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Abstract: The methods currently used for designing a fluidized bed reactor in gasification plants do
not meet an integrated methodology that optimizes all the different parameters for its sizing and
operational regime. In the case of small-scale (several tens of kWs biomass gasifiers), this design is
especially complex, and, for this reason, they have usually been built in a very heuristic trial and
error way. In this paper, an integrated methodology tailoring all the different parameters for the
design and sizing of a small-scale fluidized bed gasification plants is presented. Using this
methodology, a 40 kWth biomass gasification reactor was designed, including the air distribution
system. Based on this design, with several simplified assumptions, a reactor was built and
commissioned. Results from the experimental tests using this gasifier are also presented in this
paper. As a result, it can be said the prototype works properly, and it produces syngas able to
produce thermal energy or even electricity.
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1. Introduction

Biomass gasification is one of the most promising technologies for converting
biomass into a fuel; it is a relatively clean process able to produce syngas, which can be
used as a fuel. The energy from biomass has solved two fundamental problems that
plague other forms of renewable energy, such as solar and wind power: the difficulty of
storage energy and the capacity of producing energy when it is needed. Biomass can be
easily stored, guaranteeing the continuity of energy supply and availability. The low
Sulfur content and the high volatile matter of most types of lignocellulosic biomass
increase the advantages of its gasification process [1].

Biomass gasification involves a series of endothermic reactions supported by the heat
produced from combustion reactions or other heating methods. Through a series of
chemical reactions, it yields combustible synthesis gases, such as Hz, CO, and CH4[2]. The
gasification process has been used for different application areas, such as power
generation, gaseous and liquid fuel production, or the chemical sector. The generation of
quality syngas with a high heating value depends on the high H> and CO content as well
as the high fuel conversion ratio and gas efficiency.

The adequate design of fluidized bed reactors is important for the thermochemical
decomposition of biomass due to the high rate of heat and mass transfer, along with the
ability to separate the solid products from the volatile components produced during the
operation. Biomass particles, due to their peculiar shapes, sizes, and densities, cannot be
uniformly mixed without a fluidizing medium, such as sand, in a fluidized bed reactor.

Sustainability 2021, 13, 1061. https://doi.org/10.3390/su13031061

www.mdpi.com/journal/sustainability



Sustainability 2021, 13, 1061

2 of 23

The sand acts as a heat vector, distributing the necessary heat; the continued movement
of this material ensures the maintenance of isothermal conditions of the bed, preventing
the formation of hot spots and increasing the efficiency of the process [3].

Nowadays, the gasifier method design used involves both process and components
selection, in addition to optimization. Through the process, it is possible to obtain the
quality and quantity of syngas, operation conditions, and preliminary size of the reactor.
The selection of components involves structural and mechanical components, mainly the
intake system and reactor body. The usual process design includes design specification,
mass balance, and momentum and energy balance. The production gas prediction uses
stoichiometric and non-stoichiometric models. In the case of the Bubbling fluidized Bed
(BFB) reactor, the cross-sectional area, reactor height, and the freeboard height are
required as a result [4]. According to the process design, to project a gasification plant,
simulation models, such as thermodynamic equilibrium, kinetic equilibrium, CFD
(Computational fluid dynamics), and ANN (Artificial neuronal network), are used. In this
context, several scientific works for designing a gasification plant have been published [5-
14]. Some models give information about one part of the plant, such as reactor, syngas
cleaning system, among others (Feeding system, control system, residue removal system,
etc.).

In the case of the reactor design, several studies analyzed how is the behavior of the
BEB gasification process is and how the reactor design is affected by bed material [15-17],
bed agglomeration [18-22], gasifying agent [9,10,23-26], use of catalysts [20,27,28],
hydrodynamics [2,29], biomass segregation [5,30], kind and size of biomass [25,30-35],
temperature conditions[32,36], or gasification process [37-39]. Results from the
experimental test were also studied in [23,24,33,34,40-42], and finally, other publications
integrated models and tests to validate simulations [43,44]. In addition, some reviews
compared researcher works carried out in the biomass gasification field [31,45-47].

The models and simulation methods mentioned have scientific rigor. In complex
processes, such as gasification, the methodology analyzed so far is an option to have a
complete design solution, but in practice, it is very difficult to bring it to reality, taking
time and effort to obtain a functional solution. Furthermore, sometimes there is a gap
between simulation and the construction and commissioning of the reactor. In any case,
the gasification reactor design is always a complex process. This work proposes to give a
different solution to carry out an empirical design of a bed biomass gasification (BFB)
reactor, simplifying the process design as much as possible, employing information
collected from both scientific works and results of experimental tests. The final design has
been built, tested, and improved, proving that using the applied methodology, a
functional reactor could be obtained as a result.

