Results in Engineering 19 (2023) 101246

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/results-in-engineering

Modification of perforated plate in fluidized-bed combustor chamber
through computational fluid dynamics simulation

AAAAAA d

@ Doctoral Program, School of Engineering, Post Graduate Program, Universitas Syiah Kuala, Banda Aceh, 23111, Indonesia
Y Department of Chemical Engineering, Universitas Syiah Kuala, Banda Aceh, 23111, Indonesia

¢ Department of Electrical and Computer Engineering, Universitas Syiah Kuala, Banda Aceh, 23111, Indonesia

d Center for Automotive Engineering, Universiti Malaysia Pahang, 26600, Pekan, Malaysia

€ Faculty of Engineering, Universitas Serambi Mekkah, Banda Aceh, 23245, Indonesia

f Research Center of Palm Oil and Coconut, Syiah Kuala University, Banda Aceh, 23111, Indonesia

ARTICLE INFO ABSTRACT

Keywords:

Perforated plate
Fluidized-bed combustor
Modification

Computational fluid dynamics
Biomass fuel

Modelling simulation

The combustion of solid fuels in a combustion chamber can be perfect if all the fuel included can burn out, and
nothing remains. The combustion chamber requires sufficient air to burn all the fuel; therefore, meeting the air
supply requires modifications with various considerations. The perforated plate modeled through computational
fluid dynamics (CFD) was modified to investigate the excess air supply into the combustion chamber. The CFD
simulation modeled in this study was used to validate the results of the experiments carried out with the previous
fluidized-bed combustor technology. The simulation results show that the temperature increased for all fuels
tested in geometry-2 compared with geometry-1. The best boiler efficiency from the simulation results is in
geometry-1 for 45% oil palm midrib fuel with a mass flow rate of 7.78 kg/s. The maximum radiation was
recorded from geometry-2 at a variation of 66.939 W/m? with a heat loss level of 1.10 W/m?2. Overall, the
simulation was performed by modifying the fuel floor plate in geometry-2 to increase the temperature and ra-
diation with lower heat loss.

1. Introduction

Heating energy derived from biomass has been used for cooking and
the main ingredient since ancient times. This is because their use and
availability worldwide have different and abundant diversity [1-3].
Recently, the interest in using biomass as an alternative to fossil fuel
energy has increased significantly. Solving solid biomass combustion for
heating and power generation has attracted considerable interest. This is
because several industries are trying to find energy-saving solutions by
utilizing energy from biomass waste [2]. The demand for biomass pellet
fuel continues to increase along with global warming from greenhouse
gas emissions. However, there is a lack of interest in renewable fuels
derived from biomass because they have a high ash content [4]. The
results of this study show that the ash content can be reduced by up to
1% through torrefaction with a temperature of 180 °C.

The combustion of solid biomass has several problems, particularly
obstacles to the transition to energy sources. However, burning solid

biomass has been considered to reduce the emission of carbon dioxide
and pollutants that can harm human health (such as PM and NOx) [5,6].
In addition, inorganic compounds and alkali metals in the biomass
composition cause corrosion and ash in the biomass combustion system.
A high content of alkalis, such as potassium and sodium, reduces the
melting point of the ash. Condensation of inorganic vapors on the sur-
face during heat exchange is the starting point for forming an impurity
layer. The reduced fusion temperature can promote slag formation on
the characteristics in direct contact with the fuel bed [7,8]. The decrease
in the thermal efficiency of the combustion system is caused by slagging
and fouling, which also results in system damage [9-11].

