. The intensity
of this reactions depends on complex interactions between the interstitial gas and the solid
matrix of charcoal. Natural and forced convection heat exchangers have been developed
by some companies in an attempt to reduce cooling times. However, there is still a lack
of knowledge regarding the dynamics of gas flow inside the kiln and physical-chemical
reactions occurring in the charcoal bed, which constitutes a limitation for its optimization.
In this scenario, in the first part of this study are presented and discussed the main
technologies developed for cooling of carbonization kilns, identifying the challenges for
its optimization and the possible impacts on charcoal quality. In the second part, aims to
evaluate the effect of the thermal inertia of the kiln structural elements, a typical industrial
kiln with a capacity of 700 m* was modeled and validated using a set of experimental
measurements of temperatures during a 4-day carbonization stage and 8-day cooling
stage. A CFD (Computational Fluid Dynamics) analysis was performed to simulate the
heating and cooling of the system composed of wood, carbonization gases, brick walls,
and floor. In the third part, a laboratory-level experiment was conducted with the
objective of evaluating the kinetics of charcoal oxidation at low temperatures by
quantifying the heat generated and the oxygen consumed in the reaction. Finally, two and
three-dimensional CFD analysis were performed to evaluate the effect of an insulation
layer covering the floor and a buoyancy-driven heat exchanger on the cooling time. With
the results of this research, it can be concluded that there is still a great opportunity for
improvement and optimization of cooling systems for carbonization kilns. The

temperature profile in the walls approaches to a pseudo-steady state, allowing to model



this domain as a boundary condition. The heat transfer at the floor is extensive; therefore,
the adiabatic boundary condition cannot be imposed at the bed — floor interface. A 3 cm
layer of insulation concrete over this interface could reduce the energy requirement for
the carbonization stage in 6% and could reduce the cooling time in almost 2 days. The
use of a buoyancy-driven flow heat exchanger can reduce the cooling time between 27
and 59%, increasing productivity per kiln per year up to 65%. The rate of oxygen
consumption increases with charcoal temperature at rates that depend on the initial
concentration of O». The beginning of the oxidation reactions was observed at 67 °C in
atmospheres with 20.9% O,. The overall activation energy for the self-heating
phenomenon was 17790 J mol™! and its intensity was increased with the temperature and
O concentration. Our findings provide important information for the improvements in
the kiln operation and allow the establishment of consistent initial conditions of

temperature and heat flux for kinetics models for charcoal cooling in kilns.
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RESUMO

BUSTOS VANEGAS, Jaime Daniel, D.Sc., Universidade Federal de Vigcosa, dezembro
de 2018. Cinética de resfriamento de carvao vegetal: simulacdo computacional e
aplicacoes industriais. Orientador: Marcio Arédes Martins. Coorientador: Angelica de
Céssia Oliveira Carneiro.

O Brasil é o maior produtor de carvao vegetal de florestas plantadas, com 5,5 milhdes de
toneladas em 2016. A industria sidertrgica brasileira consome 85% da produgdo nacional
de carvao vegetal produzido a partir de eucalipto. A tecnologia de uso comum para a
producdo de carvdao em larga escala no Brasil consiste em fornos de alvenaria. Suas
paredes e piso sdo construidos usando materiais isolantes que minimizam as perdas de
calor durante a fase de carbonizacdo da madeira. No entanto, a inércia térmica desses
componentes implica uma carga térmica adicional que deve ser removida durante a etapa
de resfriamento, resultando em longos tempos de operacdo. A baixa taxa de resfriamento
também é devido a gerac@o de calor em reacdes de oxidagdo a baixas temperaturas. A
intensidade dessas reacdes depende de interacdes complexas entre o gés intersticial e a
matriz sélida do carvado. Trocadores de calor por convecgdo natural e forcada foram
desenvolvidos por algumas empresas na tentativa de reduzir os tempos de resfriamento.
No entanto, ainda hé falta de conhecimento sobre a dindmica do fluxo de gés no interior
do forno e reagdes fisico-quimicas ocorrendo no leito de carvao, o que constitui uma
limitacdo para sua otimizagdo. Neste cendrio, na primeira parte deste estudo sio
apresentadas e discutidas as tecnologias atualmente desenvolvidas para resfriamento de
fornos de carbonizacdo, identificando os desafios para sua otimizacdo e os possiveis
impactos na qualidade do carvdao vegetal. Na segunda parte, foi avaliado o efeito da
inércia térmica dos elementos estruturais do forno. Um forno industrial retangular com
capacidade de 700 m*® de madeira foi modelado e validado usando um conjunto de
medidas experimentais de temperaturas durante um periodo de 4 dias de carbonizacdo e
8 dias de resfriamento. Uma andlise CFD (Computational Fluid Dynamics) foi realizada
para simular o aquecimento e resfriamento do sistema composto de madeira, gases de
carbonizacdo, paredes e piso. Na terceira parte, um experimento ao nivel de laboratério
foi conduzido com o objetivo de avaliar a cinética de oxidacdo do carvao vegetal a baixas
temperaturas quantificando o calor gerado e o oxigénio consumido na reac¢do. Finalmente,
foram realizadas anélises CFD em duas e trés dimensdes objetivando avaliar o efeito de
uma camada de isolamento térmico cobrindo o piso e de um trocador de calor acionado

por conveccdo natural no tempo e homogeneidade do resfriamento. Com os resultados
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desta pesquisa pode se concluir que ainda existe uma grande oportunidade de melhora e
otimizagdo de sistemas de resfriamento para fornos de carbonizagdo. O perfil de
temperatura nas paredes se aproxima de um estado pseudo-estaciondrio, permitindo
modelar este dominio como uma condi¢do de contorno. A transferéncia de calor no piso
€ extensa; portanto, a condicao de fronteira adiabdtica ndo pode ser imposta na interface
leito-piso. Uma camada de 3 cm de concreto isolante sobre essa interface poderia reduzir
a demanda de energia para o estidgio de carbonizacdo em 6% e reduzir o tempo de
resfriamento em quase 2 dias. O uso de um trocador de calor de fluxo acionado por
conveccdo natural pode reduzir o tempo de resfriamento entre 27 e 59%, aumentando a
produtividade por forno por ano em até 65%. A taxa de consumo de oxigénio aumenta
com a temperatura do carvao a taxas que dependem da concentracdo inicial de Oz. O
inicio das reacdes de oxidacao foi observado a 67 °C em atmosferas com 20,9% de O>. A
energia de ativacdo global para o fendmeno de auto-aquecimento foi 17790 J mol™! e sua
intensidade aumentou com a temperatura e a concentracdo de O>. Nossas descobertas
fornecem informagdes importantes para melhorias na opera¢do do forno e permitem o
estabelecimento de condi¢des iniciais consistentes de temperatura e fluxo de calor para

modelos cinéticos de resfriamento de carvao vegetal em fornos de alvenaria.
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1. GENERAL INTRODUCTION

Perhaps renewables saw the highest growth rate of any energy source in 2017 (now
account for 25% of global electricity generation), the global economic growth, lower
fossil-fuel prices, and weaker energy efficiency efforts, result in an increase of 460
million tons of energy-related CO> emissions in the same year (IEA 2017). In order to
meet the goals of the Paris Agreement on climate change, greater efforts should be
directed towards energy efficiency and reduction of greenhouse gases, mainly CO>
emissions (Tanaka and O’Neill, 2018).

The iron and steel industry is responsible for more than 5 % of the anthropogenic CO2
emissions worldwide (Fick et al., 2013) and approximately 27% of CO> emissions from
the global manufacturing sector (Hasanbeigi et al., 2014). This fact is basically due to the
use of coal as a source of carbon for the reduction of iron ore. In this context, research
points to biomass as an alternative source of carbon (Kokonya et al., 2013; Fick et al.,
2013; Montiano et al., 2014; Nakahara et al., 2015), which, because of its renewable
character, contributes to cleaner production. Abreu et al. (2015) concluded that replacing
50% of coke by charcoal in iron ore sinter production, productivity remains the standard
level and may result in a 50% reduction in greenhouse gas emission.

Brazil stands out as the largest producer and consumer of charcoal. In the last decade,
the national pig iron industry consumed in average 6.9 million tons per year, representing
a 25-35% share of charcoal as a reducer (CGEE 2015). Charcoal presents quality
characteristics suitable for use as a reducer in the steel industry, but its limited use is due
in part to the higher cost when compared to coke from coal. In this scenario, the producing
companies and in some cases aligned with the academic has been developing technologies
that aim at a more efficient and sustainable production. Research has focused on the use
of the enthalpy of carbonization gases for wood drying or power generation (Coelho 2013;
Pereira et al., 2017) and the optimization of the production cycle.

The common-use technology for large-scale charcoal production in Brazil consists of
masonry kilns. The production cycle takes an average of 4 days for the carbonization step
(reaching a final temperature between 350 and 400 °C) and 8 days for the cooling stage
(reaching a final temperature of about 60 °C). During the carbonization stage, the
insulation characteristics of this structure minimize energy losses. In contrast, during
cooling, the energy accumulated in the mass of charcoal is hardly dissipated through the

walls and floor, which reflects in long operating times and consequently, low productivity



per kiln. Some systems using forced convection heat exchangers have been developed
and tested achieving reductions of up to 50% of the cooling time (Santos 2013; Martins
2014; Oliveira et al. 2015). During cooling, the atmosphere inside the kiln undergoes a
depressurization. Then, the tension exerted on the walls tends to generate small cracks
through which the outside air can infiltrate. Oxygen in the air reacts with the charcoal
particles reactivating pyrolysis reactions, generating heat and making cooling even more
difficult. Knowledge of the kinetics and intensity of these reactions is key to the planning
and optimization of cooling systems.

In view of the above, this research was focused on the understanding of the physical-
chemical phenomena associated with the charcoal cooling stage in masonry kilns looking
for the optimization of cooling systems. The study was divided into four parts in the form
of articles. In the first part, as a review, the state of the art of cooling systems, the
challenges for its implementation and the possible effects on the quality of the charcoal
are presented. In the second part, a mathematical model to quantify the thermal inertia of
the kiln structure during the carbonization and cooling stages was formulated and
validated with experimental data.

In the third part, a laboratory-level experiment was conducted with the objective of
evaluating the kinetics of charcoal oxidation at low temperatures. The energy released in
the reactions and their relation with the oxygen concentration was quantified.

Finally, using the mathematical model previously validated in the second part, a 2D
CFD study was performed aiming to quantify the effect of an insulation layer over the
floor. Then, a three-dimensional CFD study was carried out pointing at the optimization

of a buoyancy-driven heat exchanger.
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2. CHAPTER I: ARTIFICIAL COOLING OF CARBONIZATION KILNS:
CHALLENGES IN PRODUCTIVITY AND QUALITY

ABSTRACT. Brazil stands out as the largest producer and consumer of charcoal from
planted forest, being the iron and steel industries the main consumer. The producers face
challenges to maximize productivity and minimize environmental impact while
maintaining the quality of the charcoal produced. Charcoal is produced in masonry kilns
which by its insulating characteristics benefits the carbonization stage but makes cooling
difficult. The cooling stage consumes between 60 and 70% of the total process time,
reflecting in a low productivity per kiln. This scenario has encouraged companies to
develop artificial systems based mainly on evaporative cooling and forced convection.
However, there is still a void in the knowledge of process kinetics, addressing self-heating
reactions as well as the impact on the yield and quality of the charcoal produced. In this
review are presented and discussed the main technologies developed for cooling of
carbonization kilns, identifying the challenges for its optimization and the possible

impacts on charcoal quality.

KEY WORDS: charcoal, modeling, pyrolysis, heat transfer.



2.1 INTRODUCTION

Charcoal is a type of biomass of high energy density resulting from the process of
wood carbonization (for industrial purposes, mainly of eucalyptus wood). Although there
was a fall in production of 16% between 2010 and 2015, as a result of the fall in the steel
production sector, Brazil stands out as the largest producer and consumer, reaching 6.1
million tons in 2016 (EPE, 2017). 85% of the production is destined for industrial
consumption, mainly as a bio-reducer of iron ore in the pig iron and steel companies
(EPE, 2017). In the internal market, the state of Minas Gerais stands out as the largest
producer and consumer with an average consumption of 2.6 million tons in 2016 (IBA,

2017).

The main thermo-reducers sources of iron ore used by the pig iron industry are coke
(from coal) and charcoal. The latter presents comparative advantages in reference to its
lower content of sulfur, nitrogen, and heavy metals, elements that may adversely affect
the quality of the steel (Nakahara et al., 2015), and in reference to its renewable character,

contributing to the reduction of CO; emissions.

In industrial scale the production of charcoal is carried out in rectangular masonry
kilns, that varies between 50 and 2000 m? of capacity. The insulating characteristics of
the wall’s kiln are suitable to the carbonization stage, but inconveniences to its cooling.
Therefore, the cooling process involves in addition to the charcoal bed, the stagnant gases

and the structural elements of the kiln, that is, floor and walls.

The production cycle in a 700 m® kiln extends on average for 12 days. Of these, 4
days correspond to the pyrolysis stage (drying and carbonization) and 8 days to the
cooling stage. The long cooling time reflects in a low productivity per kiln. In order to
accelerate this step, artificial cooling systems using heat exchangers and water in liquid
form and steam, have been developed (Franca and Campos, 2002; Oliveira et al., 2010;
Santos, 2013; Martins, 2014; Oliveira et al., 2015). In some cases, these systems have

been able to reduce the cooling time by up to 50%.

The technologies currently available for artificial cooling were mostly developed by
the steel companies and did not have extensive scientific documentation. It is worth
noting that these technologies despite the advances already achieved, need to be
optimized, deepening in the knowledge of the reactions that may occur during the process,

gas flow patterns inside the kiln and possible impacts on charcoal quality. In this sense,



this work will be presented in the format of a literature review related to technologies
currently implemented or tested for artificial cooling of carbonization kiln, addressing

their advantages and disadvantages and possible impacts on product quality.

