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Abstract: Charcoal is one of the most essential energy sources in the world and is used mainly for
domestic and industrial purposes. Brazilian charcoal production occurs in rudimentary masonry kilns
without concern for process safety or energy waste. This work aimed to develop a mini carbonization
system of three kilns coupled to a vertical smoke burner for optimized and environmentally correct
charcoal and wood vinegar (WV) production on small farms. The project was divided into three
parts for dimensioning: the three-kiln set, the WV condensing device, and the smoke burner. The
condenser was designed following the procedures from the standards of TEMA (Tubular Exchangers
Manufacturers Association); ASME (Society of Mechanical Engineers of the United States) Section
VIII, Division 1; and the NR-13 (Regulatory Standard) of ABNT (Brazilian Association of Technical
Standards). In contrast to the current scenario, in which primitive carbonization technologies are still
employed, bringing about low charcoal yields and significant pollution release, the use of a mini-kiln
that allows charcoal production and wood vinegar recovery combined with pollutant smoke burning
is an interesting eco-friendly solution. Thus, the mini-kiln model presented here brings a low cost
and environmental safety to the charcoal production chain, reaching sustainability parameters and
offering higher income opportunities to small producers.

Keywords: charcoal making; carbonization system design; smoke burner; pollution abatement; wood
vinegar recovery; socio-environmental impact; sustainable development

1. Introduction

Charcoal is among the most relevant energy sources worldwide, and it is directed to
several purposes, including household, medicinal, and industrial end uses [1]. Besides
providing energy as heat for domestic uses, it can act as a reductant of iron ore in metallurgic
blast furnaces with efficiency and sustainability [2]. In Brazil, 40% of steel, 70% of pig iron,
100% of iron alloys, and 100% of metallic silicon are produced with charcoal as a carbon
source [3], while in every other country, they are manufactured using coke. Even though
metallic commodities are made using cutting-edge technologies, the charcoal that feeds the
industries in this sector is produced mainly in rudimentary and low-tech masonry kilns [4].
In those kilns, the losses of bone-dry firewood in mass and energy correspond to 65 and
50%, respectively. Wood carbonization dates back thousands of years. Also called slow
pyrolysis, this process consists of thermal decomposition in which wood is subjected to
a heating rate under a low-content or oxygen-free atmosphere, so the raw material does
not burn but only decomposes by the action of the heat, in times ranging from hours
to days [5,6]. Through the carbonization of wood, agricultural waste products of other
lignocellulosic materials are processed, yielding three types of products, as follows: solids
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(charcoal itself), liquids (wood vinegar and tar), and gases (CO, CO2, H2, and CH4) [7–9]. In
the day-to-day carbonization process carried out with low-tech kilns, charcoal is usually the
only product of interest and the other products are released as smoke into the surrounding
atmosphere, constituting, in most cases, a severe source of pollution. Still, the yield in
pyrolysis coproducts depends on wood type and operational conditions such as heating
rate, final temperature, the raw material’s moisture content, and labor skills [1]. Therefore,
the control of the process is entirely subjective, relying on personal perceptions about the
external temperature of the kiln and the smoke color, which changes as the carbonization
goes on. The control of the process also depends on the type of kiln [10].

One of the prevalent strategies is to add value, to promote the circular economy and
provide a suitable harnessing of the carbonization coproducts. In agriculture, WV can be
used as an insecticide, fungicide, bactericidal, crop growth promoter, and so on [11–14].
Also, using WV as a preservative, a source of chemicals, and a basis for veterinary products
has been accomplished [15–17]. Another carbonization coproduct, wood tar, has been
studied as biofuel [18–20]. As pointed out above, releasing carbonized smoke as pollution
demands some device to decrease it, so the kilns reach environmental compliance. Smoke
burners are the most suitable devices, which can thermally destroy the chemicals from the
smoke, turning them into carbon dioxide and water. Bearing these points in mind, coupling
WV and wood tar recovery apparatus and smoke burners to carbonization kilns is desirable,
from an environmentally friendly standpoint. It adds value to the charcoal production
chain. When the smoke is burned after WV recovery, the release of CH4 is eliminated, which
is an advantage since this component strongly contributes to greenhouse gas emissions.
Methane can cause 21 times more greenhouse effects than carbon dioxide [21]. This is
essential to consider if the interest is to obtain carbon credits from the carbonization process.

Considering better efficiency of the charcoal-making process, pollution reduction,
and coproduct recovery should be considered complementary and necessary to make the
global process more economically rational and eco-friendly. Several studies have been
conducted to design smoke burners and devices to recover carbonization liquids to reach
these goals [22–25]. A total game changer is emerging from these new approaches to
mitigate the adverse effects of charcoal-making and optimize its energy and mass global
yields. In Brazil and even worldwide, more than 80% of charcoal is produced by small and
medium farmers, and due to their restricted investment capacity and access to technologies,
they usually choose low-tech kilns to meet their productive needs. Those kilns are cheap
and do not demand a highly skilled labor force but have a low volumetric capacity and
release significant amounts of pollutant smoke. Besides, firewood loading and charcoal
unloading are entirely manual, demanding a considerable physical effort by workers. To
make things worse, the rudimentary kilns are built based on local traditions, following
models without design or calculations.

In this context, this work aimed to propose an innovative carbonization system (CS),
consisting of three masonry kilns coupled to a central WV recovery system connected to a
vertical smoke burner. This carbonization system was designed to be environmentally clean
and to provide WV and charcoal in the same production line. Small and medium charcoal
makers and rural farmers can be directed to use the carbonization system proposed here.

2. Materials and Methods

The design steps of the CS are described as follows. Each component of the carboniza-
tion system was addressed separately for a better understanding of the reader, and the
design was thoroughly depicted step by step, including calculations and project drawings.
The CS components are kilns, a WV recovery device, and a smoke burner. To conclude, the
complete design containing all the components connected was presented.

2.1. Project Premises

The average pyrolysis time is roughly eight days. It takes three days for carbonization
and five days for charcoal cooling to occur. During the rainy season, the carbonization
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process can usually take four days to be concluded. However, the total process time does
not change because the rain decreases the time needed for charcoal cooling. So, the time
distribution for each process step is as follows:

3 Firewood loading: 2 h;
3 Carbonization time: 72 h (3 days);
3 Charcoal cooling: 120 h (5 days);
3 Charcoal unloading: 2 h;
3 Total: 196 h.

The steps above are displayed in Figure 1. Taking advantage of the process cycle, a
set of three kilns was designed, to optimize charcoal-making and maintain its production
without interruption, as well as the WV recovery. This way, there is always one kiln
carbonizing, one kiln with charcoal cooling, and another undergoing charcoal unloading
and firewood loading. Once one charring run ends, another occurs, and the process
continues.
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Figure 1. Stages of mini-kiln operation.