These problems can be reduced using several techniques, and their
use in the future is more attractive and provides more significant ben-
efits, especially for heating and power generation. Immediate action can
be performed with a differential to affect the combustion properties
directly, and unwanted phenomena can be avoided during testing. In
addition, the secondary activity of filtering and treating the exhaust gas
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and inhibiting fouling in the air supply hole can be reduced, and com-
plete combustion can be achieved. Air injection and fluidized-bed
combustion (FBC) temperature control is commonly used for solid fuel
combustion. The air injection system used in several studies can reduce
gas and PM emissions [12-16]. A low ratio of primary air can reduce PM
emissions, which is influenced by the low air velocity in the FBC
chamber, resulting in less elutriation [12,15]. Combustion with sec-
ondary air injection gradually helps achieve more efficient exhaust gas
burnout, and NOx emissions can be reduced [12,15]. A lower primary
air ratio can help lower the layer temperature when using solid biomass
fuels. However, the risk of surface fouling in the presence of melted ash
can be reduced [15]. Cooling and exhaust gas recirculation (FGR)
techniques can reduce the bed temperature. The FGR created by alter-
nating primary air with pre-cooled exhaust gas helps reduce oxygen
concentration. Thus, the temperature at the FBC can be reduced, and the
thermal conversion process can be further slowed. Studies have shown
that FGR can help reduce unburned fuels such as NOx and PM emissions
in the combustion chamber [17-19]. Cooling using water and cement
with insulation on the walls of an FBC combustion chamber is a solution
that can be used. For the middle to upper scales, a cooler can be used
with water on the walls of the FBC room. A cooling system with the
formation of water pipes around the FBC combustion chamber with
domestic boilers can reduce PM emissions without affecting other
combustion parameters, as reported by Refs. [20,21].

A small-scale combustion system tested to investigate the effect of air
staging with the cooling system design in FBC was investigated by
Ref. [22]. The designed cooling section is a complete cooling system that
includes the entire FBC combustion chamber. The characteristics of the
temperature distribution in the combustion system and pollutant emis-
sions are possible because the factory has been equipped with thermo-
couples in several different parts. In addition, a gas analysis system and a
low-pressure impactor were connected to the chimney [17,18]. Exper-
imental studies have been conducted to investigate the repeatability and
stability of the facility and the use and effectiveness of different air ra-
tios. Thus, cooling FBC and FGR combustion chambers can reduce
pollutant emissions [22,23].

The application of two- and single-stage perforated plates to flow-
meters to measure cryogenic liquids has also recently been carried out
[24]. The results of the tests show that the two-stage perforated plate
with an optimized gap has a smaller pressure drop and a more horizontal
flow coefficient profile than the single-stage perforated plate. The FBC’s
perforated plate was applied to probe the CO, adsorbent particles [25].
The tests’ results significantly affect the particle friction induced by the
presence of gas jets through the perforated plate applied in FBC. Man-
aging fluid flow through perforated plates is appropriate for convective
heat transfer applications [26]. The application of perforated plates in
fluid dynamics with row-shaped perforations (n), hole diameter (d),
chamfer radius (r), and pressure ratio (Pi/P;) has also been carried out
[27]. The experimental results show that the perforated plate can reduce
the pressure gradient and velocity.

Analysis and investigation of solid biomass combustion can be car-
ried out using computational fluid dynamics (CFD) software. Numerical
Analysis makes it possible to deal with aspects not easily characterized
experimentally. In addition, numerical tools can reduce design costs and
optimize solid biomass combustion. Heat transfer, fluid flow, and ho-
mogeneous chemical reactions in the gas phase can be solved using CFD.
Biomass thermal conversion models or empirical correlations with one-
dimensional models can facilitate CFD incorporation owing to lower
computational costs [28-30]. Numerical modeling of a combustion
chamber with one-dimensional empirical incorporation can improve air
performance so that it is possible to reduce particulate matter and ni-
trogen oxide emissions [29,30]. However, this model could not predict
the combustion phenomenon in an FBC combustion chamber. Fuel
particle and thermal process characterization can be traced using
Lagrangian modelings, such as the discrete phase model (DPM) and
discrete element method (DEM), with the addition of solid biomass
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thermal conversion modeling [31-33]. Characterization through this
model allows for a more realistic solid biomass combustion, which is
better but has a higher computational cost.