2.2 CHARCOAL PRODUCTION PROCESS

The charcoal production is based on a thermochemical process known as slow
pyrolysis. The quality of the charcoal produced depends on the wood quality and the
carbonization parameters (final temperature and carbonization rate). This process occurs
initially in an endothermic phase characterized by drying the wood (150 °C - 180 °C)
followed by the degradation of hemicelluloses (180 °C - 270 °C). Soon the process enters
an exothermic phase with degradation of cellulose (270 °C - 350 °C) and carbon
concentration above 350 °C (Figure 1) (Peldez-samaniego et al., 2008; Rezende, 2006,
Souza, 2016). Carbonization of wood consists basically of concentrating carbon and
expelling oxygen through the action of heat, with consequent increase in the energy
content of the product (Vale and Gentil, 2008; Carneiro et al., 2013). On average, at the
end of the process the products obtained are charcoal (30%), condensable gases (42%)
and non-condensable gases (28%) (Carneiro et al., 2013). The condensable gases are a
mixture of steam and pyrolignous liquid, composed mainly of acetic acid, methanol and
aromatic compounds. The non-condensable gases correspond to N2, CO,, CO, CH4, H>
and hydrocarbons. Some researches have been conducted looking for the use of the high
energy content of these gases in wood drying or power generation (Coelho, 2013; Pereira

et al., 2016), resulting in an economically and ecologically sustainable operation.
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Figure 1. Standard carbonization curve. Souza, 2016.



The average time of the carbonization stage in a rectangular kiln with 700 m? of
nominal capacity is approximately 4 days, while the cooling by natural convection last
between 8 and 13 days depends on the environmental conditions (Oliveira et al., 2010).
The thermal degradation of the wood during its carbonization reduces its volume by more
than 50% creating a headspace in the upper part of the kiln. The hot gases in this space
direct the carbonization front from top to bottom. Similarly, during cooling, the gases in
the headspace cool faster than the charcoal bed and direct the cooling front from the top
down. The cooling rate decreases exponentially due to gas stagnation, as a consequence
of the lower buoyancy force when temperature difference decrease. Therefore, the cooling
stage consumes most of the time in the production cycle since it must guarantee an
average bed temperature (safety temperature) that prevents ignition breakouts when
opening the kiln. From field experience, this temperature has been set between 50 and 60

°C in the upper region of the kiln.

The usual practice for the kiln cooling is the manual and mechanical application of
mortar (a mixture of clay and water) on the walls (Figure 2). This is done one to five times
a day during the first days of cooling. The objectives are to seal any air infiltration that
could reactivate the pyrolysis reactions, reheating the charcoal bed (Vital et al., 2013,
Oliveira et al., 2015), and to increase the heat transfer rate between the walls and the
environment by evaporative cooling. In this way, the charcoal mass and the stagnant gases
inside the kiln exchange heat with the walls by conduction, convection, and radiation, and
these, in turn, transfer heat to the environment by natural convection and radiation. In this
configuration, due to the low thermal conductivity of the wall material and poor advection
of gases in the headspace, the cooling takes a long time (Fig. 1), leading to a low
productivity per kiln. In addition, charcoal particles with high-ignition risk remain in the
lower part of the bed, and a common practice at the time of opening the kiln is the spray
of water over the bed, which may result in a decrease in the mechanical strength of the

charcoal.



Figure2. Application of mortar over the carbonization kiln in the cooling stage. PAM

Bioenergy (2016).

2.3 ARTIFICIAL COOLING SYSTEMS

Forced convection systems using gas-air and gas-water type heat exchangers and
natural convection heat exchangers (Figure 3) have been tested on pilot and industrial
scale achieving significant gains in cooling time. Furthermore, water in liquid form and
steam has been used directly as refrigerant fluid. It should be noted that these
technologies, so far, have been developed mostly by the producing companies, so few

results have been published in scientific journals.

Figure 3. Heat exchanger tested by charcoal companies. A) gas/air type. B) gas/water

type. C) Natural convection type. Martins (2014).



2.3.1 State of the art of technologies for artificial cooling of carbonization kilns

The Vallourec company using water foggers on the charcoal bed during the first day
of cooling, was able to reduce the cooling time of rectangular furnaces from 12 to 6 days.
A total of 10,000 L of water was consumed and the excess water in the bed resulted in a
decrease in the mechanical strength of the charcoal (France and Campos, 2002). Although
this technique is efficient in reducing cooling time, it presents operational limitations in
regions with water deficit, and results in charcoal which may not meet the quality

requirements of the metallurgical industry.

Oliveira et al. (2010) tested the cooling of a kiln with a capacity of 3.5 ton of wood
using steam at 112 °C as refrigerant. The steam was generated in an aquatubular boiler
and was injected at the bottom of the charcoal bed from the beginning of the cooling and
for 12 h. At this point, the average bed temperature reached the temperature of the steam,
so its injection was stopped and the cooling continued for 12 hours more by natural
convection. Although a reduction of 50% in total cooling time was achieved, the quality
parameters of the charcoal produced were changed. The volatile content increased from
21 to 27% and fixed carbon fell from 77 to 72%. The true porosity increased from 70 to

78%, the friability from 45 to 52% and the moisture content remained constant.

The reduction of the fixed carbon content, compensated by the volatile content
increase, may be related to the shorter contact time between the solid carbon matrix and
the gases inside the kiln. The increase in friability may be a consequence of the rapid
evaporation of water droplets within the solid matrix of the charcoal particles. The sudden
increase in pressure caused by this rapid evaporation can break the charcoal matrix,

generating cracks and pores that weaken its structure.

Santos (2013) analyzed the influence of a forced gas flow on the cooling dynamics of
the charcoal bed and on the quality of the charcoal produced. A heat exchanger of the
shell-and-tube type was coupled to a 3.5-ton capacity kiln. To force air and gas flow, two
centrifugal fans were used: one blowing air into the heat exchanger and the other at the

exchanger outlet, injecting the cooled gas into the kiln (Fig. 4).

Three gas velocities were tested obtaining reductions in the cooling time ranging from
50 to 63% (Table 1). The fans operated during the first 12 h of cooling. The largest
reduction was obtained using the lowest flow velocity (0.034 m s!) percolating the

charcoal mass. The increase in the gas flow had an adverse effect on the cooling due to
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the occurrence of combustion points in the areas near the gas suction, as a consequence
of the air infiltration caused by the pressure drop between the suction and the gas
injection. To avoid that problem, the author suggests increasing suction and injection
areas and keeping the pressure drop below 140 Pa. The author verified that the fast

cooling did not cause significant variation of the charcoal quality parameters.

Table 1. Operating parameters of the cooling system proposed by Santos (2013)

Frequency Gas flow Superficial velocity Saved time Pressure drop (Pa)
(Hz) (m*s™) (ms™)
30 0.1243 0.034 63.0 % 139
45 0.2196 0.060 56.6% 238
60 0.3981 0.108 50.0% 353
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Figure 4. Heat exchanger coupled to the carbonization kiln (Santos, 2013).

Martins (2014) carried out a study on energy consumption in heat exchangers
(gas/air type) aiming at the optimization of its operation. Using a centrifugal fan, the hot
gases were sucked from two points (close to the doors) in the top of the kiln and forced
through the heat exchanger (Figure 5). The cooled gases were injected on the opposite
side of the kiln at four equidistant points. Four gas velocities defined by the fan frequency

(15, 20, 30 and 60 Hz) and two injection height (top and bottom) were tested.
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Figure 5. Cooling system tested by Martins 2014.

Cooling time reductions of 43 and 71% were achieved with gas injection in top
and bottom, respectively. Due to the resistance exerted by the charcoal bed, a higher
frequency was required when injecting into the bottom. The optimum performance of the
heat exchanger was achieved using a frequency of 30 Hz in the cooling from top and 40
Hz in the cooling from the base. Cooling from the bottom resulted in shorter times and
more homogeneous temperatures within the charcoal mass. However, the higher
ventilation power required results in higher operating costs. Besides that, due to greater
pressure drop between the injection and suction lines, the risk of air infiltration could

increase.

Oliveira et al. (2015) evaluated the reduction of the cooling time in rectangular
masonry kilns of 320 m® wood capacity using three models of heat exchangers. The
equipment specification and results are summarized in Table 2. Steel ducts of 0.8 mm
thick and 400 mm diameter were used to conduce the hot gases through the heat
exchangers. The suction and injection points were located at 3.8 m height. Figure 6 shows
the lateral view of the three models tested. In Model 1 the external wall of the duct was
exposed to natural convection with the environment. In the other models a portion of the

heat exchange area was keep in water immersion.
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Figure 6. Lateral view of the carbonization kiln with coupled heat exchangers. A) Model

1. B) Model 2. C) Model 3. (Oliveira et al., 2015).

Table 2. Heat exchangers tested by Oliveira et al. (2015)

Model Heat exchanger =~ Heat exchange area Fan Power Saved time
type (m?) (HP)
Model 1 Gas/air 125 5 12.5%
Model 2 Gas/air-water gas/water : 35 5 38.0%
gas/air : 90
Model 3 Gas/air-water gas/water : 330 10 43.0%
gas/air : 30

In model 1 the fan remained on during the entire operation. The suction at one
point at the end of the kiln created a pressure drop that caused air infiltration in this region,
and foci of combustion were detected during the opening. An inhomogeneous cooling
was achieved with this model. As expected, due to the higher heat transfer coefficient of
water, the use of gas/water exchangers resulted in shorter cooling times. In model 2 the
combustion foci were detected in the central region of the kiln, where gas suction is
located. In model 3 the fan was equipped with a frequency inverter, which allowed to

change the points of injection and suction. In this configuration the heat exchange area
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was increased in 300%, reflecting in a high heat flow rate and minimum cooling time.
The homogeneity of the cooling was improved by injecting the gases at the center of the
kiln. Despite the best results obtained with model 3, the 50% increase in ventilation power

can be a limitation for its implementation.
2.3.2 Technological challenges of artificial cooling of carbonization furnaces

There are several technical challenges to be overcome for the successful

implementation of artificial cooling systems in carbonization kilns:

- Residual pyrolysis as a consequence of the air infiltration resulting from the

pressure drop between suction and injection of the cooled gases;
- The increase of the charcoal moisture when it is cooled with water;
- The insulation characteristics of the construction materials of the kilns;

- The mathematical modeling of the cooling phenomenon, due to the anisotropic
condition of the charcoal bed and to constitute a conjugated problem of heat and mass

transfer.

It should be noted that the first challenge to solve should be the mathematical modeling,
since a validated model could be used in computational simulation to test the possible

solutions to the other challenges, minimizing time and experimental cost.
2.3.2.1 Residual pyrolysis

Carbonaceous materials like wood, wood sawdust, pulp chips, hay, straw, charcoal,
among others, tend to self-heating and spontaneous combustion when its surface reacts
exothermally with oxygen in the air even at normal temperature (Perdochova et al., 2015).
Besides energy, the reaction release hydrocarbons, carbon monoxide, carbon dioxide,
water, and, in lower amounts, nitrogen and hydrogen (Wang et al., 2003). In the oxidation
reaction, the consumption of 1 mole of O> can generate 1 mole of CO> and approximately

0.1 moles of CO.

The intensity of the reaction, measured as the amount of energy released, depends on
the oxygen concentration (Perdochova et al., 2015; Yuan and Smith, 2013). Spontaneous
combustion occurs when the heat withdrawn to surroundings is less than the heat

generated in the reaction and the substance reaches its ignition point. We call “residual

14



pyrolysis” the oxidation reactions at low temperatures that continue to occur in the

charcoal bed after the completion of the carbonization stage.

The study of the kinetics of residual pyrolysis becomes of vital importance since the
artificial cooling of carbonization kilns will only be effective if the heat dissipated by the
system is greater than the heat generated in the reactions of residual pyrolysis. Although
these reactions have been studied in the storage of coal (Xuyao et al., 2010, Yuan and
Smith, 2012, Taraba et al., 2014, Xia et al., 2015, Zhang et al., 2016), knowledge and
quantification of the heat generated by these reactions in the charcoal bed remains an

unsolved problem.

As observed by Santos (2013), Martins (2014), and Oliveira et al. (2015), forced
convection inside the kiln create pressure gradients between the suction and the injection
of the cooled gases, allowing the infiltration of air by the cracks in the walls. When the
charcoal comes into contact with the air, an exothermic heat flux proportional to the
concentration of oxygen diffusing in the charcoal will be generated due to the oxidation
reactions (Wang and Yan, 2008; Cocchi, 2014). Carbonization gases contain oxygen at
varying concentrations depending on the carbonization phase (14 - 19%) (Coelho, 2013),
and the oxidative exothermic reactions can be activated at specific locations depending
on the [O2]-temperature binomial. The energy released in these reactions causes an
increase in temperature, reaching the flash point and generating breakouts of combustion

in scenarios where the convection is not enough to dissipate the heat generated.

According to Uhart (1972), the flammability temperature is related to the percentage
of oxygen absorbed by the charcoal during its production and this in turn, is a function of
the final carbonization temperature. The concentration of Oz absorbed by the charcoal
tends to increase to a maximum value of 31% at the carbonization temperature of 430 °C,

resulting in a minimal flammability temperature of 150 °C (Uhart, 1972).

2.3.2.2 Construction materials of carbonization kilns

The function of the carbonization kilns is to maintain the mass of wood in a confined
environment, so that the carbonization parameters can be controlled. The kiln structure
must withstand the pressure increase during the carbonization phase due to the production

of gases, and likewise, withstand the pressure drop at the beginning of the cooling, when
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the furnace is completely closed. This pressure drop is responsible for the formation of

cracks in the walls, which allow the air infiltration making it difficult to cool.

Therefore, the kilns are designed and constructed in such a way as to minimize
thermal losses and gas exchange with the environment. Cost, functionality and durability
are parameters that guide the choice of construction materials. The bricks used in the
construction of the walls are made of clay and joined with mortar, this configuration being
of low cost and with insulating characteristics appropriate for the carbonization phase,

but it makes difficult the heat dissipation during the cooling.

The tendency among companies is to use a clay brick 11 cm wide, 5 cm high and 23
cm long. Some companies tested larger size bricks (21x10x22 cm and 21x10x40 cm) that
facilitate construction and improve sealing, but there are no documented results on the

advantages or disadvantages of this configuration.

The floor of the masonry furnaces generally corresponds to the soil of the region in
which the company was established. In general, they are clayey soils and depends on its
thermal properties, it can have a significant thermal inertia. This is related to the amount
of energy in the form of heat that is "retained" in the kiln floor once the carbonization
stage is finished. During cooling, this energy could return to the charcoal bed increasing
the thermal load that must be dissipated. This condition reflects in longer cooling time.
Some producers tested the application of a layer of concrete on the floor, but there is still
no scientific documentation about the effect on the carbonization and cooling stages. It
could be expected that a layer of insulation concrete on the floor would minimize the
reheating of the charcoal bed during the cooling step. This hypothesis could be tested in

a simulation study.
2.3.2.3 Cooling using water

Cooling of a hot body through the forced flow of a fluid over its surface is known as
forced convection cooling. This heat exchange mechanism is based on Newton's cooling
law, where the heat flux being withdrawn from the body is proportional to the temperature
gradient between the fluid and the body surface, and to the heat transfer coefficient by
convection (h). This coefficient depends on the properties of the fluid and the flow
conditions, being up to 100 times higher for liquids than for gases (Bergman et al., 2011).
In addition, liquid water has a high latent heat of vaporization, 2257 kJ kg! at 100 °C
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(Bergman et al., 2011). Therefore, the use of water in the cooling of charcoal can be a

good alternative from the technical point of view.