The cycle is summarized as follows. Kiln one starts to run, and three days later,
charcoal-making and WV recovery are interrupted, and charcoal cooling starts (3 + 5 days
cycle). At this point, kiln two immediately starts to work, and in turn, the carbonization
process finishes three days later. Like kiln one, the charcoal cooling will take five days
(3 + 5 days cycle). Finally, kiln three goes into work with the same process characteristics
(3 + 5 days cycle). On the 8th day, the production cycle restarts for each kiln; therefore, the
3-kiln set works continuously (Figure 2).

Inventions 2023, 8, x FOR PEER REVIEW 3 of 27

2.1. Project Premises
The average pyrolysis time is roughly eight days. It takes three days for carbonization 

and five days for charcoal cooling to occur. During the rainy season, the carbonization 
process can usually take four days to be concluded. However, the total process time does 
not change because the rain decreases the time needed for charcoal cooling. So, the time 
distribution for each process step is as follows: 
 Firewood loading: 2 h; 
 Carbonization time: 72 h (3 days); 
 Charcoal cooling: 120 h (5 days); 
 Charcoal unloading: 2 h;
 Total: 196 h. 

The steps above are displayed in Figure 1. Taking advantage of the process cycle, a 
set of three kilns was designed, to optimize charcoal-making and maintain its production 
without interruption, as well as the WV recovery. This way, there is always one kiln
carbonizing, one kiln with charcoal cooling, and another undergoing charcoal unloading 
and firewood loading. Once one charring run ends, another occurs, and the process 
continues. 

Figure 1. Stages of mini-kiln operation. 

The cycle is summarized as follows. Kiln one starts to run, and three days later, 
charcoal-making and WV recovery are interrupted, and charcoal cooling starts (3 + 5 days 
cycle). At this point, kiln two immediately starts to work, and in turn, the carbonization 
process finishes three days later. Like kiln one, the charcoal cooling will take five days (3 
+ 5 days cycle). Finally, kiln three goes into work with the same process characteristics (3 
+ 5 days cycle). On the 8th day, the production cycle restarts for each kiln; therefore, the 
3-kiln set works continuously (Figure 2).

0 24 48 72 96 120 144 168 192 216
Time (days)

Operation steps

Firewood loading
Carbonization time
Charcoal cooling
Charcoal unloading

Figure 2. Charcoal and wood vinegar production in the mini-kiln over time.

As commented above, each part and its respective design and dimensioning are
presented in the following items.
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2.2. Carbonization Kilns

The carbonization kilns were built with solid red ceramic bricks (180 mm length × 90 mm
width × 57 mm thickness) laid using mortar composed of clay soil, sand, and water,
according to the standard NBR 15270-1 [26]. The kiln dimensions were 3130 mm in
length × 1790 mm in width × 2310 in height. They were placed on a reinforced concrete
(30 MPA) base measuring 14,500 mm in size × 5380 mm in width × 260 mm in thickness.
Around the upper part of the kiln walls was a concrete beam completely enfolding the
structure to hold up the dome. The dome was 500 mm in height, had built-in red ceramic
bricks, and was covered with a 50 mm reinforced concrete slab directly connected to the
steel reinforcement of the beam. Each kiln had five holes, four of them located at the basis
of opposite lateral walls and one at the top of one of these walls. This last hole ignited
the firewood load, and the two others controlled the air intake during the carbonization
process.

Each kiln was connected to the WV recovery system through an aerial masonry duct
with the external measures of 550 mm in width × 400 mm in height. The smoke duct was
built with the same type of brick and mortar employed in the kiln walls and dome. An
internal free space (150 mm in diameter) allowed the pyrolysis gases to be driven to the WV
condensing system. Each kiln had a door made of reinforced concrete (30 MPa) measuring
1500 mm in height × 550 mm in width × 50 mm in thickness. After the firewood was
loaded, the door was closed and sealed with plastic clay, and the kiln was ready to be
ignited so the carbonization process could start.

2.3. Condensing System for WV Recovery

The sizing of the condensing system initially consisted of preparing an analytical
project, which included defining the type of fluid, pressure, temperature, flow rate, specific
heat of water, and enthalpy in both operating and design conditions. For the thermal
design, the definition of the type of equipment, the heat exchange areas, the quantity,
arrangement, and spacing of internal tubes, and the mechanical design were considered
when selecting materials for hull and lids construction. To prepare the mechanical and
thermal project, the following standards were used as a basis: American Association
of Heat Exchanger Manufacturers [27], Society of Mechanical Engineers of the United
States [28], and NR-13—Boilers, Pressure Vessels, Pipes, and Metallic Storage Tanks [29].
These standards establish requirements and recommendations for the design, material
selection, testing, installation, safety, and operation of heat exchangers and pressure vessels.
Also, the analyses described by Telles [30] and Cengel and Cimbala [31] were adopted for
the mechanical and thermal projects, respectively.

In addition to all accessory parts such as flanges, nozzles, supports, mirrors, screws,
and other internal and external elements, the need or not for corrosion margins (extra
thickness), the final dimensions of the device, and the structural calculation including the
thickness of all pressure parts were considered, as well as reinforcements, the maximum
allowable working pressure (PMTA) and the hydrostatic test pressure (TH), so the complete
mechanical drawing of the system could be carried out. In the context presented above, a
water-cooled heat exchanger was proposed. The condenser is a multitube type, allowing
the pyrolysis gases to pass only once through each one. It is widely used in industry, easy
to assemble, and permits multiple configurations, applied to various types of services and
in different pressure and temperature ranges. The condenser was vertically positioned
and had its basic structure consisting of a cylindrical hull involving a set of tubes. This
arrangement was chosen due to the ease of manufacturing, transport, and economy. Con-
sidering economic factors, two fixed flat tops and supports for columns were chosen. The
condensing section comprised a bundle of parallel steel tubes strategically distributed
inside the hull so the pyrolysis gases could freely pass through them, leaving behind their
condensable fraction. This way, the carbonization smoke is admitted at the bottom of the
condenser and exits at the top part. The tubes are water-cooled, and the fluid is always
kept at 25–30 ◦C. The carbonization gases flow in a countercurrent mode throughout the
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tubes, leaving the liquid products behind as the smoke moves up. The tubes were built
straight so the smoke could pass freely, preventing the occurrence of any clogging by wood
tar deposition.

2.3.1. Condensing System Design

In this step, the sizing of the condensing system was carried out, and factors like
manufacturing and maintenance easiness, installation, work safety, economics, and the
past experiences of other researchers [32–34] were considered. To obtain the pressure hull
(Pop_hull_int), the reservoir was considered to be full of water from the upper to its top
parts at the height of the cooling water outlet. At this point, the highest influence of the
liquid column was defined by the sum of the gauge pressure (Pman), referring to the water
column and the atmospheric pressure (Patm) [23]. According to Equation (1), we have:

Pop_hull_int = Pman + Patm (1)

Knowing Equation (2):
Pman = ρ·g·h (2)

where ρ is the specific mass of water (kg m−3), g is the acceleration of gravity (m s−2), and
h is the manometric height or head (m).