Eulerian modeling has a lower computational cost than Lagrangian
modeling. In addition, Eulerian modeling is more comprehensive than
one-dimensional modeling [31]. Generally, this model defines the
porous zone in the solid phase, live gas, and the adjacent freeboard. In
addition, it is also used to determine simple fluidizations that allow the
dynamic coupling of the two degrees [34-36]. Simulations with the
Eulerian model can provide oxygen air conditions for different fuels with
different scales, especially during small-, medium-, and large-scale ex-
periments [37-39]. However, this model does not use fuel layers for the
individual particles. However, physical algorithms can be implemented
in simulations of the movement and compaction of fuel in a combustion
chamber [40,41]. Modeling through modification of the perforated plate
in the FBC combustion chamber as a supplier of excess air was applied in
this study.

This study applies the CFD software to the model to validate the
regularity by modifying perforated plates. This simulation investigated
and validated the combustion results from an FBC combustion chamber
fueled by solid waste oil palm biomass. Modeling was carried out using
the FBC technology used for combustion experiments. The FBC com-
bustion technology is applied as an experimental tool with a modifica-
tion of the perforated plate, which aims to supply excess air into the
combustion chamber. The temperature results generated from the
simulation were compared with the experimental results of direct
combustion in the FBC combustion chamber for all the cases.

2. Materials and methods

This study investigated the effect of perforated plate modification on
the combustion temperature of different solid palm oil biomass fuels.
The modified plates were made of three other models plus a standard
plate as a reference for comparing the results obtained. The experi-
mental data used as a reference in this study were obtained from pre-
vious research [42-44]. The fluidized-bed combustor (FBC) combustion
chamber used for the experiment was made of a steel plate with a
thickness of 5 mm and a height of 40 cm. Above the FBC combustion
chamber, the freeboard functions as a heat sink before entering the
boiler. The boiler height was 40 cm, with a total of 121 tubes with a
diameter of 20 mm for each pipe. The type of mesh used in this simu-
lation is presented in Fig. 1.

The FBC combustion chamber for this experiment was equipped with
a blower fan that functioned as the air supply. Temperature data,
furnace efficiency, thermal efficiency, and heat transfer rate were
measured using a thermocouple and a Digital Thermometer (HotTemp
HT-306). The combustion test in the FBC combustion chamber used
palm oil solid waste biomass fuels such as palm kernel shell (PKS),
empty fruit bunches (EFB), and oil palm midrib (OPM). Each fuel type
was tested when the modification of the perforated plate and the stan-
dard scale were applied. Three types of modified plates and one standard
plate were used as a reference for comparison. The combustion tem-
perature was measured using a thermocouple placed approximately 15
cm from the floor of the fuel plate.

Computational methods for solving discrete fluid equations are
known as computational fluid dynamics (CFD). The steps of the CFD
process are summarized in Fig. 2.

Computational Fluid Dynamics (CFD) converts fluid dynamics flow
equations in their integral and derivative forms into discretized alge-
braic forms. The settlement with a computer can yield flow values at a
certain point or discrete time. Three flow equations in fluid dynamics
exist continuity, momentum, and energy.

The calculation of the value of continuity in integral form using (eq.

().
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(b)

Fig. 1. (a) Type of Boiler (b) Mesh on the boilers.
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Fig. 2. CFD simulation flow chart in general.
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Meanwhile, to calculate the value of continuity in differential form using
(eq. (2)).
op
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Momentum in the x-axis direction can use (eq. (3)).
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Meanwhile, for momentum in the y-axis direction, we can be using (eq.

(4).
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Meanwhile, to get the momentum value in the direction of the z-axis
using (eq. (5)).
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The calculation of the energy generated in the internal form using
(eq. (6)).
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N
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(6)

The solution of the partial differential analytical equation produces a

continuous closed-form dependent variable expression in all the do-

mains. In contrast, the solution of a numerical equation can only provide
values at discrete points in the domain, also known as grid points.
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2.1. Boundary conditions

The input values for the Boundary Conditions used in the simulation
had three variations, as presented in Table 3. The input values at the
boundary are fuel and air, supplied through pipes and entered through
perforated plates modified beforehand. The perforated plate used for
modeling the simulation is shown in Fig. 3. Standard plate and modified
plate are the means implemented in FBC. These two plates are used as
the ground floor where the fuel is used for combustion. Furthermore, the
standard and modified plates are modeled via CFD, which is used for the
simulation. After the modeling process, the two plates are named
geometry-1 and geometry-2.