However, one of the limitations of the use of water is its availability, in addition to
being able to decrease the charcoal resistance, altering its quality parameters. The
charcoal moisture is directly related to its friability (Vital et al., 2013), thus, wetter
charcoal may have lower mechanical strength, which is an undesirable characteristic for
the iron industry. According to SBRT (2014), the hygroscopicity of charcoal varies
according to the carbonization temperature: the higher the temperature, the lower the
water absorption capacity (approximately 4% for charcoal obtained at 450 °C). Research
carried out at the company Vallourec Florestal tested the cooling of kilns by sprinkling
liquid water on the surface of the charcoal bed. They verified that the thermal exchange
was increased reflecting in a lower cooling time, however, the quality of the charcoal was

reduced due to the increase of its friability (Franca and Campos, 2002).

One way to minimize the problem of increasing charcoal moisture due to the use of
liquid water as a refrigerant is the use of saturated or superheated water vapor. The steam,
with a temperature above 100 °C, comes into contact with the charcoal bed, initially at a
temperature close to 400 °C. Thus, the bed transfers heat to the steam and this reaches the
overheating condition, which ensures that there will be no condensation on the bed.
Another advantage of the use of steam as a refrigerant is the ease of percolating the

charcoal bed, leading to a more homogeneous cooling.

Among the main limitations of the use of steam for kiln cooling are its generation cost
and the lowest potential cooling when compared to liquid water. An alternative to
overcome the problem of generation cost is proposed by the DPC (Drying-Pyrolysis-
Cooling) technology, making use of water, in the form of steam that is removed from the
wood itself during the drying stage. DPC carbonization technology processes the drying,
carbonization and cooling stages simultaneously and independently in three
interconnected reactors. The carbonization gases are burned, providing energy for drying
and ignition of the wood pyrolysis. The steam generated during drying is conducted to
the reactor in the cooling stage, improving the thermal exchange and reducing the process
time. Although this technology is less polluting and more efficient in energy use, its cost
of implementation is still limiting in the current scenario for charcoal producers in Brazil

(CGEE, 2015).
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The operating principle of the DPC system could be implemented in companies with
masonry kilns. At present, companies try to optimize the burning of the gases by means
of the kiln synchronization. The objective is to provide the combustion chamber of the
burner with high-power gases, maintaining the combustion without auxiliary fuel (wood
or semi-carbonized wood). In the same way, the gas generated in the initial stage of
carbonization, rich in water vapor and low calorific value, could be directed to the kilns
in the cooling stage, accelerating the process. The above is a great technological challenge
because this gas also contains oxygen at concentrations that could activate residual

pyrolysis reactions, creating an adverse effect.

In this scenario, mathematical modeling and simulation assisted by computational
fluid dynamics, is emerging as a tool for the planning of cooling systems and to support

decision-making in the sustainable production of charcoal.
2.3.2.4 Mathematical modeling

Mathematical models are developed with the objective of predicting or estimating
responses to a variable or set of independent variables acting on a given phenomenon. In
order to be valid and applicable, mathematical models must be able to represent the
physical fidelity of the phenomenon. The cooling of charcoal in masonry kilns involves
the cooling of the charcoal mass, the gases contained, and also the cooling of the walls

and floor, which have insulating characteristics.

Finished the carbonization stage, the kiln is completely sealed, closing the air inlets
in the chambers and closing the exhaust gases to the chimney. Thus, the cooling start by
the gases percolating the charcoal bed by natural or forced convection, supporting the
thermal exchange and, under certain conditions, favoring exothermic reactions (residual
pyrolysis). The conduction and radiation mechanisms also act in the heat transfer between
the charcoal pieces and between it and the walls. The heat diffuses through the walls to
finally be transferred by convection and radiation to the environment. Thus, the charcoal
cooling phenomenon can be approached as a conjugated heat and mass transfer problem
with heat generation in a porous medium. Thus, the mathematical model will be governed
by the energy conservation equations and the Navier-Stokes equations. The initial and
boundary conditions must be specified in accordance with the kiln configuration and the

coupled cooling system.
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The initial conditions for the floor and walls of the kiln must be taken into account,
since the thermal inertia of these components will be of importance in the performance
of the model. It should be noted that, in the actually proposed models, the simplifications
of adiabatic floor and the walls with a homogeneous temperature distribution, could be
deviate from the reality. The walls, depending on the physical properties of their
components, especially the thermal diffusivity, can present a thermal response that allow
the use of the resistance method. This condition is useful for modeling it as a boundary

condition.

However, the heterogeneity of the charcoal bed makes difficult its homogeneous
cooling and it is a challenge when it comes to the mathematical modeling of the
phenomenon. The bed of charcoal to be cooled presents pieces of different size due to the
advancement of the carbonization front (from top to bottom) and to the higher
temperatures reached in the ignition points and in the combustion breakouts. Thus,
smaller pieces and fines particles can be found in the vicinity of these points. Broken parts
can be found in the base due to the pressure exerted by the bed mass, along with semi-

carbonated parts when the carbonization front does not reach all the volume into the kiln.

The mathematical approach to the charcoal cooling phenomenon considering all the
above variables is still an unsolved problem. Few studies have addressed them, in addition
to using several simplifications that facilitate numerical calculations, but which may not

faithfully represent the physics of the phenomenon.

Franca and Campos (2002) modeled the natural convection cooling of a rectangular
kiln by means of a 2D analysis using the Finite Difference Method with implicit
formulation. The main assumptions were the porous medium in thermal equilibrium
condition, adiabatic boundary condition at floor, and neglected advective term in the
energy equation. To define the thermal conductivity of the charcoal bed, the authors
analyzed different models proposed in the literature, including the radiation between
particles. Although the model presented a good fit to the in-bed temperature experimental
data, the simplification of heat transfer solely by diffusion reflected a loss of accuracy at
the start of the process in the above-bed region where the carbonization gases cooled
rapidly due to natural convection. The authors simulated the effect of the wall thickness
and wind velocity outside the kiln. Wind speed did not have a significant effect on
cooling. The reduction of wall thickness resulted in cooling time reduction between 18

and 27%.
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Santos (2013) considered a lumped approach to estimate the temperature of the
charcoal bed during the cooling. This approach has as limiting the fact of estimating a
homogeneous temperature for the charcoal mass, making it impossible to detect regions
with a risk of ignition. In the model validation, the author verified a good adjustment to
the experimental data only in the lower part of the bed (thermocouple located at 0.5 m
height inside the bed). For other locations inside the oven, the model did not show a good

fit.

Several numerical models have been proposed to simulate the flow and heat transfer
in porous domains applying simplifications that facilitate the solution of the system of
equations. From the geometric point of view, uni, bi, and three-dimensional analyzes and
the consideration of homogeneous porosity can simplify the problem. Solving the
problem of heat and mass transfer coupled in one or two dimensions minimizes

computational time, but such an approach must agree with the physical model conditions.

Moraga et al. (2009) and Agnetti et al. (2016) through a 2D analysis, modeled the
generation and heat transfer in a stack of organic waste from wastewater treatment. The
two-dimensional simplification was made considering the typical length of a waste stack,
which can exceed 150 m. In this condition, an infinite length stack can be assumed, where
the temperature variation along the length is negligible when compared to the temperature

variation in width and height (cross-section).

The fluid dynamics analysis of the porous media can be done in terms of pore or
microscale scale considering the internal porosity of the particles, as well as the macro
level, considering a homogeneous porosity, represented by the large porosity of large-
scale beds (Das et al., 2016). The heterogeneity of the shape and size of the particles in
porous media, results in an anisotropic porosity that raises the complexity of the gas flow
and the process of heat and mass transfer between the solid and fluid phases, making

difficult the mathematical representation of the physical model (Feng et al., 2016).

In the micro approach, the transport equations are solved by means of direct numerical
simulation, but with the disadvantage of needing a greater computational resource for the
modeling (Khan and Straatman, 2016). On the other hand, in the macro analysis, the need
for modeling at the particle scale is eliminated, which reduces the computational
requirement (Khan and Straatman, 2016). In the macro approach, since the porous

medium is considered continuous, the transport equations are expressed in terms of mean
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volume. The difficulty of this analysis is to achieve a coupling at the interface of the fluid-
porous domains that guarantees physically reasonable results in the vicinity of the

interface (Degroot, 2012).

Several authors have modeled porous media by applying a macro approach achieving
acceptable results. Feng et al. (2016) used a macro analysis in modeling the cooling of a
sinter bed in a vertical tank for the sintering process in the steel industry. The authors
adopted a mean porosity for the bed and the porosity of the sintered particle (micropores)
was not considered. The air and sinter output temperatures simulated by the model were
validated with experimental data, obtaining an acceptable fit. Moraga et al. (2009),
Zambra et al. (2011, 2012), and Agnetti et al. (2016), modeled by means of a macro
analysis the diffusion of heat and oxygen, as well as the heat generated by the biological

and oxidative activity in stacks of organic solid waste.

It is worth noting that the simplification of local thermal equilibrium, characterized
by a homogeneous temperature in the porous domain, is valid when the thermal
conductivities of the fluid and solid phases are very close. In this approach, a single
energy equation is formulated for the porous domain in terms of effective properties.
Several authors have considered the thermal equilibrium condition to model fluid
dynamics and heat generation in organic solid waste deposits (Moraga et al., 2009;
Zambra et al., 2011 and 2012; Agnetti et al., 2016) and to evaluate the influence of flow
conditions, Reynolds number and incident angle on permeability, pressure drop and heat

transfer coefficient in a 2D pipe arrangement (Alshare et al., 2010).

The thermal non-equilibrium condition, which in most cases best represents the
process physics, has been used in recent years to model the cooling of porous beds
(Taherzadeh and Saidi, 2015, Feng et al., 2016). Das et al., (2016) also considered the
non-equilibrium condition for a hydrodynamic and heat transfer study in complex

geometries using direct numerical simulation and the immersed boundary method.

Although the thermal conductivity of charcoal and carbonization gases show close
values (Santos, 2013), the thermal non-equilibrium approach represents better the
charcoal cooling phenomenon. Due to the advective mechanism (natural or forced
convection) acting on the gas phase, temperature gradients are created along the entire
volume of gas. The resulting density differences promote the movement of the gas phase

through and above the bed, creating currents that improve thermal exchange. On the other
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hand, the exothermic oxidation reactions taking place on the solid matrix lead to an

increase in the temperature of the charcoal pieces.

Other considerations that could be adapted to the mathematical formulation of the

cooling of carbonization kilns, namely:

- Conduction, convection, and radiation acting as heat transfer mechanisms inside the

furnace. Diffusion and convection acting as mechanisms of mass transfer within the bed.
- Buoyancy force acting on the carbonization gases inside the kiln.

- The heat source in the solid phase of the porous medium modeled as an Arrhenius type
reaction, proportional to the concentration of oxygen (Moraga et al., 2009; Zambra et al.,

2011 e 2012; Aganetti et al., 2016).

- Carbonization gas is a mixture of varying concentrations of Oz, CO2, CO, CH4, H> and
CnHn (Coelho, 2013). Because they are involved in the oxidation reaction, the
oxygenated gases (CO2, CO, and O») can be considered as diffused compounds in the

porous bed.

- Physical properties of charcoal are constant (Larfeldt et al., 2000).

2.4 FINAL CONSIDERATIONS

For the successful implementation of artificial cooling systems using steam as
refrigerant fluid, as proposed by Oliveira et al. (2010), a thermodynamic analysis of the
cooling process should be conducted to determine the mass flow requirements and
operating conditions, like pressure and temperature. Further studies should evaluate the
real impact of the use of steam on the quality of the charcoal produced, considering its

physical, chemical and mechanical properties.

Using the maximum surface velocity (0.1 m s™), Santos (2013) observed self-heating
inside the furnace after 12 hours from the start of the cooling. One possible solution to
the combustion breakouts could be tested, operating at higher gas flow rates at the
beginning of the cooling, before the charcoal mass begins to react with the infiltrated

oxygen, and progressively decreasing the gas flow during the rest of the cooling.
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The use of refractory bricks, which have better insulating properties, would optimize
the kiln operation during the carbonization stage and could result in better performance
during the cooling phase. A thermal analysis should be conducted to determine if the best
seal (and consequently lower breakouts of combustion by air infiltration) achieved with
this type of brick has an effect superimposed on the effect of the higher heat transfer
resistance due to the refractory material. The feasibility of using this type of brick in the
construction of carbonization kiln should be determined through a CAPEX-OPEX

analysis.
2.5 CONCLUSIONS

Although few studies have analyzed the effect of artificial cooling on quality
parameters of the charcoal, it can be affirmed that the artificial cooling using the
carbonization gases itself is a technique that keeps the charcoal quality with significant
gains in the time of the production cycle. Research should be developed to overcome the
technological challenges for its implementation: residual pyrolysis, building materials,

and mathematical modeling.

Cooling using water in its liquid and vapor forms may affect the quality of the
charcoal produced, especially in terms of its mechanical strength. There is still a vacuum
in the knowledge regarding the optimum operation conditions (temperature, pressure,
mass flow) of the steam used for cooling, aiming a homogeneous cooling without
condensation on the charcoal bed. The high cost of steam generation could be reduced
through the cogeneration, by burning of the carbonization gases. The use of the water
removed in the wood drying stage to be used as cooling fluid, as done in the DPC
technology, constitutes a great challenge because of its oxygen content, which can

activate the exothermic reactions in the charcoal causing an adverse effect on the cooling.

In order to develop efficient cooling systems, is necessary a deep knowledge of the
physical and chemical phenomena occurring simultaneously within the charcoal bed.
Mathematical modeling addressing the complex physicochemical phenomena as well as
the thermal inertia of the structural elements of the kiln, could be implemented in
computer simulation software to evaluate different scenarios. The use of CFD for
modeling and simulation would allow the analysis of the operation parameters in different

configurations, being a useful tool for planning and optimization of cooling systems.
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3. CHAPTER II: THERMAL INERTIA EFFECTS OF THE STRUCTURAL
ELEMENTS IN HEAT LOSSES DURING THE CHARCOAL
PRODUCTION IN BRICK KILNS
(Bustos-Vanegas J D, Martins M A, Carneiro A de C, Freitas A G, Barbosa R C.
Thermal inertia effects of the structural elements in heat losses during the charcoal
production in brick kilns. Fuel. 2018;226:508-
515.https://doi.org/10.1016/j.fuel.2018.04.024)

ABSTRACT. 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,
carbonization 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, corresponding 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.