2. Methodology

The methodology for designing the reactor was based on the step-by-step proceeding
shown in Figure 1. Starting from the required power, the syngas Lower Heating Value
(LHV), and the efficiency of the process, it is possible to estimate the syngas flow required
in the fluidization process and diameters of the reactor. Subsequently, parameters of the
fixed and fluidized bed (height, volume, mass, and density) were calculated. The design
of this kind of reactor is very complex, and it is not an easy task to find a simplified
process. In some steps of the methodology, decisions were made by trial. Hence, some
design decisions were empirically deduced. As a result, a simplified methodology was
obtained. Applying the methodology, the design was carried out, and the reactor was
built and tested, obtaining feedback to improve the design process.
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Figure 1. Methodology for designing a bubbling fluidized bed biomass gasification reactor.
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2.1. Inputs

The syngas is produced using, as a primary fuel, biomass that is mixed with a
gasifying agent (Air). The LHV of the syngas was obtained from the tests carried out in a
fluidized bed biomass gasification (BFB) pilot plant. The results obtained correspond to
those values shown in the literature [3,48-53]. According to the test, the syngas LHV
ranges from 5000 to 6000 kJ/Nm?3. For the design, a value of 5000 kJ/Nm? was chosen as an
input.

The conversion efficiency from biomass into syngas in the gasification process was
determined based on scientific literature [16,26,33,42,54]. For the calculations, a value of
efficiency equal to 70% was chosen. The starting parameters for calculations are resumed
in Table 1 and they are consistent with the cited bibliography.

The characteristics of biomass (Table 2) have been obtained from experimental tests
carried out in the laboratory (LabDER).

Table 1. Starting parameters for the design.

Required Output 40 kWth
Syngas Lowe Heating value 5000 kJ/Nm?
The efficiency of dry biomass conversion into syngas 70%

Source: [3,16,26,33,42,44,48-54]

Table 2. Characteristics of biomass.

Type of Biomass Pellets
Length (mm) 10-20
Diameter (mm) 6
. Dry biomass (kg/m3 1379
Density Stor}eld biomas: (ig/rré) 1470
Dry biomass (kg/m?3) 655
Bulk density Stored biomass (kg/m?) 699
Char (kg/m?3) 304
Dry biomass (kJ/kg) 17,800
LHV (/kg) Stored biomass (k]/kg) 16,700
C 51.9%
Ultimate analysis % H 6.2%
@) 41.7%
Fixed carbon (FC) 15.5%
Proximate analysis % Volatile 80.5%
Ash 1.3%
Moisture (MC) 6.2%

(Source: Test in LabDER).

2.2. Biomass Consumption and Syngas Output

From the required thermal power and the LHV of syngas, it was possible to estimate
the quantity of biomass and gasifying medium required. The flow of the produced syngas
was determined by entering these values in Equation (1).

Preq (KW) - 3600 (%)

ans = (1)
k]
LHYes (i73)
The amount of wet biomass (Moisture 6.2%) needed to generate the syngas required
is given by Equation (2).
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. Hgas () 0gas () -

k]
LHVbiO (k_g) ' 77conv
Once the wet biomass consumption rate was determined and the moisture was

experimentally obtained (Table 2), the dry biomass consumption rate (11.5 kg/h) was
calculated using Equation (3).

hary (S2) = (1= M) Wy (52) ©

2.3. Diameter and Cross-Section Calculation

The determination of the cross-sectional area of the reactor required the calculation
of the airflow and the fluidizing velocity.

2.3.1. Airflow Required for the Fluidization Process

The airflow to be introduced into the reactor at rated conditions could be deduced by
obtaining the air/dry biomass ratio for stoichiometric combustion “Y” using Equation (4)
[55,56]:

Y(Nm3> Air _137.3( (€1 1] [0]) W

kg | Fuel  p,, \12.011 ' 4 1.008 32.00

The elemental composition of the biomass was obtained from Table 2, and p.r was
equal to 1.19 kg/Nm?. It was deduced that 5.27 Nm? air/kg of biomass was required for
total stoichiometric combustion. For gasification processes, the de Equivalence Ratio (ER)
concept was used, which represents the actual air-to-biomass ratio with respect to total
stoichiometric combustion. For design purposes, the ER was fixed as 0.29, then Q;, was
calculated by Equation (5), obtaining as a result of 17.6 m¥h.

Qair = Mdry Y- ER ®)

2.3.2. Fluidization

The BFB gasifier is one of the most popular designs for biomass gasification [57],
mainly due to its scalability. It consists of a reactor vessel in which the gasifying agent is
introduced upward at a velocity of 0.3 to 1.0 m/s [57,58] to agitate the bed material, which
sits at the bottom part of the gasifier.