2.2. Simulation of computational fluid dynamics

The CFD method has been used in various industries, including
aerospace, maritime, automotive, manufacturing, energy, renewable
energy, to even bioengineering; thus, the phenomena that are worked on
are also increasingly varied, so that there are no verification and vali-
dation procedures that can be used in general. This method utilizes a
computer (does not use a physical model), so the whole process can be
carried out quickly, flexibly, inexpensively, and in-depth. It is not risky
for cases related to human interaction. However, most researchers and
engineers are still skeptical or doubtful about the results of this CFD
simulation because of a lack of operational knowledge. However, suf-
ficient theory is needed to make the correct simulation settings, so the
concern is that the results can be more accurate. The credibility of the
CFD simulation was determined based on the levels of uncertainty and
error. The values of these uncertainties and errors were obtained
through verification and validation.

The self-verification assessment determines whether the program
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and computations used for the created model are fundamentally correct.
The validation determines whether the simulation follows the realities
of the modeled physical case. Generally, validation is carried out using
experimental methods or referring to similar previous studies. There is
some disagreement among professionals regarding the standard pro-
cedure for verifying and validating CFD simulations. The detailed in-
formation from the overall simulation modeling of this work is presented
in Table 1.

2.3. Vadlidation and verification

One method to validate and verify a simulation is to focus on its
convergence value. A value has converged if the graph has formed a
straight line or the data has produced a constant value. When the iter-
ation process continued, the value did not change. Convergence is one
requirement for completing numerical simulations, which produces so-
lutions of algebraic equations with values closest to the actual solutions
of the partial differentials with the same initial and boundary conditions
as the convergence mesh system. Three methods are commonly used to
check the degree of convergence of the iteration results:

2.3.1. Convergence criteria

A calculation is initially said to have converged when the residual
value is equal to zero; however, because it is difficult to achieve this
state, ANSYS Fluent sets the convergence criterion at its default state,
where the calculation stops when the iteration has produced a residual
value that reaches that number. The default state of this simulation
process has a residual value of 10-3 for almost all equations, except for
the energy and radiation equations, which have a value of 10-6.

Fig. 3. (a) Model of standar plates (b) Model of modification plate.
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Table 1
Detailed mesh model information.

Results in Engineering 19 (2023) 101246

Geometry Information of Mesh
Total Skewness
Element Nodes Average Maximum Minimum Remark
Model Mesh 1 1389859 325897 0.23747 0.84592 9.19E-06 Excellent
2 1389560 326103 0.24038 0.8766 9.19E-06 Excellent
2.3.2. Monitor point
It is still challenging to achieve this when reaching the convergence ’;‘abl;z o of fuel
point set by ANSYS Fluent, where the residual value does not want to fall pecification of fuel.
again toward the predetermined convergence criteria. When the value of Proximate Analysis Ultimate Analysis
the continuous variable that predominantly represents the overall flow Volatile 0.727108 C 0.685185
remains re%atlvelylunch?nged when the iteration continues, the solution Fixed Carbon 0.207156 " 0.095295
generated in that iteration can be said to be convergent. Ash 0.011257 0 0.21011
Moisture 0.054478 N 0.002002
2.3.3. Equilibrium S 0.007407
Mass, energy, momentum, and other quantities were balanced. To
calculate the balance value between mass, energy, momentum, and
other values in the Flux Report panel, in this case, use (eq. (7)). The Table 3
results were considered convergent when the heat and mass balances of Boundary conditions.
the total yield were less than 10% of the most negligible flux through the Fuel Type  Fuel Calorific Value  Primary air-inlet  Fuel-Inlet
domain boundary.
PKS 2.01 MJ 0.025 kg/kg_fuel  0.000833333 kg/s_fuel
. the difference between the total inlet and outlet OPM 1572 MJ 0.025 kg/kg_fuel 0.000833333 kg/s_fuel
% different = @ EFB 1872 MJ 0.025 kg/kg fuel  0.000833333 kg/s_fuel