Keywords: biomass, heat transfer, modeling, simulation, CFD
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3.1 INTRODUCTION

Brazil is the largest producer and consumer of charcoal from planted forests, with
production reaching 5.5 million tons in 2016 (EPE 2017). 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 industries (EPE 2017). 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, production systems
should be designed with consideration of not only economic gain but also, reducing
environmental impacts. In the charcoal process, efforts are focused on the reduction of
the emissions of pollutant gases via burning the outlet stream and extraction of the
released energy (Coelho, 2013; Pereira et al., 2016) 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 governed 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 (Peldez-samaniego et al., 2008; Carneiro et al., 2013). After the last stage, the
charcoal mass into the kiln should be cooled prior the discharge. The carbonization time
in typical rectangular kilns, that varies between 50 and 2000 m?® of capacity is
approximately 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 (Santos, 2013; Oliveira et al., 2015). Some prototypes using evaporative
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cooling have also been tested (Reis, 2009), although without 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 (Franga &Campos, 2002; Reis, 2009; CGEE, 2014)
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 mathematical models that include the heat transfer during the charcoal

cooling.

3.2 METHODOLOGY
3.2.1 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 32 m in
length, 4 m in width, 4 m 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 ignition 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 hours 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.
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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 thermocouples 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.
3.2.2 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 ANSY'S
CFX v11.0 software.

3.2.2.1 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 external environment occurs mainly in the cross-section.
Thus, a two-dimensional approach can be performed, creating two solid subdomains
(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.
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Figure 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).

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.
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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 13740 elements (8820 for the porous subdomain, 888 for the wall
subdomain and 4032 for the floor subdomain) and a time step of 60 minutes were chosen.
A mesh refinement was applied at the bed-walls and bed-floor interfaces to improve the

heat flux conservation and temperature continuity.
3.2.2.2 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 Na.
b) Buoyant force modeled using the Boussinesq approach.
¢) Low-Mach number: density changes only associated with temperature 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:

op . (1)
(pW-I—V'(pr) =0
a(pfﬁ) 1 2 Y 22 > ou (pprE S (2)
kR +5V (pfvv)——(pVP+uV v+pfg—7v— N Al
aTS " (3)

= )(pCp), 57 = (1= IV (kep—sVTy) + (1 — 9)q5" + hiAs(Ty = T5)

d(pfT, . “4)
‘Pcpf% + V- (CoppsTy) = 9V - (kpVTy) = hids(Ty — To)

Terms on the left hand side in Eqgs. (1-4) 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

measurements of pressure drop, where a quadratic relationship to the true velocity was
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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 (Lesage et al., 2004). In order to
account for turbulence fluctuations, Eqs. (1-4) 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, Li:

V-1=V-(—pvD) ©®)
e o (9%, 9P5) 26 (6)
vy _Mt (6x]+6xl) 36l]k

where 0;j is the Kronecker delta and k is the kinetic energy of the velocity 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 (Pedras & Lemos, 2003; Saito & Lemos, 2010):

kT2 (7)
He = Cupr
d(pkT 8
(or )+V-(prkT)=V-[<u+ﬁ)VkT]+Pk—pfs ®
ot Ox
d(pre) . it € )
L4V (o) = V- [(u + G—t) Vs] + 17 (CarB = CeaP)
(10)

2
P = u V(W + WT) — 3 (VW) BV + pekT)

where kT is the turbulent kinetic energy, ¢ is the rate of dissipation and ok, o¢, C¢1 and Ce
are closure parameters with values of 1.0, 1.3, 1.44 and 1.92 respectively (Pedras &

Lemos, 2003; Saito & Lemos, 2010).

Egs. (3-4) describe the energy transport in the solid and fluid phases of porous
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medium, respectively. The source term q’’’ in the solid phase represents the energy
supplied for the ignition and the consequent 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 (Mehrabian et al., 2012). Other authors proposed an

alternative and complementary approach in which the degradation rate varies as a
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function of the reaction product: intermediate solid, char, tar or gas (Park et al., 2010;

Grieco & Baldi, 2011; Pan & Kong, 2017).

The reaction heat of pyrolysis, varies in a wide range. Dougaard and Brown (2003)
reported values varying from 0.78 to 1.64 MJ kg depending 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 simulations. This term was implemented in CFX acting in the two-point energy
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 simulation.

Table 1. Model parameters.

Wall (brick fireclay) (Bergman et al., 2011) value
cow [T kg K1 960
kw [Wm!' K] 1,0
pw kg m3] 2645
Clay floor (Bergman et al., 2011)
cpp [T kg K1) 880
ky [W m! K] 1,29
pb [kg m3] 1450
Porous media (fluid phase) (Saito & Lemos, 2010)
CO: thermophysical properties Ansys CFX database
Nz thermophysical properties Ansys CFX database

Porous media (solid phase) (Bergman et al., 2011;
Santos, 2013; Pan & Kong, 2017)

cp wood [J kg K] 2385
k wood [W m™! K] 0,19
p wood [kg m3] 540
¢p charcoal [T kg K] 1017
k charcoal [W m™ K] 0,03
p charcoal [kg m™] 345
[ [m] 0.13
4 0,9
dpore [pm] 350
Porous media (Santos, 2013; Daugaard & Brown,
2003)
o 0,6
As [m?] 65
Nu 2+(1.1*Pr033#Re%6)
AP/l [Pam’] 24V+343V?
q”’TWm?] 1185
Carbonization time [h] 96
Cooling time [h] 192
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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
convective and conductive mechanisms in the heat transfer phenomena at the fluid-solid
interphase. The coupling term (h;) appears in the two energy equations (Egs. 3-4)

accompanying the interstitial heat exchange specific area (As):

Nu (11D
hi = ka

The interfacial gas flow, driven by the buoyancy force, circulate the porous bed
towards the heat space. In this free flow region, which expands as the porous bed shrinks,
the gas reaches a higher velocity, resulting 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 kef.s quantifies the conduction and radiation

phenomena (Larfeldt et al., 2000):

Kef—s = k¢ + Krag (12)
krad = 4¢oyd, T¢ (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 radiation through the
interstitial fluid can be modeled using an additional transfer equation for the porous
domain, where the change in intensity is a balance among emission, absorption and

scattering (Siegel & Howell, 1992; Modest, 2003):

o n 14
— = a,ip(S) — 231y (S) — 04,y (S) + = i (S, w)d(A, w, w;)dw;

aS 4m ),

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
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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:

oT, (15)
prpw a_;N = kWVZTW

Ty (16)
CpbPo 5= = kyp V2T,

3.2.2.3 Boundary conditions and interfaces

The hydrodynamic conditions at the bed-wall and bed-floor interfaces are no-slip,

zero speed and thermal energy conservation along the normal direction:

—[kbaE = [— ef—s%— fﬁl ()
on lpase dn on lporous
B T, T s
on Iy dn on lporous
0Ts_i¢ (19)

hi[Ts_ix — T¢] = ky F

Equations 17 and 18 model the heat flux at the bed-wall and bed-floor interfaces.
Equation 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 established as the
following: on the floor, at a depth of 2 m, 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 (20)
0x

The convection heat transfer coefficient was calculated considering an average air

hext [Tsurf,t - TOO] = ky

velocity of 4.5 m/s and outside temperature of 25 °C. Following the experimental
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approach proposed by Franca & Campos (2002), an approximation was made depending
on the height of the kiln:

Lateral wall, for 0.3 < Pr < 100 and 10'° < Ra < 10"3:

Kai 21
Neye = 0.138%Gr°'36(Prgi}75 — 0.55)] [1+4 (2.237fv,,)] @h
W
Dome, for Ra > 108:
air (22)

k
heyt = 0.10L—Ra1/3[1 + (2.237fv,;,)]

C

Where f is a correction factor that depends on the temperature difference between

external surface and air (Franca & Campos, 2002):
f=0229 for AT = 8.33 °C
f=0,200 for AT = 13.89 °C
f=0171 for AT = 27.78 °C
f=0,150 for AT = 55.56 °C
f=0,121for 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 hours (4 days) for the carbonization stage and
192 hours (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 < 10,

3.3 RESULTS AND DISCUSSION
3.3.1 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
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wall were compared with the simulation 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.

300 A 300 B
0250 : O 250
2200 s 200
£ 150 2 150
2100 2 100
5 50 S 50,

0 0

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Carbonization cycle (days) Carbonization cycle (days)

Figure 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.
3.3.2 Simulation

During the carbonization stage (Figure 3), the advance of the carbonization 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 promote the carbonization front. The simulated Reynolds number
varies between 250 for the porous bed and 8,800 for the head space, a 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 breakouts when the air

comes into contact with still hot pieces of charcoal lies inside the bed.
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Figure 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.

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 2 m 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 (Fig. 4), making it difficult to cool down the bed.
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Figure 4. Heat flow rate at walls (black line) and floor (red line) during the carbonization

cycle.

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 environment 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
observed. Soon after, the heat rate begins to decline exponentially, reflecting 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
hours), 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 optimization.

The integration of the heat flow rate function shown in Fig. (4) enables estimation
of the heat losses during the process. During the carbonization 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 (Santos et al., 2015;

Witzany et al., 2016; Triantafillou et al., 2017) could be applied in the charcoal industry.
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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 carbonization 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 elements.
Additionally, the brick walls can be modeled even without a physical domain, using the
thermal resistance approach (Bergman et al., 2011). This approach could result in a lower
CPU running time.

400
350 4 day
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S

250 3 day—"
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: ™

T emperature (°C
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Temperature (°C)

0 0,04 0,08 0,12 0,06 02 024 0 0,04 0,08 0,12 0,16 02 0,24
Wall thickness (m) Wall thickness (m)

Figure 5. Temperature distribution into the wall during the carbonization (A) and cooling

stages (B) at 0.8 m high.

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 considerably, 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
carbonization stage, heat diffusion through the floor starts from the surface and reaches a

depth of almost 2 m, where an adiabatic boundary condition can be correctly established
(Fig. 6A).
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Figure 6. Temperature distribution into the floor during the carbonization stage (A) and

during the cooling stage (B).

During the cooling stage, heat diffusion through the floor continues and the
adiabatic boundary condition had to be moved to the depth of 4 m(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 conversion 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.

3.4 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 behavior that allows modeling this subdomain using the thermal
resistance method. This approach can reduce computational time in simulations 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
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cannot be considered adiabatic. The floor can be only considered as adiabatic at 2 m depth
during the carbonization 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 materials and configurations for their

optimization.

The simplified model presents an adequate prediction of temperature 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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4. CHAPTER III: EXPERIMENTAL CHARACTERIZATION OF SELF-
HEATING BEHAVIOR OF CHARCOAL FROM EUCALYPTUS WOOD

(Paper under review in Fuel Journal, 2018)

Abstract. The long cooling time of charcoal produced from eucalyptus pyrolysis is due
in part to the heat generation in oxidation reactions at low temperatures. The intensity of
this reactions depends on complex interactions between the interstitial gas and the solid
matrix. The kinetics of the self-heating phenomena due to charcoal oxidation were
evaluated. Samples of 230 g of charcoal were subjected to heating in a steel reactor at
constant temperature, from 100 to 300 °C, and oxygen concentrations ranging from 20.9
to 10 %. Was evidenced that the rate of oxygen consumption increases with charcoal
temperature at rates that depend on the initial concentration of O,. The beginning of the
oxidation reactions was observed at 67 °C in atmospheres with 20.9% O,. The overall
activation energy for the self-heating phenomenon was 17790 J mol ! and its intensity was

increased with the temperature and O concentration.

Keywords: Biomass, oxidation, kinetic, activation energy.

48



4.1 INTRODUCTION

The production of charcoal is based on a thermochemical process known as slow
pyrolysis. Wood carbonization consists of concentrating carbon and releasing oxygen by
the action of heat, with the consequent increase in the calorific value (Carneiro et al.,
2013). This process occurs in four phases according to the temperature reached: wood
drying up to 110 °C, roasting up to 250 °C, charring and fixing carbon up to
approximately 350 °C (Peldez-Samaniego et al., 2008; Rezende, 2006). Soon after, the
charcoal mass has to be cooled, an operation that depending on the configuration of the

kiln, can consume the longest time of the production cycle.

In the Brazilian market share, 85% of the production is used in industries as a bio-
reducer of iron ore in the pig iron and steel industries (EPE, 2018). Charcoal is a
renewable product with advantages over coal because of its higher carbon content, which
contributes to the reduction of CO> emissions (Alves, 2013). However, the implicit
production cost of charcoal is a limiting factor of its use. The charcoal industry in Brazil
has been facing and overcoming challenges regarding optimization of the carbonization
process and reduction of environmental impact. Usually, the measures adopted to mitigate
the environmental impact reflect in a process optimization and vice versa. For instance,
the use of gas burners coupled to the carbonization kilns allows the utilization of enthalpy
from emissions in the wood drying operation or in power generation, reducing the

pollutants releasing to atmosphere (Pereira et al., 2017).

Typical kilns used in charcoal produced by steelmaking companies reach up to 2000
m? of wood-capacity. The production cycle in a kiln of 700 m? extends on average for 12
days, in which 4 days correspond to the pyrolysis stage and 8 days to the cooling stage.
The purpose of this last step is to reduce the temperature of the charcoal bed to a safe
handling temperature of 60 °C, which allows the kiln to be opened and charcoal
discharged. In this way, the combustion break-outs (generated when the air atmospheric

contact with the mass of charcoal) are minimized.

Heat exchangers have been implemented by some companies to reduce cooling time,
increasing productivity per kiln. Reductions in cooling time of up to 50% have been
achieved using gas-air and gas-water type heat exchangers (Frangca and Campos, 2002;
Oliveira et al., 2010; Santos, 2013; Martins, 2014; Oliveira et al., 2015). However, these

technologies have been developed by companies and therefore few results have been
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published in scientific journals and, despite the advances already made, it could be in fact
improved. As verified by Santos (2013) and Martins (2014), the increase in the gas flow
rate over the charcoal bed results in an adverse effect on the cooling due to the occurrence
of combustion spots, because of the air infiltration caused by the increase of the pressure

drop between the suction and the gas injection of the heat exchanger.