For the specific mass of water, the value of 1000 kg m−3 was considered, and for the
acceleration of gravity, 9.81 m s−2 with a head of 0.8 m was considered. Substituting the
values into Equation (2), we have:

Pman = 1000 kgm−3·9.81 ms−2·0.8 m

Therefore,
Pman = 7.85 kPa

With that established, knowing that Patm equals 101.32 kPa
(
1.03 kgf/cm2 or 1 atm

)
in

the upper part of the liquid column, and substituting the values into Equation (1), we have:

Pop_hull_int = 7.85 kPa + 101.32 kPa

Pop_hull_int = 109.17 kPa or
(

1.11 kgf cm−2
)

The operating pressure on the outside of the hull was atmospheric pressure (Patm). The
working pressure inside the tubes (Pop_int_tubes) was also considered atmospheric pressure,
since this system is connected directly to the burner, which is open to the atmosphere.
Still, the design pressure for the hull (Pp_hull) was defined as recommended by ASME [28],
whereas, in the case of vessels designed for internal pressure, the design pressure (Pp_int)
was adopted as the highest of the two values according to the following conditions: maxi-
mum operating pressure, increased by 5% when the pressure relief device (safety valve) is
operated by a pilot valve and increased by 10% in other cases; 147.10 kPa of head. The sec-
ond condition was chosen in the analyzed situation because it is more critical and increases
the safety factor. It was necessary to add the atmospheric press value (Patm), according to
Equation (3):

Pp_hull = Pp_int + Patm (3)

Substituting the values of Pp_int and Patm into Equation (3), we have:

Pp_hull = 147.10 kPa + 101.32 kPa

Pp_hull = 248.42 kPa or 2.53 kgf cm−2

As the hull design pressure (Pp_hull) was defined for the internal part, it was observed
that this same pressure acts on the external part of the tube set itself. Furthermore, it was
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higher than the interior design pressure of the pipes (Pp_int_tubes), which was 147.10 kPa
(1.5 kgf cm−2), according to ASME [28], also defined as the design pressure for the tubes
(Pp_tubes). The operating temperature at the entrance to the hull (Top_ent_hull) was the
inlet temperature of the water at ambient temperature (25 ◦C). In comparison, the oper-
ating temperature at the hull exit (Top_exit_hull) assumed the value of 45 ◦C, so the heat
exchanger could operate with a slight temperature difference. We avoided designing a
compensation system for expansion in the equipment, which would generate additional
costs [30]. The values for the operating temperatures at the inlet and outlet of the tubes
(Top_ent_tubes) and (Top_out_tubes) had equal values because the system is a condenser where
heat is exchanged. Therefore, the condensation of pyrolysis liquids occurs at a constant
temperature, considering the maximum value of 115 ◦C as the average temperature to
recover the WV [35].

The system provided a water flow rate of 1.5 kg s−1 (1.5 L s−1). The average specific
water heat at 35 ◦C was 4.178 (kJ kg−1 K−1), according to [31]. The mass flow rate of the
gases was estimated at 0.0025 kg s−1. The specific heat of pyrolysis gases was not defined
precisely since it comprises various chemical components [36]. According to Pires et al. [37],
there may be more than 300 chemical components in the composition of carbonization
gases. This diversity makes it challenging to define the characteristic patterns of these
gases [36,38,39]. With all that said, the operating and design features of the condensing
system are shown in Table 1.

Table 1. Operational features of the condensing system of WV.

Fluid
Hull Tubes

Water Carbonization Gases

Internal operating pressure (Pop_int) 109.17 kPa 101.32 kPa
External operating pressure (Pop_ext) 101.32 kPa 109.11 kPa
Design pressure (Pp) 248.42 kPa 248.42 kPa
Inlet operating temperature (Top_inlet) 25 ◦C 115 ◦C
Outlet operating temperature (Top_out) 45 ◦C 115 ◦C
Design temperature (Tp) 65 ◦C 150 ◦C
Mass flow (

.
m) 1.5 kg s−1 0.0025 kg s−1

Specific heat (cp) 4.178 kJ kg−1 K−1 -

2.3.2. Thermal Design of the Condensing System

The thermal design of the condensing system, a heat exchanger, basically consisted of
determining the internal tube set’s heat exchange area, quantity, arrangement, and spacing.
To size the system, the following considerations were made, following the recommen-
dations of Cengel and Cimbala [31]: (a) heat exchangers are considered as steady flow
equipment, since they usually operate for long periods without any changes in their oper-
ating conditions (mass flow, temperature, and flow speed); (b) fluid flows have little or no
change in their speeds, so changes in kinetic and potential energy are insignificant; (c) heat
conduction in the axial direction is insignificant and therefore negligible; (d) the external
surface of the heat exchanger is considered perfectly insulated, with no heat exchange with
the environment; and (e) heat exchange occurs only between the two fluids. To determine
the heat exchange area and number of tubes, the logarithmic mean temperature difference
method (LMTD), as seen in Equation (4), was employed:

.
Q = U·As·∆TML (4)

where
.

Q is the global heat transfer rate (W), U is the global heat transfer coefficient
(W m−2 K), As is the heat transfer area (m2), and ∆TML is the logarithmic temperature
mean difference (K).
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The first law of thermodynamics was used to calculate the heat transfer rate. As such,
the heat transfer rate from the hot fluid must equal the heat transfer rate to the cold liquid;
thus, Equation (5) can be employed for water:

.
Q =

.
mf·cpf ·(Tf,sai − Tf,ent) (5)

where
.

mf is the mass flow rate of the cold fluid (kg s−1), cpf is the specific heat of the cold
fluid (kJ kg−1 K−1), Tf,sai is the cold fluid exit temperature (K), and Tf,ent is the cold fluid
inlet temperature (K).

Because a part of the carbonization gases is undergoing a phase change process
and turning into liquids, calculating the heat transfer rate can also be undertaken using
Equation (6):

.
Q =

.
mq·hfg (6)

where
.

mq is the mass flow rate of the hot fluid (kg s−1) and hfg is the enthalpy of vaporiza-
tion (kJ kg−1).