total inlet
3. Results and discussion

This simulation was built to predict the combustion temperature
when the perforated plate modification was applied to fluidized-bed
combustor (FBC) technology with different fuels. This simulation aims
to monitor whether FBC technology has achieved complete combustion.
In addition, the amount and type of fuel used were also checked to
determine the compatibility between the equipment and materials used.
Complete combustion can be achieved when the fuel is burned out and
nothing is left. The temperature obtained from this simulation was
compared with the experimental results using FBC technology. The
temperature observed in this simulation was based on a perforated plate
or a geometry modeled with different fuels. The simulation results dis-
cussed in this work involved geometry modeling of one and three by
testing three different variations.

3.1. Computation settings

The simulation was carried out using CFD software. The following
are the computational settings used in this simulation to obtain the re-
sults of burning the coal in the boiler.
3.1.1. Gravity (—9.81 m/s)
3.1.1.1. Models.

- The fluid model used is Realizable to Standard Wall Function
because it is accurate and often used in combustion simulations.

- Energy Equation (On)
- Discrete Phase (On)
- Radiation (On)

- The species (transport-reaction) eddy dissipation type with fuel
specifications are shown in Table 2.

3.2. Counter of temperature

The CFD simulation tested at this stage was conducted to investigate
the temperature of the two types of geometries with variations in three
different fuel types. The first simulation was tested for geometry-1 for
each fuel and continued with geometry-2 for the same fuel type. The
average temperature obtained from the simulation results in geometry-1
was recorded for OPM fuel at 2012 °C. The average temperatures for the
EFB and PKS fuels were 1858 °C and 562 °C, respectively. Geometry-2
simulation results showed that the highest average temperature of the
OPM fuel was 2031 °C.

Meanwhile, the average temperature recorded for each fuel was EFB
1985 °C and EFB 709 °C. Each simulation was performed using the same
fuel and air intake, as shown in Table 3. Contour views of geometry-1
and geometry-2 with different fuel variations are presented in Fig. 4.
Modifying the plate modeled in geometry-2 can increase the tempera-
ture compared with that before the modification in geometry-1. The
simulation results are similar to the experimental results, where the
plate modification applied to the fluidized-bed combustor technology
can increase the temperature.

Overall, the simulation results performed on geometry-1 and
geometry-2 show that the recorded temperature of the OPM fuel is
higher. Meanwhile, PKS fuel, simulated in both geometries, produces
lower temperatures. The low temperature of the PKS simulation is due to
the properties of the ingredients in it, so the combustion is slower than
OPM and EFB. The combustion properties of PKS during direct com-
bustion experiments also burn slower than OPM and EFB. However, PKS
fuel is suitable for direct combustion because it has a higher energy
value and a longer burning time than OPM and EFB. While the results of
direct combustion of OPM and EFB are also very easy to burn because
they contain a lot of cellulose compared to PKS, thus, the combustion
system shown in this simulation is in line with the properties of direct
combustion.

3.3. Countur of velocity

A combustion simulation can be said to run well, which is deter-
mined by the speed of movement of the particles at a time. The particle
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Fig. 4. Countur for the temperature at different fuel and geometries.

displacement velocity is essential in the simulation so that the expected
temperature can be appropriately achieved and complete combustion
can be achieved. The simulation results in this work show that the
average velocity of OPM fuel particles for geometry-1 is 23.142 m/s. The
average speed obtained from each fuel is PKS 22.226 m/s and EFB 20.55
m/s. The average particle displacement velocity at a time shown in
geometry-2 is the highest recorded from PKS fuel, reaching 20.375 m/s.
Meanwhile, the average speeds obtained from OPM and EFB fuel are
20.124 m/s and 19.057 m/s. The particle displacement velocity con-
tours obtained from the simulation results are shown in Fig. 5.