A complete design methodology, including a BFB reactor, requires key indications to
guarantee adequate fluidization conditions in the range of operation of the plant, both at
nominal and partial load operation.

The range of operating fluidization velocity should be within the minimum
fluidization and terminal velocities [8]. In a BFB reactor, this velocity depends, mainly, on
the average particle size, properties of the bed materials, and complex interaction
processes between gasifying agent and particles [59]. Geldart’s classification [60] places
materials into four different groups based on particle diameter and density (concretely
difference between particle material density and gasifying agent density). Bed materials
pertaining to the same group present similar fluidization characteristics [60].

BFB bed materials are generally silica, alumina, or a mixture of them [61] with a
particle size in the range of 100-500 pum. These materials have a high specific heat capacity
and can operate at high temperatures (higher than 1000°C), which is a requirement as the
typical operating temperature of BFB biomass gasifiers is in the range of 800 to 900 °C [58].
Taking into account the described particle size and density of these materials (in the range
of 2000 to 4000 kg/m3), they can be classified as the GELDART group B [60], which
fluidizes homogenously, and bubbles appear as soon as the minimum fluidization
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velocity is exceeded [60]. Silica sand is usually employed for biomass gasification [61]
however, bed agglomeration can occur due to the interaction between the silica-
containing bed material and the inorganic part of the fuel (i.e., ash), especially if the latter
contains high amounts of alkali metals and/or chlorine that can lower melting point due
to the formation of eutectic mixtures [58]. This work focused on a material called
Molochite, which can be produced by the calcination of mined kaolin, and, after that, it is
refined, making it a cheaper product [62]. The composition and main properties of used
Molochite are included in Table 3.

Table 3. Properties of sand (Molochite).

Composition Value Unit

Aluminum oxide—ALOs 42 %
Silicon dioxide —SiO: 55 %
Iron oxide—Fe20s 1.3 %
Properties

Density 2700 kg/m3
Bulk density 1210 kg/m3
Porosity of sand grain 0 %
Color Grey

Maximum use temperature >1700 °C
Thermal expansion coefficient 4.4 x10° 1/°C

Most of the correlations to predict minimum fluidization velocity were based on the
Ergun equation (Equation (6)) [63].

2
1-—¢ Re?
(= ems) Repy +1.75 —L ©6)

Emy

Ar = 150

where Ar is the Archimedes number, Rexs is the Reynolds number for minimum
fluidization velocity, and ews is the void fraction for minimum fluidization velocity.
Calculation of Ar and Rens was performed following Equations (7) and (8):

_ Pair- (psand - pair) 9 dz?r;

Ar 7)
ﬂzzu'r
U A .
Remf — mf 7] Pair (8)
Hair

where pair and pp are the density of air and particles in kg/m?, g is the acceleration of gravity
in m/s? dp is the diameter of the particle, yi is the dynamic viscosity of gas (air) in kg/m-s,
and Uws is the minimum fluidization gas velocity. However, these equations can be
simplified into the Wen and Yu equation [63,64] and the Baeyens and Geldart [17]
equation, as included in Equations (9) and (10), respectively.

_ (psand - pair) 9 dlzn

U _ 9
mfi 1650 - Hair ( )
0.0009 - (psand _ air)0.934- . gO.934 . d;8
mf2 = . 0.066 , [;0.87 (10)
Pair air

According to these equations, knowing the air properties (density and dynamic
viscosity at 25 °C), a particle diameter of 247-10 m and a particle density of 2700 kg/m?
(see Table 3), the minimum fluidization velocity would be equal to 0.054 m/s (Uns) and
0.052 m/s (Ung), respectively.

The fluidization velocity for Molochite was evaluated using an experimental
methodology according to the bibliography [60,65]. Experimental tests were performed
using the pilot plant shown in Figure 2. A fluidization test was performed monitoring air
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velocity and pressure drop through the sand bed (molochite), APsmi, at ambient
temperature (23-25 °C), where Uns was calculated as the intersection [59] of both straight
lines (corresponding to fixed bed and fluid bed pressure drop) observed in Figure 3. The
main conclusions of the fluidization test for design purposes are included in Table 4.

The minimum fluidization velocity obtained was 0.051 m/s (Table 4), so very similar
to predicted values (Ums and Uwe). This result was expected according to the consulted
bibliography [60,65] for GELDART group B particles. To fix design fluidization velocity,
it is important to take into account the effect of temperature in the fluidization velocity
and, according to [60,63,65], it has been demonstrated experimentally that higher
temperature provides lower minimum fluidization velocity.