The long cooling time of the charcoal bed is due to the insulation characteristics of
the kiln building materials and the exothermic oxidation reactions that continue to occur
in the charcoal bed during the cooling, depending on the oxygen concentration of the
stagnant gases. Therefore, the cooling rate depends on the heat loss by convection and
radiation, and the heat generated in the oxidation reactions inside the charcoal bed.
Besides the effect on the cooling time, the charcoal oxidation affects its molecular
structure and can change its elemental composition, losing up to 15% of its calorific

power (Wang et al., 2003; Qi et al., 2010).

Charcoal oxidation begins when the solid matrix is exposed to oxygen, generating
gases (CO, COz, H2O and CH4) and releasing heat (Perdochova et al., 2015). When the
rate of energy generation due to the oxidation reaction exceeds the heat transfer rate
towards the surroundings, two types of behavior can be identified: a subcritical behavior,
which reflects in a limited temperature increase, or a supercritical behavior, characterized
by a severe increase of temperature that may cause ignition or explosion (Qi et al., 2010;
Cocchi 2015). Experiments in subcritical conditions can provide important information
for the determination of the activation energy of the self-heating reactions (Cocchi 2015).
The crossing points methods, namely the Chen and Chong method, and the Heat Released
method, are oven heating techniques for slow and low-temperature oxidation reactions
and can be used to estimate the activation energy in self heating prone substances
(Nugroho et al., 1998; Jones et al., 1998; Sujanti and Zhang, 1999; Yuan and Smith, 2012;
Cocchi, 2014; Cocchi, 2015).

The kinetics of the oxidation reactions of charcoal, which we call late pyrolysis, still
need to be studied. Interestingly, there are no scientific publications regarding this subject
for eucalyptus charcoal. Therefore, the aim of this study was to evaluate the kinetics of
charcoal self-heating due to the oxidation reactions and their dependence on the oxygen
content in the surrounding atmosphere. It is intended to provide information that can be

used in mathematical modeling and optimization of the charcoal cooling stage.
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4.2 OXIDATION KINETICS

The oxidation reaction of coal involves three phenomena accompanying the
temperature increase: the physical adsorption, which starts at low temperatures (<100 °C)
when the solid matrix is exposed to oxygen; chemical adsorption, characterized by a heat
release (80-420 kJ mol!), and finally the chemical reaction, characterized by its great
exothermicity (Qi et al., 2010). At high temperatures, the heat generated in the chemical
reaction can lead to ignition. The oxygen consumption in the oxidation reaction increases
with the temperature due to changes in the micro and macrostructure of the coal solid
matrix (Qi et al., 2010). At the macro level, water evaporation and gas release develop
the porous structure, increasing the internal surface area and pore volume, improving the
contact between coal and oxygen. Microscopically, activation constructs increase with
temperature and react with oxygen to form coal-oxygen complexes, which once

decomposed, release heat and gaseous products (Qi et al., 2010).

Since the internal surface area of coal pores is much larger than the external surface,
low-temperature oxidation of coal is a phenomenon occurring predominantly at the
internal surface of coal pores (Wang et al., 2003). The oxidation phenomenon is affected
by external variables such as temperature, O> concentration and moisture, and by internal
variables including chemical composition, physical properties, porosity and internal
surface area (Wang et al., 2003). Qi et al., (2010) identified the reaction rate, i.e. the rate
of oxygen consumption, as the main factor affecting the self-heating rate of coal.
Oxidation rate can be modeled as a first-order Arrhenius type reaction for oxygen

concentration (Wang et al., 2003; Taraba et al. 2014):

E
Tox :A'Coz'e_ﬁ (1)

By adopting the thermal equilibrium condition between gaseous and solid matrix, the

energy balance in a porous medium with internal heat generation due to reaction can be

written as:

(PO m 2+ (pC) 5+ VT = V- (kyVT) + " )
where

(pO)m = (1 = &)(pc)s + e(pc)f 3)
km = (1 — €)ks + ks “4)
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Qmm = Qrm (5)

are respectively, the overall heat capacity per unit volume, overall thermal conductivity,
and overall heat production per unit volume due to the oxidation reaction. At the
beginning of oven heating test, the sample temperature is lower than the oven
temperature. The temperature inside the sample will rise and it will become equal to
oven’s temperature. Under this condition, the heat-released method can be applied by
setting thermal gradients VT to zero in eq. 2 and therefore the advective and diffusive
terms become negligible. Then, energy accumulation is only a result of the heat generated
by the oxidation reaction, which can be expressed as a first-order Arrhenius equation
(Jones et al., 1998; Sujanti and Zhang, 1999; Zambra et al., 2011; Cocchi, 2014). Under

these assumptions, the heat transfer equation (eq. 2) simplifies to
oT —Eq
(pc)ma = (1 = &)CoxpsAoQexp (R_To) (6)

where Co, 1s the oxygen concentration, p;s is the charcoal apparently density, Q is the heat
of reaction, Ay is the pre-exponential factor, E, is the activation energy, R is the universal
gas constant and 79 is the cross-point temperature. This last parameter is defined as the
equilibrium condition where the temperature at the center of the sample will become equal
to the oven temperature. Eq. 6 can be rearranged in a linearized form, which allows the
calculation of the activation energy of exothermic reactions that promote self-heating and

the reactivity-coupled parameter QAoCox:

oT _ (1-8)psAoQCox _ &
In (E)To =In ( (pO)m ) RT, (7)
4.3 METHODOLOGY

4.3.1 Charcoal samples

Eucalyptus charcoal obtained from a standardized carbonization process (final
temperature of 450 °C) was used. Charcoal particles between 50 and 70 mm were selected
for characterization and in further experimental trials. The apparently density of the
charcoal was measured according to the hydrostatic method by means of immersion in
water as described by Vital (1984). Moisture, volatile matter, ash and fixed carbon content
were determined in duplicate and expressed on dry basis according to the procedure

established in standard NBR 8112 (ABNT, 1986). The High heating value (HHV) was
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determined in duplicates, using a digital calorimeter model IKA C-200, according to

Standard NBR 8633 (ABNT, 1984).
4.3.2 Experimental set-up

A furnace equipped with a temperature control system contains the charcoal
oxidation apparatus (Figure 1). This system consists on a steel reactor of 4 L capacity that
contains the sample of charcoal to be analyzed. The flow and composition of the gas
injected into the reactor are controlled by rotameters for air and CO». The gas mixture
was injected into the reactor using a 1.2 m stainless spiral tube (8.73 mm inner diameter),
which works as a preheater. The internal temperature of the furnace and sample center
were recorded using two AWG 24 K-type thermocouples linked to an ICP CON 7018 -
ICP CON 7520 interface data acquisition module connected to a computer. Gases leaving
the reactor were subjected to a clean-up by condensation at 4 °C, hydrous ethanol (96%)
washing for tar retention, drying in silica gel column, and filtration in 0.22 pm membrane
(Whatman® Anotop® 25 Plus syringe filter) for particles retention (Coelho, 2012).
Therefore, the clean gas composition (O2, CO and CO») was continuously quantified in a

real time gas analyzer (Gasboard 3100, Wuhan CUBIC Optoelectronics Co. Ltd., China).
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Figure 1. Experimental setup for self-heating experiments.

4.3.3 Procedure
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Since the cooling of the kilns by natural convection is a common practice in
charcoal companies, the kinetics of the charcoal oxidation in the reactor without any
forced gas flow was evaluated in the first part of the experiment. Samples of 230 g of
charcoal were heated into the reactor at constant furnace temperatures of 100, 150, 200,
250 and 300°C. The furnace and sample temperature, as well as the gas composition at
the reactor outlet, were recorded every second. The temperature heating rate (d7/dt) was
evaluated using a second order interpolation scheme (Cocchi, 2015) at the vicinity of the
crossing point temperature (7). The test ended once steady state was reached, i.e. when
the sample temperature reached a constant value in time. The activation energy and the
reactivity-coupled parameter were determined by regression analysis between the
logarithm of the transient heating and the inverse of the temperature (Eq. 7) and attained

from the slope of a fitted linear function.

In the second part of the experiment, the influence of gas flow rate on the transient
heating rate was evaluated. The furnace was programmed at a constant temperature of
200 °C. Three gas flow rate were tested (1800, 6000, and 8000 cm® min™!) with a
concentration of 20.9% O:. For each test, a sample of 230 g of charcoal was placed in the
reactor. To ensure that no oxidation occurred before the sample reached the furnace
temperature, the oxygen concentration inside the reactor was reduced to less than 1% by
injecting a flow of 2000 cm® min™! of CO, until the sample temperature became equal to
the furnace temperature. Then, the injection of CO; was suspended and the injection of
gas (air) was started at the different flow rates. The transient heating was continuously
recorded and the d7/dt value was evaluated. The test ended when the sample temperature

reached a constant value.

Finally, the effect of the initial concentration of Oz in the reactor was evaluated.
A mixture of CO; and air was injected into the reactor. The flow rate of each gas was
adjusted to obtain the desired concentration within the reactor. Concentrations of 20.9,
15, and 10 % of oxygen were tested at a constant flow rate (total air + CO2) of 1800 cm?
min’', previously defined in the second part of the experiment. For each concentration,
constant temperature tests of 100, 150, 200, 250, and 300 °C were carried out. The gas
flow was injected into the reactor and heating was initiated after the oxygen concentration
inside the reactor have been stabilized. Experimental trials were carried using the same
procedure described earlier to measure the d7/dt value at the crossing-point To. Tests

ended when the temperature of the sample reached a constant value. The activation energy
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and the reactivity-coupled parameter for each oxygen concentration were determined by
regression analysis between the logarithm of the transient heating and the inverse of the

temperature (Eq. 7) from the slope of a fitted linear function.

4.4 RESULTS

The characterization of the charcoal used in the experiment is presented in Table 1.
The values are in the quality range for siderurgic use (Pereira et al., 2012; Santos et al.,
2016).

Table 1. Properties of the charcoal samples

Property Value
Apparently density (kg/m?) 457.4
Bed porosity 0.60
Moisture content (%db) 5.63
Volatile compounds (kg/kgav) 0.234

Ashes (kg/kgab) 0.0026

Fixed carbon (kg/kgav) 0.763

HHV (kl/kg) 31859

Figure 2 shows the sample temperature and gas composition profiles inside the reactor
during the oxidation tests without gas injection. The dT/dt value was observed to increase
with temperature up to 250 °C (Fig 2D). At 300 °C the self-heating intensity decreased,
and this value dropped to 0.044 K s™! (Fig 2E). This phenomenon is probably due to the
limited availability of oxygen above 250 °C (<4%). The maximum temperature increase
reached by the sample was 28 K above Ty for all experimental trials except for the test at
100 °C (Fig 2A), where a slight increase was observed. These results agree with the
observations of Van Blijderveen et al. (2010), who reported that the interaction of coal
with oxygen changes from endothermic to exothermic only above 150 °C. They are also
in agreement with Cocchi (2014), who did not observe self-heating in samples of charcoal
in the tests at 100 °C. At the end of each test, the steady-state condition can be observed
because of the energy balance between the heat generated inside the sample and the heat

transferred to the surroundings.

55



w

<

(=}
w
<
(=}

A2 B
300 300
=
5 250 | 53 5 250 |
' 200 | S @ 20
=35 © =35
g 10 £ B
2 150 g g 150
5 g8 &
= 100 2 7 100 |
F5 o
50 50 |
0 ‘ ; : ; : 0 0 ; : : : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time (min) time (min)

w

<

(=}
w
<
(=}

r20

cH2 DI 2
300 300 |
z
5 250 53 & 20 - 15
o 200 | S g omw
g £ F i
2 150 | 0% g0/ 10
100 | s & 100 | s
50 50 4
0 : : : ‘ : 0 0 : : : : : 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time (min) time (min)
350 20
300 | E — — - Furnace Temperature
250 | |5 £ —— Charcoal Temperature
o g 0, Concentration
2 200 £ .
= 10 £ ——— CO9 Concentration
g 150 | 8 i
5 g —— CO Concentration
= 100 8
r5 o
50
0 0

0 26 46 66 86 160 120
time (min)

Figure 2. Temperature and gas concentration profiles during the oxidation tests without

air injection. A) 100 °C, B) 150 °C, C) 200 °C, D) 250 °C and E) 300 °C. The red dot in

Fig. 2D illustrates the crossing point temperature.

The initial temperature of the oxidation reactions was identified as the oxygen
concentration began to decrease, corresponding to an average charcoal temperature of 75
°C. A time lag can be observed between the beginning of the oxygen consumption and
the beginning of the generation of oxygenated gases (CO2 and CO). This phenomenon
can be explained by the complex interaction between oxygen and charcoal pores. The
oxidation reaction that releases gases occurs as a third step, after the phenomena of

physical and chemical adsorption of oxygen (Carras and Young, 1994). The generation

56

Gas concentration (%v/v)

Gas concentration (%v/v)



of carbon monoxide was only observed above 150 °C, increasing with the temperature
until reaching a maximum value of 4.29% at 300 °C. As expected, the rates of O2
consumption and CO and CO: generation increased with temperature, agreeing with

experiments reported by Wang et al. (2003) and Yuan and Smith (2013).

Figure 3A shows the exponential increase of the oxygen consumption with the
increase of charcoal temperature up to 250 °C. Above this temperature, the consumption
tends to stabilize, when the oxygen concentration decreased to 1.96%. The value could
indicate the minimum oxygen concentration that would allow the occurrence of oxidation
reactions at 250 °C. Evaluating the oxidation of different types of mineral coal, Qi et al.
(2010) observed an exponential increase in oxygen consumption at temperatures ranging
from 30 to 100 °C, with an 8% decrease in O concentration at 100 °C. For these
temperature we observed a decrease of 13.5% in O concentration, indicating, as

expected, a higher reactivity of the charcoal due to its higher fixed carbon content.
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Figure 3. Self-heating testes without air injection. A) Oxygen consumption as a function
of charcoal temperature and B) Temperature gradient and rate of oxygen consumption as

a function of the inverse crossing point temperature.

Figure 3B shows the regression of the transient linear functions for the self-heating
rate and oxygen consumption rate (Egs. 1 and 7) during the oxidation tests at 100, 150,
200 and 250 °C. The activation energy calculated for the phenomena of self-heating and
oxidation (oxygen consumption) was 19.54 kJ mol™! and 16.85 kJ mol ™!, respectively. The
lower activation energy for the rate of oxygen consumption indicates that this
phenomenon occurs before self-heating. Interesting, this behavior can be explained

because the oxidation reaction begins with the adsorption of oxygen in an endothermic

57



step, followed by the exothermic oxidation reaction as such, which generates self-heating

(Qi et al., 2010).