Based on previous carbonization runs, the mass flow rate of the gases was the esti-
mated value referring to processing roughly 650 kg of wood in 72 h, equivalent to a value of
0.0025 kg s−1. Due to the composition of the carbonization gases, which makes it difficult
to determine the enthalpy of vaporization at the specified temperature, Equation (5) was
used to calculate the heat transfer rate. In Equation (5), a value of 4.178 kJ kg−1 K−1 was
used, corresponding to the specific heat value for water at 35 ◦C (the mean temperature
between 45 and 25 ◦C) [31]. The cold fluid’s mass flow rate was considered, corresponding
to a commercial centrifugal pump with an average flow value of 1.5 L s−1 with a power of
0.5 CV, a head of 3 m, suction, and a discharge diameter of 0.75 inches [40]. In addition, the
values of 25 ◦C (298.15 K) and 45 ◦C (318.15 K) were also considered for the water inlet and
outlet temperatures, respectively. These values are based on heat exchangers, like those
cited by [31]. Substituting the values into Equation (5), we have:

.
Q = 1.5·4.178·20

.
Q = 125.34 kW

To determine the global heat transfer coefficient, an approximation of the reference
values proposed by Cengel and Cimbala [31] was carried out, due to the difficulty in
determining the value of the convection heat transfer coefficient for carbonization gases
and the fouling factor. The estimated value was 1000 W m−2 K−1, referring to the steam
condenser, as it is close to the objective of the equipment, which is the condensation of
wood vinegar. To calculate the logarithmic mean temperature difference, Equation (7) was
used, considering a countercurrent flow:

∆TML =
∆T1 − ∆T2

ln(∆T1/ ∆T2)
(7)

where ∆T1 and ∆T2 represent the temperature differences between the two fluids at both
ends (inlet and outlet) of the heat exchanger. For a countercurrent flow, they are defined by
Equations (8) and (9) below:

∆T1 = Tq,ent − Tf,sai (8)

∆T2 = Tq,sai − Tf,ent (9)

where Tq,out is the hot fluid outlet temperature (K) and Tq.inlet is the hot fluid inlet tempera-
ture (K). Substituting the values into Equations (8) and (9), we have:

∆T1 = 115 − 45 = 70 ◦C
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∆T2 = 115 − 25 = 90 ◦C

Finally, the values of ∆T1 and ∆T2 can be applied in Equation (7). Therefore, we have:

∆TML =
70 − 90

ln(70/ 90)
= 80 ◦C

To determine the surface area of the heat exchanger, we substituted the values of the
.

Q, U, and ∆TML into Equation (4):

125, 340 W = 1000 W/m2·K·As·80 ◦C

As = 1.56675 m2

Considering factors such as weight, a better distribution of the heat exchange area,
ease of manufacturing, and cost, the heat exchanger’s surface area was distributed in
25 tubes, measuring 0.8 m in length each. The heat exchange surface area of each tube(

Ap/tube

)
was determined using Equation (10):

Ap/tube =
As

N
(10)

where N is the number of tubes. Substituting the values into Equation (10), we have:

Ap/tube =
1.56675

25
= 0.06267 m2

Then, to determine the diameter of each tube (Dp/tube), Equation (11) was used:

Ap/tube = π·Dp/tube·L (11)

Substituting the value of Ap/tube we have:

Dp/tube =
0.06267
π·0.8

= 0.02495 m or 24.95 mm

Approaching the value of the largest and closest nominal diameter (DN), the value of
1 inch (25.4 mm) was found. Therefore, they were manufactured from ASTM A-179 [41]
carbon steel, following the recommendation of [28]. According to TEMA [27], the spacing
between the centers of neighboring tubes must be at least 1.5 times the external diameter
of the tubes. A minimum of 6 mm free distance between tubes is required for square or
quincunx arrangements. Therefore, considering that the value of the external diameter of
the heat exchanger tubes calculated by Equation (11) was 25.4 mm, the spacing between
tube centers will be 1.5 × 25.4, namely 38.1 mm, determining the free distance between
the tubes to be 12.7 mm. Thus, it is more sensible to adopt the arrangement of the heat
exchanger tubes in a squared configuration. With the definition of the layout of the heat
exchanger tube arrangement, the internal diameter of the hull (dint_hull) was placed in the
Pythagorean theorem to determine the distance (A), dividing the square formed into two
right triangles to allow for the calculation of the longest edge (hypotenuse). Knowing that
the spacing between tube centers is 38.1 mm, the values of edges B and C are equal to
4 × 38.1, namely 152.4 mm; therefore, substituting the values in the Pythagorean theorem
equation, we have:

A =
√

152.42 + 152.42 = 215.53 mm

Furthermore, as the calculated value was found to be equivalent to center-to-center
of the tubes, it was necessary to add 25.4 mm to this value, corresponding to twice the
radius (12.7 mm), to determine the highest distance (end of the tube in the bottom left to
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the end of the other tube in the top right—see Figure 2), which totals 240.93 mm. With
the value of the internal diameter calculated [27,30], the minimum wall thickness of the
tube is required to be “Series 30” (designation of tube wall thickness recommended by
the ASME B31.3 [42]). The minimum internal diameter and wall thickness values can
be determined using the most significant and closest commercial values. Telles [43] and
Telles [30] established nominal values for dimensions and weights of carbon steel tubes for
use in industry. Thus, they pointed out that the calculated internal diameter is within the
range of commercial inner diameters for the nominal diameter of 10 in, which corresponds
to 273 mm. Considering the minimum wall thickness (Series 30) required by TEMA [27],
the previous commercial internal diameter (di) of 254.5 mm is established, with a prior wall
thickness of 9.27 mm corresponding to “Series 40” or “Std”. These previous values will be
confirmed or not with the calculation of the minimum hull wall thickness determined by
the mechanical design.

2.3.3. Mechanical Design of the Condensing System

To prepare the mechanical design of the condenser (heat exchanger), the TEMA [27]
was used, complementing the conditions described by [28]. Therefore, the final design met
all the requirements stated by these references. The condensing system was classified as
class C, referring to equipment subjected to services of moderate risk and responsibility,
considering economic conditions. The type of steel used to manufacture the hull was
ASTM A53 Gr A [44], due to its degree of operational responsibility, availability, cost, and
researchers’ experiences of it in previous projects. Furthermore, the non-detachable tube
bundle was adopted, being arranged rectally, due to the nature of the gases, which are
prone to generating incrustations and consequently clogging, in addition to facilitating
cleaning [30]. The mirrors were fixed, a condition that allowed the system to function
without the provisions for compensating for differential thermal expansion. Since the
system was composed of different components (top and bottom caps, hull, mirrors, and
tubes set), the specifications of allowable tensions were adopted, all of them made in
carbon steel and a working temperature of 150 ◦C, following the recommendations of the
ASME [28]. So, the materials adopted to build each part of the condensing system were as
follows: (a) caps: carbon steel A-285 Gr C, with an allowable stress of 108 MPa; (b) hull:
A-53 Gr A, with an allowable stress of 80.6 MPa; (c) mirrors: A-285 Gr C, with an allowable
stress of 108 MPa; and (d) tubes set: A-179, with an allowable stress of 92.3 MPa. The
allowable tension values for all parts did not vary with temperature changes (ambient up
to 150 ◦C), as stated by [28].