Data acquisition system
MAC3508 Desin

— =
A
Reactor %
Computer
Fluidized bed
Anemometer 2 19.79 m/s
> Cleaning T 1
:Anemometer 1 Zystom

Variable
speed drive

Phase |2

Vacuum 1
pump

Figure 2. The pilot plant was used to design the air distribution system.

Table 4. Results of the experimental test to calculate the fluidizing velocity.

Average Particle Diameter dp 0.000247 m
Minimum fluidization velocity for Molochite Uy 0.051 m/s
Fluidization velocity for design purposes U 0.44 m/s
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Figure 3. Results of the experimental test carried out to calculate the minimum fluidization velocity for Molochite sand.
(Source: tests carried out in LabDER).

To maintain the fluidization of the bed, higher gas velocities were preferred;
however, too high velocities could mean that particles are transported out of the reactor.
Transport velocity, U, is the limit to avoid emptying of the reactor. According to [60] and
[65], for silica sand of particle diameter 210-10-6 to 380-10-6 m, U (referred to the air inlet
velocity) is higher than 2 m/s at ambient temperature (25°C) and higher than 3.5 m/s at
temperatures above 600°C. Taking into account that the molochite particle density is even
slightly higher than silica sand (2500 kg/m?), these Ut values can be considered as a valid
reference for design purposes and far from design operating fluidization velocities.

The BFB reactor fluidization velocity, Ug, for design purposes, was considered as 0.44
m/s (at rated conditions). It is important to notice that the fluidization velocity at rated
conditions was selected to maintain fluidization, also considering partial load operation.
At a minimum of 25% of rated capacity, air fluidization velocity would be 0.11 m/s, so still
higher than minimum fluidization velocity. Additionally, the Ug value of 0.44 m/s was, at
the same time, reasonably far from the transport velocity limit.

It is known that broken bed particles and biomass char or biomass fines can have a
lower diameter and lower density than nominal bed material in biomass BFB gasifiers
[17]. These particles are usually separated from the gas in cyclones and other gas cleaning
systems. However, energy losses due to unreacted biomass in small-scaled BFB gasifiers
is lower than 5% according to bibliography [17], which fits with the result shown in
Section 3.4, as these losses were 2.5-3%. To partially avoid bed material and unreacted
biomass char escaping from the reactor, a low-velocity zone where gas velocity was
reduced 9 times was included due to enlargement of internal diameter as described in
Section 2.3.3.

2.3.3. Fluidization Diameter and Cross-Section Determination

The design included two sectional areas: the first one was the lower part of the reactor
where reactions take place. The second one, in the upper part, had a larger diameter to
decrease the velocity and, therefore, avoid the drag of sand and char particles. The cross-
sectional area of the reaction zone was calculated from the values of the gas flow and the
fluidization velocity:
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3
Qair (mT>
A,(m?) = ———~ (11)
u, (%)

The inner diameter (deed) of the reactor can be calculated from Ar The diameter of the
low velocity (diz) zone used in the design of the reactor was three times the diameter of
the bed zone, as shown in Equation (11). Smaller ratios could be used, but it must be
considered that the lower the syngas velocity in this area, the smaller the char and sand
drag.

dpyz(m) = 3 dpeq(m) (12)

2.4. Fluidized-Bed Volume Calculation

Fluidized bed volume was evaluated considering the fixed bed volume (sand + char)
and the fluidized bed voidage. To calculate the fixed bed volume; the bed mass (sand +
char) and the fixed bed density are required.

2.4.1. Bed Mass

The bed mass was calculated by adding the mass of sand and char, which are in the
reactor during operation. Once the inner diameter of the reactor is known, it can be used
to estimate the volume that was occupied by the sand. The Hs/dr ratio in a bubbling
fluidized reactor ranged from 0.8 to 1.5 [4,7,42,66]. Using a Hsx/dr ratio equal to 1, the
volume of sand was calculated according to Equation (12).

d 2
Volsang = Ag * hpeq =T * <7R> o (13)

The bulk density of the chosen sand is detailed in Table 3.

Then, the sand mass was assessed, considering the volume occupied by the sand and
the sand bulk density. Nevertheless, because part of sand could be entrained by the gas
or the reactor could be operated with more quantity of sand, a safety factor (SF) was
applied. We considered, for design purposes, SF = 1.5.

Msana = Pb_sand * Volsang - SF (14)

For the calculation of the char mass (M.ir), the char flow (Maer) and the char residence
time were first evaluated. (M) was estimated using Equation (15).

kg

Mchar (?) = Mdry "FC (15)

where ‘FC’ is the fixed carbon in the biomass, this value is taken from Table 2.