Figure 4 shows the temperature profiles of three charcoal samples subjected to heating
at 200 °C with different air flow rates. After reach the thermal equilibrium with the
furnace, air at different flow rates was injected in injected in the reactor. The heating
observed above the furnace temperature is due to the oxidation reactions and reflects a
subcritical behavior. A direct relationship was observed between the injected air flow
rates and the self-heating rate, which reached values of 0.025, 0.04 and 0.065 K s’ for
1.8, 6.0 and 8.0 L min™!, respectively. The minimum flow rate tested was enough to
produce a subcritical behavior in the sample that allowed evaluating the self-heating rate
in the cross-point. This minimum value was chosen to evaluate the effect of the gas

composition on the next stage of the experiment.
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Figure 4. Effect of the air flow rate on the charcoal temperature in samples subjected to

oxidation at 200 °C.

Figure 5A shows the temperature profile of charcoal samples subjected to heating at
300 °C and a constant gas flow rate of 1.8 L min™! with 3 different oxygen concentrations.
While concentrations of 20.9 and 15% showed close values in the self-heating rate and a
maximum charcoal temperature between 401 and 357 °C, respectively, the oxygen
concentration of 10% reflected in a low self-heating rate and a maximum charcoal
temperature of 309 °C. A similar behavior was observed in the tests at 150, 200, and 250

°C. Figure 5B shows the self-heating rates as a function of temperature for each oxygen
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concentration. The linear regression performed shows a nearly constant slope for the three
oxygen concentrations reflecting similar values of activation energy at the three
concentrations (Fig. 5B). A minimum value of the coupled parameter QAoC,. for the 10%

oxygen concentration was calculated. Table 2 summarizes the calculated kinetic

parameters.
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Figure 5. Temperature profile of charcoal samples subjected to oxidation at 300 °C (A)
and self-heating rate vs inverse cross point temperature (B), at different concentrations

of oxygen.

Table 2. Kinetic parameters calculated for the charcoal self-heating phenomena at

different initial concentrations of oxygen (gas flow rate of 1.8 L min')

Oxygen Reaction Activation energy QAoCox

Concentration (% temperature (°C) (kJ mol™) (W kgh)
\7A%)]

20.9 67.5 17.87 4328.22

15.0 135.8 17.20 4002.25

10.0 167.7 18.31 2077.89

The activation energy of the charcoal self-heating reactions presented an average
value of 17.79 kJ mol! (Table 2). This parameter was independent of the oxygen
concentration in the gas and its value was slightly lower than the value calculated for the
tests without air flow injection (19.54 kJ mol!). These results indicate that the oxidation
phenomenon is affected to some extent by the advective mechanism. Although, as also
described by Wang et al. (2003), the phenomenon is not limited by O> external mass

transport, but the O2 diffusion in the pores. Nugroho et al. (1998), using crossing-point
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methods, calculated activation energies of self-heating reactions ranging from 54 to 78 kJ
mol™! for three types of Indonesian coal. The higher values of this parameter indicate a
lower material reactivity, possibly due to the low fixed carbon content (37 to 49%,
Nugroho et al., 1998) as compared to eucalyptus charcoal (73.6 %, Table 1). The coupled
parameter QAoC,x represents the amount of heat released per mass of oxidized charcoal.
This value slightly decreases with the reduction of Oz concentration from 20.9 to 15%,
but a great decrease was observed for 10% of Oz, which may indicate a different limiting

mechanism at lower Oz concentrations (Table 2).

The reaction temperature was defined as the temperature reached by the sample
in which oxygen consumption began, and was calculated as the average of the values
observed in the tests at 150, 200, 250 and 300 °C. Oxygen consumption was imperceptible
in the tests at 100 °C. The reaction temperature shows an inverse relationship with the O»
concentration, presenting high values for 10% of O and being only at 67.5 °C for the
tests with atmosphere of 20.9% of O,. These observations are in accordance with the
usual practice in the charcoal industry for kiln opening at the end of the cooling stage.
The common practice set the safe temperature of 60 °C for charcoal discharge, which

minimize combustion foci.
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Figure 6. Oxygen consumption rate as a function of charcoal temperature and O2

concentration.

The oxygen consumption rate during the oxidation reactions increased with the
charcoal temperature and the oxygen concentration in the gas (Fig. 6) in different ways.

At O concentration higher than 15%, the dependence is almost linear. At the lower
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concentration a logarithmic dependence is verified. Interestingly, the pronounced and
distinct effect of higher oxygen concentration, also observed in Figure 5B, suggest a
different limiting oxidation mechanisms for lower concentrations. At 150 °C, the
consumption rate for the three concentrations presented close values, being almost
negligible for 10% of O,. Several authors reported a decrease in the rate of oxygen
consumption by coal in a batch reactor when the initial concentration of O2 was reduced

(Wang et al., 2003).

4.5 CONCLUSIONS

The charcoal self-heating phenomenon was explored in oven-heating
experiments. The higher the temperature and O> concentration, the greater the intensity
of the oxidation reactions. The activation energy for this phenomenon was independent
of the initial oxygen concentration and slightly influenced by the advective mechanism.
The oxidation reaction was observed when the charcoal temperature reached 67.5 °C at
20.9% of Oz and increased to 167.7 °C in atmospheres with 10% of O». The rates of heat
generation and O consumption derived from these study can be used as energy and
chemical species sources in mathematical models that attempt to simulate the heat transfer

phenomena during storage and cooling process.
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S. CHAPTER IV: IMPROVEMENTS IN THE THERMAL EFFICIENCY
OF CARBONIZATION KILNS: A CFD STUDY

Abstract: In Brazil, wood carbonization process is carried on in brick kilns. Its walls and
floor are built using isolation materials that minimize heat losses during the pyrolysis
stage but it reflects in long cooling times, decreasing productivity per kiln. The aim of
this research was to simulate the thermal performance of a 700 m? carbonization kiln in
different configurations looking for strategies that allow optimizing the carbonization and
cooling stages. A two-dimensional CFD analysis was performed to evaluate the effect of
a concrete insulating layer over the bed-floor interface on the thermal performance of the
carbonization and cooling stages. A three-dimensional CFD analysis was performed to
evaluate the effect of a buoyancy-driven heat exchanger on the cooling time. The results
show that a 3 cm layer of insulation concrete over the bed-floor interface could reduce
the energy requirement for the carbonization step by 6% and could reduce the cooling
time by almost 2 days. The use of a buoyancy-driven flow heat exchanger can reduce the

cooling time between 27 and 59%, increasing productivity per kiln per year up to 65%.

Keywords: biomass energy, heat transfer, natural convection, cooling, buoyancy.
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5.1 INTRODUCTION

Nowadays, the climate change scenario and environmental policies have been
driving industries to implement measures to control and reduce pollutant emissions.
Despite the efforts, global energy-related CO; emissions reached a historic height of 32.5
gigatons in 2017 (IEA 2017). The steel and iron industry accounts for 7 to 9 % of global
direct emissions mainly due to the use of coal as a reducer of the iron ore and as an energy
source. In addition, 1.83 ton of CO; were emitted per ton of steel produced in 2017

(Worldsteel Association, 2018).

In steel production, a carbon source is necessary during the reduction of iron ore.
From the technical and environmental points of view, charcoal from biomass is a
promising alternative for coke from coal. Besides the higher fixed carbon content,
charcoal presents advantages in relation to its low content of sulfur, nitrogen, and heavy
metals, elements that may adversely affect the quality of the steel (Nakahara et al., 2014).
Biomass, as a renewable carbon resource, could lead to a significant reduction in CO>
emissions. Kokonya et al. (2013), evaluating the addition of biomass to coking coals,
concluded that the addition of 10 % of Scots pine resulted in a significant 3 % reduction
in non-renewable carbon emissions. Fick et al. (2013), analyzing the use of biomass for
pig iron production, verified that CO»-equivalent total emissions were reduced in 14.4%
and 6.7% in the blast furnace and sintering plant, respectively, when 20% of coke was
replaced by charcoal. This saving is around 300 kg of COz-equivalent per ton of pig iron
produced. Although some metallurgical companies in Brazil have achieved 100% of coal
replacement by charcoal from wood (Fick et al., 2013), its cost continues to be a

limitation.

With 5.5 million tons in 2016, Brazil is the largest producer and consumer of
charcoal from planted forests (EPE, 2017). The slow pyrolysis of wood occurs in four
phases according to the temperature reached: wood drying up to 110 °C, roasting up to
250 °C, charring and carbon fixing up to 350 °C (Peldez-Samaniego et al., 2008; Rezende,
2006). In Brazil, the common-use technology for charcoal production consists of masonry
kilns in which drying, pyrolysis and cooling are carried out sequentially. The insulating
characteristics of masonry walls and clay floor minimize energy losses during wood
pyrolysis but hinder the cooling stage. In a kiln of 700 m>-capacity, the production cycle
takes approximately 12 days, in which 4 corresponds to pyrolysis and the 8 days left is

taken for cooling. Adding the loading and unloading times, and considering a wood
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density of 540 kg m™ and gravimetric yield of 33% (Oliveira et al., 2015), approximately
30 cycles are carried out per year. This equates to an average productivity of 2040 ton of

charcoal per kiln per year.

The long cooling time is due in part to the thermal inertia of the kiln structure.
During the pyrolysis stage, 8.8% (25221 MJ) of the total energy required in the process
is lost through the floor and accumulated in the clay soil (Bustos-Vanegas et al., 2018).
Along the cooling stage, this energy is released and then reabsorbed in part by the
charcoal bed (Bustos-Vanegas et al., 2018).

During the carbonization stage, wood becomes charcoal and its volume decreases
creating a headspace inside the kiln where a flow of hot gases drive the carbonization
front from the top to the bottom of the wood bed. At the end of pyrolysis, the headspace
could occupy more than 50% of the kiln volume, and the buoyancy force also drive the
cooling front upward. This driving force tends to decrease during the cooling due to the
decrease in the temperature difference between the bed surface and the inner surface of
the walls. The Rayleigh number indicates the intensity of the buoyancy-driven flow inside
the kiln headspace. For Rayleigh numbers less than a critical value of 1708, buoyancy
forces cannot overcome the resistance imposed by viscous forces and therefor no
advection occurs within the cavity (Bergman et al., 2011). Then, conduction and radiation

become the dominant mechanisms and the cooling rate decreases.

Natural convection is an economically attractive alternative in several applications
since it does not demand an external source of energy. Buoyancy-driven flows within
enclosures has been studied in several applications regarding solar energy, building and
ventilation, heat exchangers, fuel cells, thermal storage tanks, chemical reactions, cooling
and drying process (Lin et al.,, 2013; Yang et al., 2015; Biswal and Basak, 2017).
Although some charcoal companies already had tested prototypes of heat exchangers by
natural convection, there is still a lack of information regarding the optimal configuration

and operation.

The charcoal producers have been adopting measures to optimize the production
process, reducing the charcoal cost and environmental impact. An example is the
utilization of enthalpy from carbonization emissions in the wood drying operation or in
power generation (Pereira et al., 2017). Also, some research focused on reducing the

cooling time by using heat exchangers driven by forced convection (Franga and Campos,
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2002; Oliveira et al., 2010; Santos, 2013; Martins, 2014; Oliveira et al., 2015). Those
studies achieved up to 50% savings in cooling time but increasing energy consumption
due to the use of fans or pumps. Mathematical modeling could be an important tool to
optimize these technologies, perhaps, few studies have addressed this topic (Franga and
Campos, 2002; Santos, 2013; Bustos-Vanegas, 2018) and in some cases using
simplifications that facilitate numerical calculations but which may not faithfully
represent the physics of the phenomenon. Interestingly, the mathematical approach to the
charcoal cooling phenomenon is still an unresolved problem. Therefore, this study aims
to improve the carbonization process in brick kilns using a previously validated
mathematical model. A two-dimensional CFD analyses was performed to quantify the
effect of an insulation layer over the floor. Then, a three-dimensional CFD analyses was
used to evaluate the effect of the use of a buoyancy-driven heat exchanger on the cooling

process.
5.2 METHODOLOGY

A previously validated mathematical model (Bustos-Vanegas et al., 2018) to quantify
the thermal inertia effects of the structural elements of a carbonization kiln (industrial
model Vallourec Florestal 700 m® nominal capacity) (Fig. 1A) on the carbonization and
cooling stages, was used to simulate its thermal performance in different configurations.
A two-dimensional approach was used to evaluate the effect of an insulating concrete
layer over the clay floor. The effect of a buoyancy-driven flow heat exchanger on the time
and homogeneity of cooling was evaluated by means of a three-dimensional analysis. A
standard carbonization cycle of 12 days (4 days for the carbonization stage and 8 days for
the cooling stage) was simulated for each proposed scenario with the CFD technique

using ANSYS CFX v11.0 software.
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Figure 1. A) Carbonization kiln model (Vallourec Florestal) nominal load capacity of 700
m>. B) 2D simplification. C) Top view and symmetry condition. D) Kiln segment and
heat exchanger coupled for 3D analysis. The numbers in parentheses represent the
boundary conditions: (1) mixed condition of convection and radiation, (2) symmetry, (3)

adiabatic condition.
5.2.1 Physical model — 2D analysis

As described by Bustos-Vanegas et al. (2018), the two-dimensional approach is a
valid simplification to describe the thermal behavior of carbonization kilns under standard
operating conditions. Fig. 1B shows in two dimensions, the solid domains of the floor and
walls as well as the porous domain (wood bed turning charcoal). As verified by Bustos-
Vanegas et al. (2018), during the carbonization stage heat diffuses through the floor and
after the first day of cooling, the floor’s temperature is found to exceed the temperature
of the interface, thereby inverting the heat flux and reheating the charcoal bed. Trying to
minimize this problem, a 3 cm layer of ENGECAST -1050® insulation concrete (k =0.13
W m! K'!) over the floor was simulated using the resistance method. This material was

selected considering its insulating characteristics and its resistance to compression. The
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layer should support besides the weight of the wood, the weight of the machinery used to
load and unload the kiln. The pressures exerted by this type of machinery ranging between

0.57 and 1 kg-f cm? (Novak et al., 1992).

After a previous testing of spatial and temporal convergence, 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.
5.2.2 Physical model — 3D analysis

A 3D analysis was implemented to evaluate the use of a buoyancy-driven heat
exchanger located on the lateral wall of the kiln. The goal was to reduce the cooling time
and ensuring homogeneity, without increasing the operating cost. Fig. 1C shows the top
view of the kiln divided into 8 symmetrical segments. Because the less area exposed to
the convection to the environment, the central region of the kiln will present a lower rate
of cooling, that is, it will be the most difficult region to cool. Therefore, one of the central
segments was chosen to simulate the cooling stage considering the thermal inertia of the
soil and the use of a buoyancy-driven heat exchanger (Fig. 1D). As demonstrated by
Bustos-Vanegas et al. (2018), the temperature profile in the brick walls during
carbonization and cooling stages show a pseudo-steady state behavior that allows
modeling this subdomain using the thermal resistance method. This approach was

implemented to reduce computational time.