Hull Sizing

According to ASME [28], to calculate the wall thickness of the condensing system
hull, considering the internal pressure, Equations (12) and (13) presented below were used,
and we selected the one with the highest value. In the present case, when it comes to top
welding performed on both sides of the steel plate edges or equivalent procedure, a value
equal to one was considered to be the E parameter (Equation (12)) to obtain total fusion
and penetration without limitations and with a degree of inspection able to be inspected by
radiography. For the parts subjected to pressure (hull, tube set, and mirrors), a corrosion
margin (over-thickness) of 3 mm was included, as the working medium (water and gases)
was considered corrosive to a medium degree, especially when considering the little or no
maintenance that the vase will receive throughout its lifespan.

Thull1 =
P·R

Shull·E − 0.6·P + Chull (12)

Thull2 = 2.5 + 0.001Di + Chull (13)

where Thull is the minimum thickness needed to resist internal pressure (m), P is the
design internal pressure, adding the effect of the head when necessary (Pa), R is the inner
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radius of the cylinder (m), S is the allowable stress of the material (Pa), E is the welding
efficiency coefficient, C is the corrosion over-thickness (m), and Di is the inner diameter of
the hull (mm).

The value of the internal design pressure (P), according to Table 1, was 248.42 kPa, the
inner radius (R) was 127.25 mm, and the allowable stress of the material (S) was 80.6 MPa.
Substituting these values into Equation (12), we have:

Thull1 =
248.42·103·0.12725

80.6·106·1 − (0.6·248.42·103)
+ 0.003 = 3.39·10−3 m or 3.39 mm

Substituting the values into Equation (13), the result is:

Thull2 = 2.5 + (0.001·254.5) + 3 = 5.75 mm

Considering the standard [27] requirements, the minimum thickness values must
be “Series 30”, regardless of the calculated values. Therefore, the values of the nominal
diameter (10 in), internal diameter (254.5 mm), and wall thickness (9.27 mm corresponding
to “series 40” or “Std”), previously determined in Section 2.3.2, meet the specification.

Tube Set Sizing

Two calculations were carried out to determine the wall thickness of the tube set and
follow the ASME [28] recommendations. One was for external pressure and the other was
for internal pressure. Considering the tube set as if it were a cylindrical hull and, therefore,
using Equations (12) and (13), the one with the highest value was selected. Checking Table 1,
the internal design pressure (P) for both internal and external sides equaled 248.42 kPa. So,
for internal pressure, considering that R equals 0.0127 m, S equals 92.3 MPa (Table 1),and
E equals one, and knowing that, for ASME [28], it is not necessary to add any corrosion
allowance for the tube set (C = 0), by substituting the values into Equation (12), we have:

Ttube_set_p_int1 =
248.42·103·0.0127

92.3·106·1 − (0.6·248.42·103)
+ 0 = 3.42·10−5 m or 0.0342 mm

Calculating the same parameter using Equation (13), the result is:

T = 2.5 + (0.001·25.4) + 0 = 2.52 mm

The calculation of the wall thickness of the tube set, considering the external pressure,
according to ASME [28], was developed through successive approximations. Initially, a
value for wall thickness was determined, and then the relationship between the external
diameter (D0) and the wall thickness (e) was calculated using Equation (14):

D0

T
(14)

Considering that the D0 is 25.4 mm (according to Section 2.3.2) and arbitrating the
value of 0.3 mm for wall thickness (e), the value of the relationship was 84.67 mm, a value
that is compatible in the sizing stage for cylinders with a D0/e ratio ≥ 10. Next, the value of
the ratio of the length of the tubular set (L) and the external diameter (D0) was determined
using Equation (15):

L
D0

(15)

As L is 800 mm (according to Section 2.3.2), a ratio value equal to 31.5 was found.
This value was used to determine FACTOR A and then FACTOR B, to determine the
maximum allowable working pressure (external MAWP) for the tube set in MPa, according
to recommendations by TEMA [27] and Telles [30]. The value of FACTOR A found was
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approximately 0.0002. The value of FACTOR B found was roughly 18. Then, the MAWP
was calculated using Equation (16):

MAWPexternal =
4·B

3(D0/T)
(16)

Substituting the values, we have:

MAWPexternal =
4·18

3(2.4/0.3)
= 0.283 MPa

Finally, as the maximum allowable external pressure is slightly higher than the vessel’s
design external pressure (0.248 MPa), the arbitrated value for thickness (T = 0.3 mm) met
the recommendations from the ASME [20] standard. Thus, considering the tube thickness
values calculated for internal (T = 2.52 mm) and external (T = 0.3 mm) pressure, the highest
value was chosen when subjected to internal pressure. Thus, considering the commercial
wall thickness higher and closer to the calculated value [27,30], the selected value for the
tube set (heat exchanger part) was 2.77 mm.

Maximum Allowable Working Pressure (MAWP)

Two calculations were necessary to determine the MAWP of the condensing system;
one for the external portion of the tube set (defined by Equation (16) previously) and another
for the hull’s interior. Therefore, to determine the MAWP inside the hull (MAWPhull),
Equation (17) was used, according to ASME [28]:

MAWPhull =
Shull·E·T
R + 0.6·T (17)

where the wall thickness (T) is the highest calculated value of Thull1 and Thull2, and the
values of T and S correspond to the design condition. Considering that the allowable stress
of the hull material (S) at room temperature was equal to 80.6 MPa, the welding efficiency
coefficient (E) was equal to 1, hull wall thickness (e) was equal to 0.00575 m (calculated),
and the internal radius of the hull (R) was equal to 0.12725 m, when we substitute these
values into Equation (17), we have:

MAWPhull =
S·E·T

R + 0.6·T =
80.6 · 106·1·0.00575

0.12725 + (0.6·0.00575)
= 3, 545, 906.66 Pa or 3.54 MPa

Therefore, at the end of the calculations to determine the MAWP of the condensing
system, it was observed that the lowest value is the external MAWP (0.283 MPa), which
was, therefore, the determined value of the equipment for this parameter.

Mirrors Sizing

The thickness of the heat exchanger mirror plate must be calculated separately [27]
for the pressure acting on each side (pressure in the hull and pressure in the tubes), which
are working in isolation. The mirror plate’s nominal thickness (Tm) must be, at least, the
highest of the two calculated values. In the heat exchanger under analysis, the design
pressure is the same for both the shell and the tube bundle (248.42 × 103 Pa), as per Table 1,
making it necessary to carry out the calculation to determine the mirror thickness only
once. From Equations (18) and (19) below, the value of T is selected:

Tm1 = T + Cc + Ct (18)

Tm2 = T + Cc + Rc (19)
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where Tm is the effective thickness calculated for the mirror (m), Cc is the corrosion over-
thickness on the hull side (m), Ct is the corrosion over-thickness of the tubes (m), and Rc is
the depth of the slot for fitting the baffles (m).

The value of T was calculated from Equations (20) and (21) below, considering the
effects of bending and shear, respectively, and the higher of the two calculated values was
adopted.