Air velocity in the combustion chamber is one of the most important
in combustion, directly or through simulation. The appropriate air ve-
locity in the combustion chamber will result in complete combustion.
Based on the results of the simulations carried out for each case, the air
velocity during the simulation with PKS fuel for geometry-1 is higher.
Hence, the resulting temperature is also higher. While the airspeed ob-
tained from PKS is slightly higher than EFB for geometry-1. However,
the temperature obtained from EFB is higher than PKS. This is due to the
delay in PKS burning, so the resulting temperature is lower. While the air
velocity recorded from PKS in geometry-2 is slightly higher, the delay in
combustion that occurs in PKS results in a lower temperature. This

simulation uses the same time and fuel weight for each fuel tested.
3.4. Countur of carbon monoxide

Fig. 6 shows a carbon monoxide (CO) contour display from the
simulation results for each variation and geometry. The highest CO
values recorded in geometry-1 for each fuel were 9.27% for PKS, 5.41%
for OPM, and 2.26% for EFB. The maximum CO values obtained from
the geometry-2 simulation results were PKS 5.79%, OPM 3.80%, and
EFB 1.92%. Modifying the plate modeled in geometry-2 can reduce the
CO compared to the simulation with geometry-1 without any plate
modification. The highest CO reduction was from the PKS fuel at 3.48%,
OPM 1.61%, and EFB 0.34%.

Based on the analysis results from the simulations carried out on
geometry-1 and geometry-2, EFB and OPM fuels produce lower CO than
PKS. In addition, modification of geometry-2 in the combustion chamber
can also reduce CO for all cases tested in this study. Thus, modifying the
plate modeled in the combustion chamber can give better results than
the standard plate.
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Fig. 5. Velocity at different fuel and geometries.

PKS

3.5. Countur of hydrogen

The analysis of the simulation results carried out at this stage was the
amount of carbon dioxide from the combustion of different fuels through
CFD modeling. The Hy0 contours for each fuel from geometries 1 and 2
are presented in Fig. 7. The simulation results for geometry-1 tested with
PKS fuel can produce a maximum H20 value of 0.022%. Meanwhile, the
maximum yields of HyO from OPM and EFB fuel during the simulation in
geometry-1 reached 0.017% and 0.017%, respectively. Furthermore,
simulations were carried out for geometry-2 by applying various mod-
ifications to the same fuel during the geometry-1 test.

Based on the results of simulations carried out with PKS fuel, 0.022%
H20 can be produced. The maximum values of HoO recorded during the
simulation using OPM and EFB were 0.041% and 0.032%, respectively.
Based on the results of the investigations, the OPM and EFB fuels showed
a slight increase when there was a plate modification contained in
geometry-2. However, the PKS fuel is slightly reduced when the perfo-
rated plate modification is applied in geometry-2 modeling.

3.6. Countur of oxygen

An analysis of the simulation results at this stage was carried out to

investigate the average value of O, from different fuels to the geometry
with and without modification. A high concentration of O indicates a
decrease in combustion temperature and vice versa. When the temper-
ature was increased, Oz decreased. The simulation results for geometry-
1 without modification of each fuel showed an average O, concentration
of PKS 0.163 (16%), OPM 0.179 (18%), and EFB 0.166 (17%). The
maximum O values obtained from the geometry-1 simulation for each
fuel are PKS 0.166 (17%), 0.179 (18%), and 0.166 (17%). The average
O, concentration level from the simulation results using PKS fuel was
slightly lower than those of OPM and EFB.