In addition to decreasing the cooling time, the use of the heat exchanger must
guarantee its temperature homogeneity, that is, to minimize possible foci of ignition
during the kiln opening. These regions with potential ignition hazards, or breakpoints,

were identified as the percentage of charcoal volume with a temperature above 65 °C.

Figure 2 presents the operating principle of the buoyancy-driven heat exchanger and
the different simulated configurations. After the carbonization stage, the hot gases in the
headspace continue to exchange heat by convection, radiation, and conduction with the
inner surface of the walls, the heat diffuses to the outer surface and finally is dissipated
in the environment by convection and radiation. The buoyancy force resulting from gas
density differences is used as the driving force of the convection phenomenon that directs

hot gases to the top of the kiln where the outlet for the heat exchanger is located. The
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Rayleigh number was used as an indicator of the transition between the laminar and

turbulent regimes (Bergman et al., 2011) of the buoyancy-driven flow inside the kiln:

T,. — T;)L3 1
=g:8( bs l) > 1708 ( )
ad

where £ is the expansion coefficient, Tjs is the average temperature of bed surface, 7; is

Ra

the average temperature of the internal wall, L is the distance from bed surface to the top,

a and J are the thermal diffusivity and kinematic viscosity of the gas, respectively.

By integrating the heat exchanger, it is expected to increase and maintain the flow
turbulence due to the higher temperature difference (Eq. 1) between the bed surface and
the inner surface of the exchanger. The device consists of a carbon steel tube connecting
the kiln top with its base. Two retention valves are located at the inlet and outlet of the
duct. During the carbonization step, the gas flow is prevented by flooding the valves with
water. The details of the valve are shown in Fig 2 in the enlarged box. Once the pyrolysis
stage is complete, the valves are drained allowing the passage of gases into the duct (Fig
2). The hot gases entering the exchanger from the top are cooled quickly due to the high
thermal conductivity of the steel, which releases the energy as heat to the environment.
The "cold" gas becomes denser and runs down the pipe to the base, percolating the bed
and exchanging heat with the hot charcoal particles. The cycle repeats as the re-heated

gas exits through the bed surface.
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____________________________________ Released
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Figure 2. The principle of operation of the buoyancy-driven heat exchanger. The

subscripts represent the levels of each factor.

The cooled gas percolating the bed must overcome the pressure drop due to the porous
medium (Table 2). It is expected that with a lower injection position (H1) the bed cooling
will be faster and more homogeneous since in addition to a larger heat exchange area
(greater length of the duct), the gas will be better distributed in the lower parts of the
charcoal bed. On the other hand, the lower the injection of the cooled gas, the greater
resistance exerted by the bed. In this scenario reverse flow could occur affecting the
efficiency of the process. In order to determine the best configuration of the heat
exchanger, a 3° factorial design was performed. The factors were the exchanger diameter
and the injection height of the cooled gas. The levels of each factor are specified in Table
1. The total heat exchange area corresponds to the area of one (1) heat exchanger

multiplied by 8 (number of kiln segments).

In each experimental unit, the effect of the configuration was evaluated on the cooling
time and on the cooling homogeneity, represented by the percentage of breakpoints at the
end of the operation. Due to the need for mesh refinement in the valve region, which
increases the computational resource, the valve effect was simulated only in the optimal
diameter-height combination resulting from the statistical analysis. Finally, the combined

effect of the insulation layer on the floor and the optimized heat exchanger was simulated.

Table 1. Factorial design for the effect of diameter and height of the heat exchanger on

the cooling time and cooling homogeneity.

Configuration Diameter Height Total heat
(mm)  (mm) exchange area (m?)
C1 150 250 19.02
Cc2 250 250 31.69
C3 500 250 63.51
C4 150 1550 14.17
C5 250 1550 23.61
C6 500 1550 47.32
Cc7 150 2050 12.29
C8 250 2050 20.48
C9 500 2050 40.96

After a previous spatial convergence testing, a structured mesh of 60200 hexahedral

elements and a non-structured mesh of 1029000 elements were created for the floor and
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porous subdomains respectively. A time step of 60 min was chosen for discretization

time.
5.2.3 Governing equations

The previously validated model adopts as main simplifications: the charcoal bed
as isotropic porous medium in the condition of local thermal non-equilibrium; low-Mach
number: density changes only associated with temperature variations; the intergranular
gas inside the kiln is an ideal mixture of CO and N>. The governing equations of the
transient model were based on the continuity, momentum and energy equations. For the

porous medium:

dap R 2
(pa_tf+v'(/)fv)=0 .
0(ps¥) 1 . L eu epeCr (3)

kR +5V-(pfvv)=—(pVP+uV2v+pfg—7v— \/EEvlvl

_ % _ _ . _ 1 _ (4)
(1 (p)(pCp s Ot - (1 (p)v (kef—sVTs) + (1 (p)CIs + hiAs(Tf Ts)
d(prT, . (5)
Cor % + V- (CoppsTy) = 9V - (keVTy) — hids(Ty — T)

The transient and advective transport are represented by terms on the left-hand
side in Egs. (2-5). The last two terms of Eq. (3) correspond to the resistive force and
represent the viscous and drag forces resulting from the interaction between the solid and
fluid phases in the porous medium. Buoyancy force, due to the gas density changing with

temperature, is represented by the term associated with the gravity vector in Eq. (3).

During the pyrolysis, heat is increasingly generated and transferred into the porous
bed creating temperature gradients that promote the gas flow inside the kiln. In the porous
media, the flow becomes turbulent when Re > 280 (Lesage et al., 2004). Bustos et al.
(2018) calculated values of Re number varying between 250 for the porous bed and 8800
for the headspace. Then, the turbulence phenomenon was modeled using the Reynolds-
Averaged Navier-Stokes (RANS) approach. In the 2D analyses, turbulence fluctuations
were modeled using the standard k-¢ model (Pedras and de Lemos, 2010; Saito and de

Lemos, 2010).

When the heat exchanger is coupled to the kiln in the 3D analyses, the near-wall

region will experience high-temperature gradients. The wall modeling strategy for this
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scenario requires solving the viscous sublayer (y+ values about 1), whereby a first layer
thickness of 5x10* m was defined and the SST k-o model was implemented. These model
has shown good performance in similar applications (Wu and lei, 2015; Miroshnichenko

and Sheremet, 2018).

The diffusive term in Eq. (4) quantifies radiation and conduction between the
particles (Larfeldt et al., 2000). Energy traveling as radiation through the interstitial fluid
was modeled by P1 model available in CFX solver. Model parameters, including the
source term of reaction heat of pyrolysis in Eq. (4), are listed in Table 2. The condition
of local thermal non-equilibrium is defined by the interfacial heat transfer coefficient hi.
This term was assumed to act inside the porous bed locally and it depends on the gas

properties, characteristic length of particles and Nusselt number (Nu).

Nu (6)
hi = kf T

Heat flow released through the heat exchanger is related to the convective heat
transfer coefficient hHE for the internal flow in the pipe. This coefficient is dependent on
the Nusselt number (NuHE), fluid properties and pipe’s diameter (Eq. 7), and was
calculated using the Dittus-Boelter correlation (Eq. 8) (Bergman et al., 2011).

Nugg (7
hyg = k
HE f D
Nugg = 0.0265Re"/5Pro3 (8)

Fourier’s law defines energy transport (Eq. 9 — 10) in the walls and floor
subdomains for the 2D approach. In the 3D approach Eq. (9) is suppressed since wall

subdomain is modeled as a boundary condition.

oT, ©)
Cow 0 Wa_tw =k, V2T,
oT,, (10)

Cpb 0 bW == kbvab

5.2.4 Boundary conditions and interfaces— 2D analysis

No-slip condition and thermal energy conservation along the normal direction
were setting as hydrodynamic conditions at the bed-wall, bed-insulation and insulation-
floor interfaces (Eq. 11-13). Heat flux between the headspace inside the kiln and the inner

surface walls is defined by Eq. (14).
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On the floor, an adiabatic boundary condition is set at 2 m depth and 4 m depth
for the carbonization and cooling stages respectively. In the symmetry planes, normal
gradients are set to zero for all quantities; on the external wall surface, a mixed boundary
condition is established with outside temperature set to 25 °C. The external heat transfer
coefficient hext accounts for the convection, following the experimental approach
proposed by Franca and Campos (2002), and for the radiation, by Stefan Boltzmann law:

0T 1)
hext—w [Tsurf,t - Too] = ky ;1;7‘1‘

hext-w = heony + hr—w (16)
hy_y = oy, T? (17)

where o is the Stefan Boltzmann constant and Y3, is the wall emissivity. The
simulation time was set to 96 hours (4 days) and 192 hours (8 days) for the carbonization
and cooling stage, respectively. 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,

5.2.5 Boundary conditions and interfaces— 3D analysis

In the simulations of the kiln cooling with the coupled heat exchanger, the boundary
conditions were the same as those adopted for the two-dimensional case. Only Eq. (15)
was omitted and Eq. (14) was modified by replacing the heat diffusion through the

physical wall with a global heat transfer coefficient Uy:

hi[Ts—ie — Tf| = U [Tsurst — Too) (18)
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Uw = 1/Ry, (19)

L, 1 (20)

kw hext—w

where R, is the total resistance at wall boundary and L,, is the wall thickness. In a
similar approach, heat flow rate through the heat exchanger wall was modeled using a
global heat transfer coefficient Upg using the Churchill relation for Nusselt number

(Bergman et al., 2011):

h; [Ts—i,t - Tf] = Uyg [Tsurf,t - Too] (21)
Uy = 1/RHE (22)
r,In(r, /1; 1 23
RHE — o (O/ l) + ( )
kHE hext—HE
hext—ng = heonv—ng + hr—nE (24)
hT‘—HE = O-SHETs (25)
NUex-HE (26)
heonv—nE = kair%

0.62Re, /2Pr; /3 Reo, \8]"° 27)

Nuey_pyp = 0.3 (—)

Hex—HE T (0.4/Prair)2/3]1/4[ 1282000 l

_ VgD (28)

I)\eex—HE -
8 i
air

where Ry is the total resistance at the heat exchanger external boundary, r, and r; are the
external and internal diameter of the heat exchanger and egg is its emissivity. vqir and Sair
are the velocity and kinematic viscosity of the air respectively. 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 < 10-6. The simulation

time was set until the charcoal bed reached an average temperature of 60°C.
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Table 2. Model parameters

Wall (brick fireclay) (Bergman et al, 2011) value
cpw [T kgt K] 960
kyw [W m! K] 1,0
pw [kg m3] 2645
Ew 0.94
Ly [m] 0.24
Clay floor (Bergman et al, 2011)
cop [T kg K] 880
ky [W m! K] 1,29
py [kg m?] 1450
Insulation layer (Engecast1050®)
kis [W m! K] 0,13
Thickness [mm] 30

Porous media (fluid phase) (Saito and de Lemos, 2010)

CO: thermophysical properties Ansys CFX database
N2 thermophysical properties Ansys CFX database

Porous media (solid phase) (Santos, 2013; Pan and
Kong, 2017; Bergman et al, 2011)

cp wood [J kg K] 2385
kwood [W m! K] 0,19
p wood [kg m3] 540
¢p charcoal [T kg K] 1017
k charcoal [W m™ K] 0,03
Apparently density of charcoal kg m™] 457
[ [m] 0.13
v 0,9
dpore [pm] 350
Porous media (Santos, 2013; Daugaard and Brown,
2003)
) 0,6
As [m?] 65
Nu 2+(1.1#Pr033#Re09)
AP/l [Pam'] 24V+343V?
q ”’[W m ] (standard configuration) 1185

Heat exchanger — Carbon steel layer (Bergman et al,

2011)
kue [W m' K1 55
Lye [mm)] 3.2
EHE 0.65
Carbonization time [h] 96
Cooling time (standard configuration) [h] 192
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5.3 RESULTS

5.3.1 2D simulations

Figure 3A shows the temperature profile of the kiln operating in standard condition
at the end of the carbonization stage. In Fig 3B it is shown the effect of application of a
30 mm insulation layer over the floor at the end of the carbonization stage (4 days). When
the insulation layer is coupled to the kiln, the heat source in Eq. (4) can be adjusted to a
6% lower value. A temperature difference of approximately 100 °C can be noticed in the
first floor’s layers between the two cases compared. Eq. (11) and (12) defines the heat
flux through the bed-floor interface as depending on the thermal conductivity of the
insulation layer. Since this value is ten times lower than the thermal conductivity of the
clay floor (Table 2), the energy released from the charcoal bed under pyrolysis hardly
crosses the interface, reflecting in a lower heat diffusion through the floor (Fig. 3B and

4A).

Temperature

l 420 A B
341 '
262
o
183
Insulation
I 104 layer
/
25
[C]

Fig 3. Temperature distribution of the fluid phase of the charcoal bed, walls and floor at
the end of carbonization stage (4 days). A) standard configuration B) insulation layer over

the floor.

The heat losses during the process can be observed in Fig 4A. When the insulation
layer is used, the heat flows through the floor and walls during carbonization stage are
reduced by 56.5% and 18.5%, respectively. During the second day of cooling under
standard conditions, the heat flow reverses its direction and the bed begins to receive heat
from the floor. As observed in Fig 4A, this phenomenon is minimized and delayed with

the insulation layer application. The heat flow rate through the walls declines
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exponentially during the cooling for both configurations. Perhaps a slightly higher decline
is noticed when the insulation layer is adopted (Fig 4A), the less heat re-absorbed from
the floor reflects in a reduction of 25.5% (approximately 2 days) in the cooling time (Fig
4B). Furthermore, with the application of the insulation layer, the breakpoints were

reduced from 17.4% to 7.6%, considering a target cooling temperature of 60 °C.
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Fig. 4. A) Heat flow rate at walls and floor during the carbonization cycle. Red line
demarcates the time when heat flow reverse from floor to the bed. B) Kiln cooling profile.

Red line is the average target temperature of charcoal at the end of cooling stage (60°C).
5.3.2 3D simulations

Fig. 5A shows the temperature distribution of a kiln segment (Fig. 1D) under
standard conditions at the end of the cooling stage (8 days). At this point, the kiln is ready
to open for charcoal discharge. It could be noticed the cooling front advancing from top
to the bottom as the gases in the headspace dissipate heat through the walls and becomes
cold. As a consequence of the heat diffusion through the floor during the carbonization
stage, a hot region can be observed in the underground. The reversed heat flow from the
floor impedes the cooling of the charcoal bed in regions close to the ground. As depicted
in Fig. 5B, a considerable volume of charcoal (17.4%) closed to the kiln floor remains
with a high risk of ignition (temperature above 65°C) during the product discharge. This
result agrees with observations in practice when some regions of the charcoal bed burn

during the kiln opening.