T =
F·G

3
·
√

P
n·S (20)

T =
1.24·A

C·
(

1 − d0
b

) ·(P
S

)
(21)

where T is the effective thickness of the mirror (m), P is the design pressure (Pa) on the hull
or tube side, S is the allowable stress of the material (Pa), C is the perimeter formed by the
line passing through the centers of the outermost tubes of the mirror, A is the area included
within the perimeter C (m2), F and G are numerical coefficients used for mirrors that have
sealing joints on both sides: firstly, fixed and floating mirrors, for straight tubes, where F
is one and G is the average diameter of the mirror sealing joint (m); and, secondly, fixed
mirrors for U-shaped tubes, where F is 1.25 and G is the average diameter of the mirror
sealing joint (m). Additionally, n is the values indicated, according to Equation (22) for
square arrangements [27]:

n = 1 −

 0.785(
b

d0

)2

 (22)

where b is the distance from center-to-center of the tubes (m) and d0 is the external diameter
of the tube set (m).

Since the value of b was 0.0381 m (as shown in Figure 1) and d0 was 0.0254 m (as
determined in Section 2.3.2), substituting these values into Equation (22) leads to:

n = 1 −

 0.785(
0.0381
0.0254

)2

 = 0.6511

Then, the T value for bending and shear was calculated using Equations (20) and (21),
respectively. For bending, considering that for the fixed mirror (F = 1), G is 0.2545 m, P is
248.42 kPa (Table 1), and S is 108 MPa, we have:

Tm =
1·0.2545

3
·

√
248.42·103

0.6511·108·106 = 0.005042 m or 5.042 mm

For shear, the value of A was determined by calculating the area of the square formed
by the arrangement of the tube set as shown in Figure 1; each side of the square has a
length equal to 0.1524 m, thus, A is 0, and 1524 m × 0.1524 m is 0.023225 m2. The value of
C was 0.1524 × 4, namely 0.6096 m. Therefore, substituting the values into Equation (21),
we have:

Tm =
1.24·0.023225

0.6096·
(

1 − 0.0254
0.0381

) ·(248.42 × 103

108·106

)
= 0.000329 m or 0.329 mm

The value adopted for the effective thickness of the mirror (T) needed to be the most
extensive and, therefore, 5.042 mm was used. Finally, the mirror plate’s nominal thickness



Inventions 2023, 8, 146 13 of 25

(Tm) was determined using Equations (17) and (18). For Equation (18), the value of Cc was
3 mm and the value of Ct was zero. Therefore, we have:

Tm1 = 5.042 + 3 + 0 = 8.042 mm

For Equation (19), the value of Rc was zero, as baffles were not being foreseen. Substi-
tuting the values, we have:

Tm2 = 5.042 + 3 + 0 = 8.042 mm

Thus, the value of the calculated mirror plate’s nominal thickness (t) was 8.042 mm.
Considering the commercial sheet thickness, which is higher and closer to the estimated
value, the selected value is 8.5 mm and weighs 66.64 kg m−2.

Caps Sizing

For the heat exchanger under analysis, the top and bottom caps were designed and
manufactured following the specifications from the standard ASTM A 285 Gr C [45]. The
minimum thickness of caps (Tcap) flanged and bolted was determined by Equation (23) [19,20]:

Tcap = d

√
0.3·P
Scap

(23)

where d is the internal diameter of the cap (m), P is the design pressure (Pa), and Scap = the
allowable tension of the cap material (Pa). Considering that d totaled 0.2545 m, P totaled
248.42 kPa (Table 1), and Scap totaled 108 MPa, and substituting these values, we have:

Tcap = 0.2545

√
0.3·248.42·103

108 · 106 = 0.00668 m or 6.68 mm

The commercial wall thickness value adopted was 6.7 mm, weighing 52.59 kg/m.
Eight machine screws and eight nuts with a nominal diameter of 1/2 inch, a hexagonal
shape, an ASTM A-307 [46] specification, and being equally spaced, were used. The cap at
the bottom served as a collector for the wood vinegar and wood tar, requiring a drop in the
direction of the outlet pipe nozzle to facilitate the flow of fluids and avoid accumulation
and, consequently, clogging.

Hydrostatic Pressure Test (PTH)

The results of the hydrostatic test pressure needed to reach at least 1.3 times the
MAWP [27,28]. With the MAWP value at 0.283 MPa, the hydrostatic test pressure (PTH)
needed to be 1.3 × 0.283 MPa, namely 0.368 MPa.

2.4. Smoke Burner

The smoke burner was built in a cylindrical shape (combustion chamber and heat
exchanger) so that the effects of thermal expansion and the intensity of heat that reaches
the walls were symmetrical, contributing to the uniform distribution of the heat generated
during combustion throughout the structure. A “V” shaped cover was installed at the top
of the chimney to facilitate the flow of gases into the atmosphere. The main parameters
for correctly sizing a smoke burner were the volume of the combustion chamber, the grate
area, and the primary and secondary air openings, as detailed hereafter.

Smoke Burner Sizing

The smoke burner’s primary function is to reduce the emission of pollutant gases,
which occurs during the operation of the burner. Furthermore, the heat generated by
burning wood in the burner helps direct gases out of the system, accelerating the ignition
process [47]. According to Silva [48], the smoke burner should be composed of a combustion
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chamber for combustion of gases, a grate, where the solid fuel is supported by inlet and
outlet openings intended for loading the solid fuel and input of air, and an ashtray, where
the combustion residues are deposited. This must have minimum dimensions but be
sufficient for efficient combustion.

The proposed burner in this work was constructed with a double layer of solid ceramic
bricks measuring 180 mm × 90 mm × 57 mm, laid with a mortar made from clay soil,
washed sand, and water. It was proposed to adopt a square-shaped burner, with dimensions
1200 mm × 1180 mm × 5000 mm, with the internal part covered by a ceramic blanket
adhered with the same mortar used in the construction to maintain interior heat and
durability during the combustion. An opening of 250 mm × 250 mm was included for
inserting firewood to feed the burner occasionally. The burner consisted of a supply system
for gases from the kilns, a combustion chamber, an air intake system, and a chimney to
cover the entire volume of gases generated in the three kilns, operating simultaneously. A
cover with a specific triangular geometry was also designed to facilitate the exit of products
generated by completely burning combustion gases in the smoke burner.

Average Specific Mass of Smoke Gases

One of the great technical challenges faced while burning carbonization gases is the
wide variation in their composition, which can include more than 300 chemical components.
Therefore, an approximate average value was calculated to determine the specific mass of
the gases, considering the smoke burner would act under average temperature and pressure
conditions by approaching the behavior of an ideal gas. Then, the average specific mass of
the smoke was determined using the equation of state for perfect gases (Equation (24)):

ρsgases =
Patm

Rsgases·Tsgases
(24)

where Psgases is the average specific mass of smoke gases (kg m−3), Patm is the atmospheric
pressure (kN m−2), Rsgases is the universal constant of smoke gases (kNm kg−1 K−1), and
Tsgases is the= average temperature of the smoke (K).