The simulation results performed on geometry-2 with the same fuel
as geometry-1 showed average O values of 0.178 (18%), 0.148 (15%),
and 0.143 (14%), respectively. As for the maximum O, values from the
results of the geometry-2 simulation, the PKS was 0.178 (18%), OPM
was 0.149 (15%), and EFB was 0.143 (14%). The simulation results for
geometry-2 show that the average O, value of the PKS fuel increased
slightly compared to the simulation results for geometry-1. However,
the temperature obtained from geometry-2 was higher, as shown by the
contour in Fig. 4. The OPM and EFB fuel from the geometry-2 simulation
decreased compared with the simulation in geometry-1. The Oy contour
display obtained from the simulation results for geometry-2 is shown in
Fig. 8.
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A comparison of boiler efficiency from the simulation results with
geometry-1 without modification and modified geometry-2 with PKS,
OPM, and EFB fuel in full is presented in Table 4. Geometric modeling
was performed with the same surface area and amount of fuel for each
type of fuel tested. Based on the simulation analysis results, the best
boiler efficiency was obtained from the OPM fuel of 34%. While the
highest calorific value was recorded for PKS fuel, the boiler efficiency
during the simulation with PKS fuel was lower than that of OPM and
EFB.

The radiation values obtained from the simulation results of the two
geometries with different fuels are listed in Table 5. The highest radia-
tion simulation results on geometry-1 were recorded for PKS fuel, which
reached 85.280 W/m? with heat loss during the simulation process of
approximately 2.17 W/m? However, when the simulation used
geometry-2 with modifications, it decreased compared to 1.70 W/m?
with a heat loss rate of approximately 1.95 W/m?. The EFB fuel tested by
simulation using geometry-2 showed a significant increase of 90.889 W/
m? with a heat loss rate of 1.91 W/m?. Meanwhile, the OPM fuel tested
in the geometry-2 simulation also experienced a slight decrease to
44.466 W/m? from 62.255 W/m? obtained from geometry-1. The
combustion temperature determines the increase in the radiation from
each fuel used. The higher the temperature and lower the heat loss, so
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tour 1
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Contour 1

i
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Fig. 6. CO at different fuel and geometries.

the more increase in radiation in the combustion chamber.

The CFD simulation carried out in this study validated data from
laboratory-scale experiments. The combustion chamber of the FBC
technology can only accommodate 3 kg of fuel, especially for OPM and
EFB. All values entered are constant, so results are more visible than
larger fuel inputs. Although the simulation in this work uses less fuel
input, the results are not much different from more fuel input. However,
the primary purpose of the simulation through modeling is to evaluate
the temperature level with plate modification in geometry. The simu-
lation results show the plate modification on the floor, where the fuel
can increase the temperature. These results are also the same as those of
the experiments conducted, where the plate modifications applied in the
FBC technology combustion chamber than increased the temperature
and radiation in the combustion chamber. Thus, future research,
particularly simulations, must consider the amount of fuel input to
obtain more optimal results.

The simulation data analysis results show that modifying the perfo-
rated plate modeled through geometry-2 can increase the temperature
by about 147 °C compared to the standard plate or geometry-2, espe-
cially for PKS fuel. Meanwhile, OPM and EFB fuel increased by 19 °C and
127 °C, respectively. In addition, the effect of modification of the
perforated plate (geometry-2) can also reduce CO2 0.019 P KS, 0.025



Erdiwansyah et al.

Results in Engineering 19 (2023) 101246

h20.Mass Fraction h20.Mass Fraction h20.Mass Fraction
Contour 1 Contour 1 tour 1
0.106 0.106 0.106
0.099 0.099 0.009
+0.092 0.092 0.092
r 0.085 . 0.085 0.085
;0078 1 0.078 0.078
0.071 0.071 0.071
0.064 0.064 0.084
0.057 0.057 0.057
0.050 0.050 0.050
0.043 0.043 0.043
0.035 0.035 0.035
0.028 0.028 0.028
0.021 0.021 0.021
0.014 0.01; 0.014
0.007 0.00 0.007
Geometr}" 1 0.000 0.000 0.000

v
V L=
]
L :
X

h20.Mass Fraction h20.Mass Fraction
o’ e e
0.106 0.106 0.106
0.099 0.099 0.099
0.092 0.092 0.092
0.085 0.085 0.085
0.078 0078 0.078
0071 0.071 0.071
0.064 0064 0.064
0.057 0.057 0.057
0.050 0.050 0.050
0.043 0.043 0.043
0.035 0.035 0.035
0.028 0.028 0.028
0.021 0.021 0.021
0014 0.014 8‘8:,;