As the cooling proceeds, the temperature of the bed surface decreases and the
Rayleigh number drops to a critical value (1708) around the fifth day of cooling (Fig. 6).

Then, the buoyancy force cannot overcome the viscous forces and the advection becomes
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negligible. This condition hampers the operation, resulting in long cooling times as

reported in Table 3.

A Temperature B

Temperature — breakPoints

Fig 5. (A) Temperature distribution of a standard configuration kiln at the end of cooling
stage (192 h) and (B) charcoal bed volume (in color) above the breakpoint temperature

(65 °C).
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Figure 6. Raylegh number during kiln cooling under standard conditions. Red line

demarcates the critical value (1708).
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With the coupling of the heat exchanger driven by natural convection, the
buoyancy force inside the kiln was increased, maintaining a turbulent regime throughout
the cooling (Ra > 5x10'%). That reflected in higher heat transfer rates and consequently
lower cooling times. Table 3 summarizes the main results of 3D simulations for kiln
cooling under standard conditions and by using the heat exchanger, according to the
factorial design (Table 1). The simulations were stoped when the average temperature of

charcoal bed reacheed 60°C.

Table 3. Simulation results for cooling until average charcoal temperature of 60 °C

Heat Exchange  Cooling  Temperature Saved  Breakpoints

Configuration size (mm) time O )
Diameter Height (days) Var. Max time (%) (%)
Standard -- -- 8.00 19.20 77.00 0.00 17.43
condition
Cl1 150 250 7.38 40.80 73.30 7.81 0.42
C2 250 250 6.63 4290 76.60 17.19 5.15
C3 500 250 4.75 46.50 79.90 40.63 9.17
C4 150 1550 7.58 40.20 72.90 5.21 0.44
C5 250 1550 6.83 41.30 74.90 14.58 0.72
C6 500 1550 5.13 43.10 78.90 35.94 6.86
C7 150 2050 7.54 24.00 72.50 5.73 0.43
C8 250 2050 6.92 26.00 73.60 13.54 0.50
C9 500 2050 5.67 3440 75.80 29.17 0.61

Results in Table 3 indicate both cooling time and homogeneity depending on the
heat exchanger configuration (diameter and height). In all configurations, cooling time
reductions were achieved ranging from 5 to 40%. Santos (2013), Martins (2014) and
Oliveira et al. (2015) achieved reductions in cooling time ranging from 12.5 to 70% using
forced convection heat exchangers operating between 5 and 10 hp. The significance of

the effects observed in Table 3 is shown in Figures (7) and (8).
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Fig. 8. Effect of Diameter (D) and Height (H) on the homogeneity of the cooling
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process (breakpoints). A) Pareto chart. B) Surface chart.

As seen in Fig. 7A, at 90% probability, the diameter and height of the heat
exchanger have a significant effect on the cooling time. The diameter showed the main
effect and as expected, because of the increase of heat exchange area, the bigger the
diameter, the less cooling time (Fig 7B). The injection of cooled gas through the bottom
contributes to the reduction of the cooling time (Fig 7B) by increasing the heat exchange
area (length of the exchanger) and by rapidly cooling the low-central region of the bed.
These results are in agreement with Martins (2014), who observed better results when the

gas cooled in a forced convection heat exchanger was injected at the bottom of the
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charcoal bed, although requiring a ventilation power 33% higher than required for the top

injection.

In relation to homogeneity, the effect was significant and opposite to the effect on
cooling time (Fig 8A). The largest charcoal volume with high ignition risk (breakpoints)
was observed when the cooled gas was injected through the bottom using the largest
diameter (Fig 8B). This is because the gas stream from the exchanger rapidly cools the
low-central region of the bed and rises to the bed surface once reheated in the heat
exchange with the charcoal particles. Thus, the advective flow does not reach the particles
located in the corners, which cool slowly since only conduction and inter particle

radiation occurs.

Critical values resulting from the factorial analyses indicate a point of minimum
for the effect on cooling time (D = 2140 mm, H = -82 mm) and a point of maximum for
the effect on breakpoints (D = 1114 mm, H = 302 mm). It is evident that the larger the
diameter and the smaller the height, the shorter the cooling time, but also the less
homogeneity. Before proceeding with the optimized configuration, the effect of the
retention valve was evaluated on the configuration that resulted in lower cooling time

(Configuration C3, Table 3).

As shown in Fig. 9, the inlet and outlet valves modified the flow pattern affecting
the pressure and velocity field, and consequently the heat transfer phenomena. As
expected, a pressure drop can be observed in the posterior region of the valves, where the
gases tend to recirculate. Reduction in the gas flow rate at the inlet valve causes a
reduction of the Reynolds number along the duct. Therefore, the Nusselt number and
consequently the internal heat transfer coefficient (h) were also reduced, which decreases
by more than 50%. As expected, the gas flow rate through the duct tends to decrease with
the progress of cooling. Without the effect of valves, its value dropped from 0.37 to 0.13
kg s!'. Considering the valves in simulation runs, the mass flow was reduced considerably
varying between 0.1 and 0.03 kg s!. Besides that, the pressure drop after the outlet valve
decreased the penetration of cooled gas into the charcoal bed. As a consequence, the

cooling time increased by 16 hours and the breakpoints increased to 12.94% (Table 4).
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Figure 9. Effect of the retention valves on the heat exchanger performance after 12

hours of cooling. Left: configuration C3. Right: configuration C3 with retention valves.

Table 4. Retention valves effect on the cooling process. Cooling stops when average

charcoal temperature reached 60 °C.

Cooling  Temperature Saved  Breakpoints

Configuration  time O )
(days) Var. Max. time (%) (%)
4.75 46.50 79.9 40.63 9.17
C3 + valve 542 47.40 80.20 32.29 12.94
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The internal heat transfer coefficient in the duct operating with the valves shows
an average value of 4 W m™ K'! during the cooling, while the value for the external side
was defined as constant (air flowing at 4.5 m s-1 and 25 °C) hext = 13.40 W m-2 K-1.
These values indicate that the greatest resistance to heat transfer occurs at the internal
side. Internal fins could decrease this resistance, but in the absence of mechanical force,
the pressure drop caused by such extended surfaces could stagnate even more the gases
inside the duct, hindering the heat transfer. External fins or larger diameters of the duct
could increase the heat transfer area increasing the heat transfer rate. Although this
condition will result in shorter cooling times, it can also result in significant volumes of
the bulk with a high risk of ignition. To overcome this problem in the optimized
configurations, the increase in heat exchange area was achieved by using 2 equidistant
pipes. The position for the cooled gas injection was fixed at the kiln bottom (H1), the
diameter was fixed to 500 mm, and the cooling time was extended until the volume of

breakpoints reached a value less than 2%.

Table 5 summarized the setup of four optimized configurations. The retention
valve was simulated at the inlet and outlet of the heat exchanger. The combined effect
of the heat exchanger and the insulation layer on the floor was simulated in cases C11

for one pipe and C13 for two pipes.

Table 5. Configuration of optimized buoyancy-driven heat exchanger

Configuration Diameter Height Number Total Heat Insulation
(mm) (mm) of pipes exchange area (m?) layer
C10 500 250 1 63.51 No
Cl1 500 250 1 63.51 Yes
C12 500 250 2 127.02 No
C13 500 250 2 127.02 Yes

Fig. 10 ilustrates the progress of the cooling front using one pipe (C10) and two
pipes (C12). Near the gas injection at the bottom, regions of faster cooling can be
observed. When a central pipe is used (Fig. 10A and 10B), the gas quickly cools the
central region starting from the base, but breakpoints remain at the lower corners of the
kiln segment. Ten hours before finishing the cooling with C10 configuration (Fig. 10A),

the breakpoints correspond to 14.28% of the charcoal volume. Using two pipes, the
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breakpoints 10 hours before the end of the cooling correspond to 9.94% of the volume of
the charcoal (Fig. 10C). Figure 10 also shows a significant reduction of cooling time using
two pipes: 37 hours less to guarantee breakpoints < 2% (Fig 10D). Table 6 displays the

main results of cooling simulations for optimized cases presented in Table 5.
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Figure 10. Kiln cooling performance in C10 configuration (A-B) and C12 configuration
(C-D). The colored regions in the charcoal bed represent charcoal particles above 65 °C.

The vectors indicate the gas flowing on a central plane in the heat exchanger.
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Table 6. Results of kiln cooling simulations with optimized heat exchangers. Increased
in productivity based on an average charcoal production of 2040 ton in a standard

conditions kiln (time cooling = 192 h).

Config. Time Tmax T gas Saved  Breakpoints Increase in
cooling O (°C) time (%) (%) productivity per kiln
(days) (%)
C10 5.79 75.80 54.70 27.60 1.74 22.5
Cl1 4.58 7430 54.10 4271 1.39 39.8
C12 4.25 78.00 54.00  46.88 1.63 45.4
C13 3.25 76.77  54.00 59.38 1.75 65.5

As can be seen in Table 6, the use of one heat exchanger per kiln segment (63.51
m?2 of total heat exchange area) results in 27.6% reduction of cooling time. Using a forced
convection gas/air type heat exchanger with 125 m?2 of total heat exchange area, Oliveira
et al. (2015) obtained 12.5% reduction of the cooling time. The low efficiency of this
configuration is due in part to the fact that the exchanger operated with a single suction
point and a single injection point at the top of the kiln. The authors slightly increased
efficiency (38% reduction time) by defining a central suction point and two injection
points at the upper edges of the kiln and adding a gas-water thermal exchange area (35
m2). The maximum reduction of cooling time (43%) was achieved when the authors were
increased the heat exchange area to 360 m2 (330 m2 for water-gas area) and using a
ventilation power of 10 hp. Comparing these results with those presented in Table 6, it is
possible to verify the higher efficiency of the system proposed in this research. The
vertical flow pattern created by the buoyancy-driven heat exchanger and the higher
number of suction and injection points result in shorter cooling times and less risk of

ignition at the opening of the kiln.

The data in Table 6 also indicates that the insulation layer improves the process
by 14.5%, while the use of the double pipe increases the process efficiency by 19%. The
most significant time reduction (59.38%) was achieved when the insulation layer and
double pipe heat exchanger were coupled to the kiln (C13). The potential increment in
the charcoal production by implementing one of the proposed cooling systems varies

between 24 and 68% and is directly related to the number of heat exchangers coupled to
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the kiln. The average gas temperature at the end of the cooling for the four cases was

54°C. This value can be used as a safety indicator for the kiln opening.
5.4 CONCLUSIONS

Using Computational Fluid Dynamics it was possible to simulate alternative
configurations of a carbonization kiln that allowed optimizing the stages of pyrolysis and
cooling in the charcoal production. The use of a 3 cm layer of insulation concrete in the
bed-floor interface reduces ignition energy consumption by 6% and resulted in a time

saving of 23% for the whole cycle.

The buoyancy-driven heat exchanger is an efficient alternative that does not add
operational costs and allows a significant reduction of the cooling time of carbonization
kilns. The retention valves necessary to avoid heat losses during the pyrolysis stage affect

the overall efficiency of the heat exchanger because the increasing in the pressure drop.

The use of 8 buoyancy-driven heat exchangers (4 on each side) coupled to a
carbonization kiln of 700 m?® capacity, allows reducing the cooling time from 8 to 5.7
days. By doubling the number of coupled heat exchangers, the cooling time can decrease
up to 4.6 days. The maximum time reduction (3.25 days) results from the conjugate effect
of the heat exchanger (16 per kiln) and the insulation layer. Such decreases of the cooling
time allow increasing the number of carbonization cycles per kiln per year, resulting in
production increases of up to 65%. The results of this research allow minimizing time and
costs in the development of physical prototypes of buoyancy-driven heat exchangers for

carbonization kilns.
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6. GENERAL CONCLUSIONS

In order to achieve a sustainable production of charcoal, a close interaction between
the producing companies and the academy is indispensable. In addition to the
improvements already achieved in the use of carbonization gases for energy cogeneration,
there is a window to optimize the production cycle, making the cooling stage more
efficient. To fulfill this is necessary a deep knowledge regarding the physical-chemical
phenomena occurring simultaneously within the charcoal bed and its interaction with the

structural elements of the kiln.

The systems based on forced convection heat exchangers are presented as a viable
alternative to reduce cooling time by about 50% without affecting the charcoal quality.
However, the additional cost due to the operation of pumps or fans must be taken into

account in calculating the kiln's operating efficiency.

The thermal inertia of the structural elements of the brick kilns has a big impact
on the thermal performance of the carbonization and cooling stages. The temperature
profile in the brick walls showed a pseudo-steady state behavior that allows modeling this
subdomain using the thermal resistance method. This approach can reduce computational
time in simulations 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 carbonization 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

materials and configurations for their optimization.

The charcoal oxidation during the cooling is a phenomenon that due to its
exothermicity, has a significant effect on the cooling time. The higher the temperature
and O2 concentration, the greater the intensity of the oxidation reactions. The activation
energy for this phenomenon was independent of the initial oxygen concentration and
slightly influenced by the advective mechanism. The oxidation reaction was observed
when the charcoal temperature reached 67.5 °C at 20.9% of O and increased to 167.7 °C
in atmospheres with 10% of Ox.

The buoyancy-driven heat exchanger is an efficient alternative that doesn’t

demand operating costs and allows a considerable reduction of the cooling time of
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carbonization kilns. The use of 8 buoyancy-driven heat exchangers (4 on each side)
coupled to a carbonization kiln of 700 m? capacity, allows reducing the cooling time from
8 to 5.7 days. Doubling the number of coupled heat exchangers, the time can decrease up
to 4.6 days. The maximum time reduction (3.25 days) results from the conjugate effect of
the heat exchanger (16 per kiln) and the insulation layer over the floor. Such decreases in
the cooling time allow increasing the number of carbonization cycles per kiln per year,

reflecting on production increases of up to 65%.

Since the buoyancy-driven heat exchanger does not require an external force (fan)
to direct the gas flow, a smaller pressure difference between suction and injection is
created. This condition should result in less air infiltration by cracks and consequently
lower ignition risk when compared to systems based on forced convection. For future
studies, it is recommended to couple the rates of heat generation and O> consumption
derived from these study to mathematical models that attempt to simulate the heat transfer

phenomena during storage and cooling process.
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