The char residence time (0) in the reactor was obtained considering the temperature of
operation and the percentage of char conversion in the bed. Figure 4 shows the result, which
corresponds to an atmospheric air-blown BFB gasifier, processing wood pellets, as obtained
by a fluid-dynamic and fuel-conversion model [67,68]. Figure 4 could be used with relative
certainty when lignocellulosic biomass composition, size, and density are similar. If a more
accurate result is required to characterize a new kind of biomass, either a methodology base
on mathematical models must be applied (As explained by [67,68]) or experimental tests must
be carried out. According to bibliography [26,33,42,44] the reactor operation temperature is
ranged from 650 to 950 °C. For the design, an average value of 832 °C was used, together with
the desired char conversion efficiency of close to 80%. The higher the efficiency, the more
conservative the design will be, and the reactor will be bigger and more expensive. Figure 4
shows the effect of temperatures on residence time for different char conversion efficiencies
(from 60 to 90%). Using the data from Figure 4, the optimum residence time (6) could be
estimated, and the char mass could be deduced.
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. kg . 1h
Mchar(kg) = Mchar (r) ) e(mln) ' ( 60 min) (16)
The total bed mass was obtained as a sum of the sand and char masses:
Mpeq (kg) = Msana + Mcpar 17)
40
* 60% 6=0.00345 T2-6.177 T + 2766.7
35 ¢
a 70% 6=0.00240 T2—-4.302 T+ 1930.2
30 e
e 80% 6=0.00294 T2-5.259 T + 2355.6
—~ 25 a
= e 90% 6=0.00192 T2-3.456 T + 1557.0
E2 *
(>}
15
10
5
0
800 810 820 830 840 850 860 870 880 890 900
T, (°C)

Figure 4. Effect of temperatures on residence time for different char conversion efficiencies [67,68].

2.4.2. Fixed Bed Density

The fixed bed density (pix_td) is the bulk density of the static bed; it was determined
considering the sand bulk density (pv_saad), the char bulk density (pu_ciar), and the percentage
of reacting char mass with respect to the mass bed (xcr). The sand bulk density is shown
in Table 3, while the char test results obtained in LabDER are shown in Table 2. The
percentage of the reacting char mass in relation to the mass bed (xcar) was obtained from
the char mass and the sand mass, both calculated previously:

X — Mchar(kg)
char Mfix_bed (kg)

To obtain the fixed bed density (Static or settled bed), the values calculated
previously were replaced in Equation (19).

(18)

Pb_fix_bed = Pb_sand (1 = xchar) + Poepar " Xchar (19)

2.4.3. Fixed and Fluidized Bed Volume

Once the bed mass (M) and the fixed bed density (pfix_tet) were deduced, the fixed
bed volume was determined by Equation (20).

Mpeq (kg)
kg) (20)

VOlfix_bed(ma) =
Pb_fix_bed (ﬁ

The voidage fluidized bed value typically ranged from 60 to 80% [2,4,9,49].
Considering the void fraction of the fluidized bed ‘¢’ equal to 70%, the fluidized bed
volume was calculated by Equation (21).

Volg; )
Vol pea(m®) = — 5= @1
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2.5. Reactor Height Calculation

Following the model used by [4], the bubbling fluidized bed height could be
calculated by Equation (22).

VOlfluidbed (m?)

A (m?) (22)

Hpeq(m) =

To prevent char and sand bed particles escaping and to ensure the char residence
time, a freeboard height was added to the height of the bubbling fluidized bed. Thus, the
freeboard height was 0.3 times the bubbling fluidized bed height (Hewa), according to
Equation (23).

Hpp(m) = 0.3+ Hpeq(m) (23)

Good results were obtained using the height of the low-velocity zone equal to 0.7
times the fluidized bed height (Equation (24)).

Hpyz(m) = 0.7 - Hpeq (m) (24)

A truncated cone joined the area of the fluidized bed and the low-velocity zone,
which was a quarter of the height of the low-velocity area (Equation (25)).

Hy,,(m
Hyo () = ) ©3)
The intake system height was one-third of the fluidized bed height (Equation (26))
Hpeq(m
His(m) = —”e‘;( ) (26)

Adding up all the values previously obtained, the total height of the reactor was
(Equation (27)).

Hy(m) = Hpeq + Hpp + Hye + Hyyp + Hig (27)

2.6. Distributor Design

To obtain adequate fluidization, besides choosing the right sand, an appropriate
distributor pressure drop was also required. To choose the right distributor, several tests
were conducted employing different holed plates for the reactor intake system. The
prototype used to carry out the test is shown in Figure 2. A picture of a holed plate used
for the distributor system is shown in Figure 5.