According to Silva et al. [13], the average composition of the non-condensable portion
of the smoke gases is composed of nitrogen (N2)—67.8%, oxygen (O2)—15.69%, carbon
dioxide (CO2)—11.82%, and carbon monoxide (CO)—3.84%. For such a mixture, the
values of the universal gas constant are close to that of air (0.287 kJ kg−1 K−1), according
to [31]. Therefore, the universal gas constant was used in the calculations, having air as a
reference. For temperature, the gas entry temperature into the burner (Tent) was considered
equal to 115 ◦C (see Table 1), and the gas exit temperature from the burner (Texit) was
equal to 850 ◦C, according to Cardoso [49]. Furthermore, we calculated that Patm equaled
101.325 atm. Therefore, we have:

ρsgases =
101.325

0.287·735
= 0.480

kg
m3

Mass Flow Rate of Smoke Gases

The mass flow rate of smoke gases (ṁsgases) was determined using Equation (25),
according to Melo et al. [24]:

.
msgases = ρsgases·

.
Vsgases (25)

where ṁsgases is the mass flow rate of smoke gases (kg h−1) and Vsgases is the volumetric
flow of smoke gases (m3 h−1).
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Considering the average specific mass of air calculated in Equation (25) and the
volumetric flow of 3718.68 m3 h−1, according to average data presented by Cardoso [49],
we have:

.
msgases = 0.480

kg
m3 ·3718.68

m3

h
= 1784.97

kg
h

Amount of Heat Required to Burn Smoke Gases

The amount of energy (heat) required to burn gases (
.

Q) is determined by Equation (26),
according to Silva et al. [48]:

.
Q =

.
msgases·cp·∆T (26)

where
.

Q is the amount of heat required to burn smoke gases (kJ h−1), cp is the average
specific heat of smoke gases (kJ kg−1 K−1), and ∆T is the temperature variation (K).

As cited previously, the average composition of the non-condensable portion of the
smoke gases contains nitrogen, oxygen, carbon dioxide, and carbon monoxide. For all those
gases, their specific heat values are close to air (1.005 kJ kg−1 K−1), according to Cengel [31].
Therefore, this value was used as a reference. After substituting it into Equation (26), the
result is as follows:

.
Q = 1784.97

kg
h
·1.005

kJ
kgK

·735 K

.
Q = 1, 318, 512.71

kJ
h

Rate of Fuel to Be Consumed by the Smoke Burner

After determining the amount of energy (heat) required to burn the smoke gases per
unit of time, the fuel consumption (rate) is specified, to meet the demand for energy needed,
according to Equation (27) [24]:

.
mc =

.
Q

η·PCI
(27)

where
.

mc is the fuel rate to be consumed by the smoke burner (kg h−1), η is the thermal
efficiency of the smoke burner, and LHV is the lower heating value of the fuel (kJ kg−1).

To determine the thermal efficiency of the smoke burner, an estimate was made based
on the work of Melo et al. [24] and Silva et al. [48], who estimated values between 45 and
55%. Therefore, the average value of 50% was used in the calculations. The calorific value
of a fuel is the amount of energy, in the form of heat, released in the complete combustion
of a unit of mass or volume of a given fuel and does not depend on the conditions under
which it is burned, since combustion is considered complete of it; it is generally divided into
lower (LHV) and upper (UHV) calorific value. The upper calorific value can be estimated
from the chemical composition of the fuel or calculated using an experimental method,
while the lower calorific value is calculated from empirical equations [50]. The LHV can be
calculated using the following equation, known as the Dulong formula [51]:

LHV = HHV − 2450(9·PH2) (28)

where LHV is the lower heating value of the fuel (kJ kg−1), HHV is the higher heating
value of the fuel (kJ/kg), and PH2 is the fraction of hydrogen in the fuel (kg of hydrogen
per kg of fuel), which is considered to have a value of 0.038, according to Silva et al. [48].

The fuel used to power the smoke burner comes from mesquite residue, a tree typ-
ical of Northeastern Brazil and, therefore, easily accessible. Furthermore, according to
Cavalcanti et al. [52], the HHV of mesquite is 18,940 kJ kg−1 higher than the calorific value
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of several solid fuels of vegetable origin, highlighting the possibility of its use as an energy
product. Therefore, substituting the values into Equation (28), we have:

LHV = 18, 940
kJ
kg

− 2450(9·0.038) = 18, 102.1
kJ
kg

Then, the fuel rate to be consumed by the smoke burner (
.

mc) is determined by substi-
tuting the values into Equation (27), thus, we have:

.
mc =

1, 318, 512.71 kJ
h

0.5·18, 102.1 kJ
kg

= 145.68
kg
h

Combustion Chamber Volume

To calculate the volume of the combustion chamber (Vcc), Equation (29) was employed,
according to Melo et al. [24]:

Vcc =

.
mc·LHV

K
(29)

where Vcc is the combustion chamber volume (m3),
.

mc is the fuel rate (kg h−1), and K is the
energy release rate (kJ m−1 h−1). The average value adopted [51] was 734,400 kJ m−1 h−1.
Substituting the values, we have:

Vcc =
145.68 kg

h ·18, 102.1 kJ
kg

734, 400 kJ
m3h

= 3.59 m3

Grate Surface Area

The grate surface area was determined as a function of the combustion rate (Nc) for
design purposes, which, in this case, gave the formula (Equation (30)):

Sg =

.
mc(
Nc

3600

) (30)

where Sg is the grate surface area (m2) and Nc is the combustion rate (kg m−2 h−1), the
value of which was set at 150 kg m−2 h−1 (based on Melo et al. [24]). Substituting the
values, the result is:

Sg =
145.68 kg

h

150 kg
m2h

= 0.97 m2

Fans

Two axial fans with a diameter of 200 mm and a power of 0.5 CV and 220 V, were
installed, opposed, and inclined at 30◦ to the vertical, with the primary function of accel-
erating the transport of the product from the burning of gases (CO2 and H2O) out of the
smoke burner, optimizing the process.

3. Results

The final structure of the carbonization kilns is displayed in Figures 3 and 4.
In Figure 5, the collection of tubes (Figure 5A) and the final configuration of the

condensing system (Figure 5B) are shown.
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The final arrangement of the condensing system is presented in different views and
perspectives in Figures 6 and 7.
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The final drawings of the smoke burner in isometric and other perspectives can be
seen in Figures 8 and 9.
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As commented previously, the integrated set, intended to produce charcoal and wood
vinegar on a small scale, consisted of a set of three kilns, a condensing system, and a smoke
burner (Figures 10 and 11). In this way, the same condenser/burner set is used by the three
kilns. The vertical smoke burner was designed to be coupled to the condensing system.
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In northeastern Brazil, the wood carbonization process is still carried out in rudimen-
tary kilns and even in open pits in the ground; these processes have low mass and energy
yields and are very polluting. In these primitive production processes, the gravimetric
charcoal yield rarely exceeds 20%. In rectangular masonry kilns, this yield can be higher
than 30%, maximizing the use of firewood and generating extra income for the charcoal-
maker. Therefore, projects that feature carbonization kilns intended for use on small and
medium-sized rural properties can help to produce charcoal efficiently.