Figure 5. Picture of one of the holed plates and one of the meshes used for the distribution system
test.

Tests to modify the pressure drop in the air admissions systems were carried out to
estimate the adequate distributor pressure drop (APuist). To modify the total pressure drop
(APuti), which was equal to APuist plus the sand pressure drop (APsmd), a valve was used
(Figure 2) to simulate APuist. To carry out the tests, a metallic mesh with neglected pressure
drop (an open area close to 36%) was used at the bottom part to keep the sand into the
reactor. Once the sand was introduced and the valve was completely open, the vacuum
pump was turned on. The valve was gradually closed until reaching a point at which,
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keeping constant the airflow at 17.6 m3/h, oscillations were drastically reduced (APwt min
in Figure 6). This was considered the minimum AP to work properly. After that, the
valve was partially closed a bit more until reaching a second position, corresponding to
the maximum APt (AP0t max in Figure 6). Finally, to estimate APuist, the valve was set to
the optimal point (APw: opt in Figure 6), where the pressure oscillations were the lowest.
Then, removing the sand from the reactor and introducing 17.6 m3/h of air, AP was directly
measured, obtaining APt for each point (Figure 6). As a result, the APwa range as a
function of the sand introduced into the reactor was estimated, as shown in Figure 6. It
must be notified that for constant airflow, the right APsist depends on the Hsix/dr ratio. The
tests were carried out for different Hsx/dr ratios (0.25, 0.5, 0.75 and 1, 1.15—Figure 6).

3.5
+ APdist
3 C
m APtot (Min)
25 —
e APtot (Max /
~ (Max) -
= 15 | 4 APtot(Opt) //A/'
a L
S /
1 //.// =
ey
0.5 ///'
0 *
00 01 02 03 04 05 06 07 08 09 10 11 12
Hj,/dg ratio
Figure 6. Proper range of APt and APuist as a function of the Hpi/dr ratio.
To find the right distributor (regardless of the valve), the characterization of the
distributor plate as a function of APait was required. For that purpose, several plates with
1 mm diameter holes and different holed areas (and different pressure drops) were tested,
as shown in Figure 7. In this manner, through the desired APuis, it was possible to choose
the required holed area of the distributor plate.
4.5
4.0 ‘\
35 \
3.0 \
2.5 -
g \
2 20
= \  y=0.0081x 126
% .
S 10 \\\
0.5 o\u\
0-0 T T T T T T T T T T T T T T = 1
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%11% 12% 13% 14% 15%
Holed area (%)

Figure 7. Distribution plate pressure drop as a function of the plate holed area.
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3. Results
3.1. Construction

Selected materials for the reactor manufacturing must withstand the oxidizing and
reducing atmospheres in which the reactions take place, as well as high operating
temperature. Moreover, an optimal solution should also consider materials with a
convenient cost-benefit ratio. In this regard, the stainless steel AISI type 310 meets most
of the required characteristics. Ceramic coating can be used in the reactions zone of the
reactor; however, the reactor would be more fragile to the thermal expansion of the two
different materials, and this option would increase the cost and maintenance of the
reactor. The results of applying the methodology are shown in Table 5. Figure 8 presents
a drawing of the deduced system.

0.56m

2.00m
1.04m

Biomass

" ®0.12m

0.27m|

Figure 8. Drawing and picture of the reactor.

Given that working temperature was in the range of 750 to 920°C, an AISI type 310
austenitic stainless steel, which is a medium carbon used for high-temperature
applications (up to 1035°C in continuous service, and 1150°C for intermittent operation
[69]), AISI type 310 austenitic stainless steel was used for the construction of the reactor.
According to the experimental tests conducted in LabDER, when bed temperature was
well controlled, satisfactory results could be obtained with such material.
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Table 5. Reactor Dimensions.
The inner diameter of the reactions zone dr 0.12m
The cross-sectional area of the reactions zone Ar 0.0113 m?
The inner diameter of the low-velocity zone (Upper part) Aoz 0.34 m
Bubbling fluidized bed height Hbed 0.8m
Reaction zone freeboard height Hp 0.24 m
Reactions zone height (Sum of two previous) Hr 1.04 m
Low-velocity zone height Hie: 0.56 m
Truncated cone height Hte 0.14m
Intake system height His 0.27 m
Height of the reactor Hr 2m

3.2. Air Intake System

According to Figure 6 and working with a Hs/dr ratio equal to 1, APuist must be equal
to 0.55 kPa. Thereby, to reach adequate fluidization, and according to Figure 7, the holed
area of the distributor plate (%H) must be close to 3%. To reach the desired configuration,
a holed plate with 300 holes 1 mm diameter was used. Figure 9 shows the distribution
system.

Figure 9. Picture of one of the distribution system configurations used for the tests (left) and air
admission system (right).

3.3. Experimental Tests

Once the reactor was built, preliminary checks for commissioning were completed
and, two experimental tests were carried out and analyzed to validate the design. In test
1 (Figures 10 and 11), the load was modified every 5 min. In test 2 (Figures 12 and 13), the
load was constantly modified.

Four thermocouples (see Figure 14) to measure temperatures at different heights
were installed (T1, T2, T3, and T4 at heights of 0.064 m, 0.228 m, 0.327 m, and 0.428 m from
the distributor, respectively). T4 was considered the most representative of the bed since
the thermocouple was located in the middle of the fluidized bed. LHV; was determined
by using a portable infrared gas analyzer model Gasboard-3100p Series. Additionally, a
syngas flow meter (Rotameter TecFLuid series PT calibrated for syngas) was used to
measure the syngas flow. With all these measurements, the energy produced was
deduced.

Figures 11 and 12 show the input and output power (calculated from syngas and
biomass flow and the heating value of the syngas produced and the biomass used) and
the efficiency calculated from the input and the output power. The output power ranged
from 15 to 42 kWth, and the instantaneous efficiency ranged from 59 to 82% at continuous
operation. It can be noticed, when the load was increased over 41-42 kWth (Figure 12 from
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13:24), the temperature decreased, indicating that with this over this load, the power was
about to reach the maximum limit for a proper operation of the reactor.

Figure 13 shows the LHYV, the air, syngas, and biomass flow obtained in the tests
carried out, keeping the load constant at least 5 min. The LHV went from 5000 to 6000
kJ/Nm?3. The biomass flow went from 7 to 10 kg/h. Figure 14 shows the same data when
the load was modified every few seconds. The biomass flow ranged from 5 to 13 kg/h, and
LHYV went from 5000 to 6000 kJ/Nms.
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O 3NN DN -100

Figure 14. Thermocouples located in a thermowell: Top of the reactor (Left), inside the reactor

(Right).

The maximum temperature was 920°C. High temperatures (Left Figure 15) provoked
thermal dilatation of the reactor. The adopted solution for such dilatation was the use of
springs, according to Figure 15 (right).

Figure 15. Bottom part of the reactor, when heated to red heat during the operation (left), Reactor holder system to absorb
thermal expansion (Right).

The datasheet of the reactor is shown in Table 6.
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Table 6. Datasheet of the reactor at rated conditions.

Power Output Range Prange 15-42 kWth
Gas lower heating value LHV; 5-6 MJ/Nm3
Wet biomass lower heating value LHVuw. 16.7 MJ/kg
Syngas flow output Qgas 10-28 Nm?/h
Wet biomass consumption Mo 5-13 kg/h
Biomass moisture MC» 6.2%
Airflow needed for the gasification process Quir 6-17.6 Nm3/h

3.4. Performance

The performance of the gasification process is shown in Table 7. The capacity of the
reactor to gasify fines from pellets was analyzed from the result of the test. Figure 11
shows the results of a 2 h 25 min test. According to the result of the test, the total
consumption of biomass was 17.2 kg (with 6.2% of moisture content). Solids contained in
the syngas were separated in a cyclone, and the material collected (Figure 16) weighed
477.3 g. The heating value of the cyclone discharge material (char + ash) was 17.12 MJ /kg;
it was estimated through the calorimeter CAL2k ECO. The losses due to unconverted fines
were about 8.17 MJ, equivalent to 2.5-3% with respect to the energy input. In addition,
moisture and ash content were obtained according to UNE-EN ISO 18134-2:2017 and
UNE-EN ISO 18122:2015. Taking into account that the moisture content of the material
collected in the cyclone was 0.92% and ash content was 43.56%, it can be deduced that
unreacted biomass going out of the reactor was very reduced, and the mass of fines
(mainly a mixture of ash and unreacted biomass char), was about 0.028 kgifines/kgpiomass. This
value corresponds to the results shown in [17] for a BFB reactor operating with wood
pellets.

Table 7. Performance of the reactor.