Furthermore, these projects can enable the recovery of co-products such as wood
vinegar (WV), which, in traditional processes, are released directly into the atmosphere.
With this, small producers can produce charcoal and WV on their property, increasing their
monthly income, through a carbonization technique that is less harmful to the producer
and the environment. With this study, it was possible to present to a small producer in
the semi-arid region a proposal for a set of three low-cost and environmentally friendly
mini-kilns coupled to a condensing system for WV recovery. Additionally, the integration
of the system with a smoke burner was proposed, reducing the emission of polluting gases
into the atmosphere.

For any changes in the parameters used in this work, such as the dimensions of the
equipment, fluids, and materials used, the chemical, mechanical, and thermal properties,
and the conditions of use of the analyzed equipment, all calculations must be redone.
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4. Discussion

In the design process, some process variables related to gases from combustion were
estimated (i.e., the mass flow rate and the global heat transfer coefficient). For the vari-
ables of specific heat (cp) and enthalpy of vaporization (h_fg), the acceptable values were
estimated, due to the high heterogeneity in the composition of the raw material.

In the thermal project, it was initially assumed that the fluids involved have a per-
manent flow rate, with changes in kinetic and potential energy being insignificant, that
heat conduction in the axial direction is negligible, and that the external surface of the heat
exchanger is perfectly isolated, with no exchange of heat with the environment occurring.
To calculate the heat exchange area, the logarithmic mean temperature difference method
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(LMDT) was used, as it was possible to estimate the inlet and outlet temperatures of the
fluids. From this, it was calculated that 25 tubes would be needed for the bundle of tubes.
The parameters were calculated using the specification ASTM A179 [41], resulting in a
square arrangement, a length of 0.8 m, a center-to-center spacing of 38.1 mm, and a total
heat exchange area of 1.56675 m2; it was also calculated that the nominal diameter of the
shell would be 10 in (from = 273 mm) with an internal diameter of 254.5 mm and a wall
thickness of 9.27 mm, corresponding to “Series 40” or “Std”, and with an approximate
weight of 60.23 kg/m.

In the mechanical design, the condenser (heat exchanger) was initially classified as
class C according to ASME [28] and TEMA [27]; the shell would have a tubular shape, as
this is easier to manufacture and transport, being manufactured from ASTM A53 Gr A [44],
with its dimensions, previously calculated in the thermal project, confirmed, considering
a corrosion over-thickness of 3 mm. The tube bundle had its dimensions calculated in
the thermal design, with a wall thickness of 2.77 mm. The PMTA was 0.283 MPa, a
value determined by considering that the most critical part of the vessel internally is the
external side of the tubular bundle. The mirrors would be manufactured from sheet metal
with ASTM A285 Gr C [45] specification, a commercial wall thickness of 8.5 mm, and a
66.64 kg/m weight. They must be manufactured fixed to the hull without considering
the effects of expansion as the heat exchanger. They will work with a low-temperature
difference, with the ideal temperature being between 115 ◦C and 150 ◦C, simplifying
construction and assembly. A drop must be provided on the spool lid at the bottom, in the
direction of the pipe nozzle, to collect the pyroligneous extract and vegetable tar from the
outlet, in order to facilitate the flow of fluids and thus avoid accumulation. The hydrostatic
test pressure (PTH) was calculated to be 0.368 MPa.

The calculated wall thickness values corresponded to minimum operating values;
therefore, if using the materials with the calculated thickness values is impossible, they
must be replaced by another material with equal properties and a commercial wall thickness
equal to or immediately higher the calculated value.

When sizing the heat exchanger, fluid changes, pressure variations, temperature
variations, and welded joints were not considered, nor were calculations made for supports,
sealing joints, and flange screws.

When sizing the smoke burner, the reference parameters (energy release rate, com-
bustion rate, yield, and volumetric flow of gases) were based on works that used furnaces
intended for other purposes, such as coffee and wood drying, to arrive at the proposed
model. The fuel used to power the smoke burner comes from mesquite residue, a tree typi-
cal of the northeast region and, therefore, easily accessible. The fans used were proposed by
the models currently sold. Furthermore, an ashtray was provided to remove residue from
the burner, facilitating cleaning. At the top of the smoke burner is a “V” shaped screen to
facilitate the exit of gases from the burning.

5. Conclusions

The proposed kiln system was designed to be manufactured with ceramic bricks to
reduce heat losses during carbonization and maximize the charcoal yield while allowing
fast cooling after the carbonization is concluded. Each oven has five holes, four at the
base of opposing side walls to control oxygen entry and one at the top of one for ignition.
The number of kilns meets the parameters related to optimization, considering that the
average pyrolysis time is approximately eight days, where, for each oven, 2 h are used
to load firewood, 72 h for carbonization, 120 h for cooling and 2 h for unloading the coal,
totaling 196 h. With this distribution, charcoal production is maintained uninterrupted,
and the recovery of wood vinegar is possible, since all kilns are connected to the condenser
individually. Therefore, there will always be a kiln conducting carbonization, another
performing the cooling process, and another unloading charcoal and loading firewood.
This way, as soon as one carbonization run ends, another occurs, and the process continues.
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The condensation system for recovering the wood vinegar was designed in accordance
with current national and international standards for heat exchangers and pressure vessels.
In addition, analyses and applications adopted by renowned authors in the area were
considered to constitute a logical sequence for the calculations, adopting values in line with
those used in the current production system from a functional and commercial point of
view. That said, the system is feasible and can be adopted by small producers, guaranteeing
operational safety. In turn, the smoke burner plays a fundamental role in the system as it
completely burns carbonization gases, reducing the pollution released into the atmosphere.
The sizing considered the average type of wood feeding the kilns. Also, the wood calorific
value, the average composition of carbonization gases, the mass flow rate of gases, the
volumetric flow rate of gases, and the average specific heat of gases were fundamental to
the sizing. The structure was designed to be manufactured using the same type of refractory
bricks used in the furnace system, aiming for the same operational gains. Furthermore, the
geometry of the smoke burner was designed to facilitate the supply of wood, removal of
ash, and flow of gases.

Given this, the proposed mini-kiln system adds technological value to the system to
guarantee the operational safety of the process, in addition to opening ways for the small-
scale production of wood vinegar and charcoal, with a higher added value as research
advances. Therefore, small farmers can produce charcoal and wood vinegar on their
property in an optimized and low-cost way, increasing their monthly income and promoting
the circular economy through a carbonization technique that is less harmful to the producer
and the environment. In contrast to the current scenario, in which primitive carbonization
technologies are still employed, bringing about low charcoal yields and significant pollution
release, using a mini-kiln that allows charcoal production and wood vinegar recovery,
combined with pollutant smoke burning, is an interesting eco-friendly solution.
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