Operating Range— Range According

Units Experimental Test  Scientific Works Sources
Lower heating value LHV, MJ/Nm3 5.2-6.2 4.5-6.6 [26,33,44,54]
Equivalence ratio ER - 0.26-0.3 0.15-0.35 [33,42,44,66,70]
Syngas yield/biomass Nm?/kg 1.9-2.3 1.7-2.5 [33,54]
Bed temperature Top °C 792-860 650-950 [26,33,42,44]
Efficiency Teono % 59-82 55-88.28 [16,26,33,42,54]

Figure 16. Cyclone discharge material.
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4. Conclusions

Customizing the design of a biomass gasification reactor for a specific demand and
use is a very complex task. It requires generating an adequate syngas flow to cover power
or heat demands. So far, only heuristic approaches based on complex processes and strict
criteria have been used for the design of the reactors to be used in a gasification plant. In
this paper, a novel simplified design methodology of a BFB biomass reactor, starting from
the required thermal power, was presented and design steps were described and justified.
Employing this methodology, the complexity of the design, and the time to design and
build a small-scale biomass gasification reactor is reduced. Equations for fluidization
velocities estimation from the bibliography were presented, applied and compared with
experimental data. In this way, the fluidization characteristics of the proposed bed
material were validated. A complete procedure to calculate dimensions of the different
reactor zones (height and diameter) and suggested construction materials have been
included.

The design methodology was applied for a 40 kWth gasification reactor operating
with biomass pellets, and a real prototype was constructed and tested. The total height of
the reactor was 2 m, and the diameter of the reaction zone was 12 cm.

A review of this type of BFB biomass gasification reactor was made, and operation
parameters were aligned with the consulted bibliography. According to experimental
tests carried out with this gasification reactor, efficiency ranged from 59 to 82% for an
output range power from 15 to 42 kWth.

The assumptions made in the design methodology could introduce a certain level of
uncertainty if bed material or biomass type is changed. However, the presented design
methodology was experimentally validated with satisfactory results from tests carried
out.

5. Nomenclature

AR Definitive cross-sectional area (m?)

Ar Initial cross-sectional area (m?)

IAr IArchimedes number

dr Definitive inner diameter of the reactor [m)

dp /Average sand particle diameters, calculated by laboratory test (m)
vz Diameter of the low-velocity zone (m)

ER /Actual biomass/air ratio respect to the stoichiometric biomass/air ratio.
IFC Weight percentage of fixed carbon (%)

(Hbea Bubbling bed height (m)

Hp Reactor freeboard height (m)

\Hix Static or settle height bed (m)

\H- Reactions zone height (m)

Hioz Low-velocity zone height (m)

\H tc Truncated cone height (m)

\His Intake system height (m)

\H ¢ Total height (m)

ICE Internal combustion engine

LHVw»  |Wet (without drying) biomass Lower Heating Value (kJ/kg)
LHVbby |Dry biomass Lower Heating Value (kJ/kg)

LHV; Syngas Lower Heating Value (kJ/kg)

Mbed Bed mass (sand + char) (kg)

IMchar Char mass into the reactor (kg)

Msand Sand mass into the reactor (kg)

Mary Dry biomass consumption rate (kg/h)

M char Mass flow char (kg/h)

Mw Wet (without drying) biomass consumption rate (kg/h)
IMCp IBiomass moisture content (%)
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\Preg Required electrical power (kW)
Qair Flow of air (Nm?3/h)
Qgas Flow of syngas (Nm?/h)
r ratio air/biomass for the gasification process (Nm3/kg)
IRemf Reynolds number at minimum fluidization velocity
ISfa /Area safety factor
IS fand Sand safety factor
Top Operating temperature (°C)
Uy fluidization velocity (m/s)
Unms minimum velocity (m/s)
Uns transport velocity (m/s)
Volsind |Sand volume in fixed bed (m?3)
Volfix vea  [Fixed bed volume (m?)
Volfuid_ved [Fluidized bed volume (m?)
D char Reacting char mass respect to mass bed (%)
Y lair/biomass ratio for complete combustion (m? air/kg biomass)
APwa [Total pressure drop (kPa)
A Psand Sand pressure drop (kPa)
A Paist Distributor pressure drop (kPa)
air Air density (kg/m®)
syng Syngas density (kg/m?)
d_bio Dry biomass density (kg/m?)
fix_bed Fixed bed density (sand + char) (kg/m?)
fid_ted  [Fluidized bed density (sand + char) (kg/m?3)
b_char Char bulk density (kg/m?)
b_sand Sand bulk density (kg/m?)
sand Sand density (kg/m?3)
char Char density (kg/m?)
air dynamic viscosity air (kg/m s)
€ Voidage of the fluidized bed (%)
Emf |Voidage of the bed at minimum fluidization velocity (%)
Neoro Cold gas efficiency conversion from biomass into syngas (%)
neowo_desir |Desired efficiency conversion from char into syngas (%)
Nice Efficiency conversion from syngas to electricity in the internal combustion engine. (%)
o Char residence time (min)
[C] \Weight percentage of Carbon (%)
[H] Weight percentage of Hydrogen (%)
[O:] Weight percentage of Oxygen (%)
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