0.007 g

Geometry-2 0.000 i 0.000
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OPM, and 0.014 EFB, respectively. Meanwhile, O3, H20, and speed in-
crease when the simulation changes the perforated plate (geometry-2)
compared to the standard plate (geometry-1). Comparison results of
standard plates (geometry-1) and modified plates (geometry-2) are
presented in Table 6.

The present study on the modification of a perforated plate in a
fluidized-bed combustor chamber through computational fluid dy-
namics simulation has several practical implications. Firstly, the study
can help in optimizing the performance of the fluidized-bed combustor
chamber. By simulating different modifications to the perforated plate,
the study can identify the design that provides the best fluidization and
mixing of the fuel and air, leading to efficient combustion and reduced
emissions. Secondly, the study can aid in reducing the environmental
impact of fluidized-bed combustion. By optimizing the combustion
process, the study can reduce the emissions of greenhouse gases and
other pollutants, improving air quality and reducing the carbon foot-
print of the process. Thirdly, the study can provide valuable insights into
the design and operation of fluidized-bed combustors. By using
computational fluid dynamics simulations, the study can help to un-
derstand the complex fluid dynamics and heat transfer phenomena that

OPM EFB

Fig. 7. H,0 at different fuel and geometries.

occur in the combustor, leading to better designs and more efficient
operation. Overall, the present study has practical implications for
improving the performance, reducing the environmental impact, and
advancing the design and operation of fluidized-bed combustors.

The simulation results can provide detailed information on various
important aspects of the combustion process, including fluid flow
characteristics, temperature distribution, gas composition, and chemical
reaction rates. Following are some detailed interpretations that can be
obtained from the CFD simulation results for solid fuel combustion:

1. Fluid Flow Characteristics: CFD simulation allows us to see the fluid
flow patterns around solid fuels during combustion. This can assist in
understanding air and fuel distribution, zones of turbulence, and any
disturbances or changes in flow that may affect combustion
efficiency.

2. Temperature Distribution: In the combustion process, temperature is
an important parameter that affects the chemical reaction rate and
combustion efficiency. CFD simulation can provide a detailed picture
of the temperature distribution around solid fuels. This information
is invaluable in understanding hot or cold zones, optimal burning
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Fig. 8. O, at different geometries and variations.

Table 4
Comparison of boiler efficiency of different fuels.

Geometry Fuel Type Outlet surface area (m?) Heat flux (W/m?) Calorific value (J/kg) Mass flow rate (kg/s) Total of fuel (kg/s) Efficiency boiler (%)
1 PKS 2.65 2.88 2.01 7.72 8.33 30
OPM 2.65 1.66 1.57 7.78 8.33 34
EFB 2.65 1.96 1.87 7.75 8.33 33
2 PKS 2.65 1.03 2.01 3.16 8.33 16
OPM 2.65 1.25 1.57 7.32 8.33 25
EFB 2.65 1.30 1.87 7.32 8.33 22
bl This is closely related to the availability of oxygen and the chemical
Table 5

Comparison of radiation and Heat loss with three different variations.

Geometry Fuel Type Max radiation (W/m?) Heat Loss (W)
1 PKS 85.280 2.17

OPM 62.255 1.75

EFB 1.42 2.08
2 PKS 1.70 1.95

OPM 44.466 1.64

EFB 90.889 1.91

3.

areas, and the risk of unwanted conditions such as hotspots or
incomplete combustion.

Gas Composition: Apart from temperature, CFD simulation can also
provide insight into the gas composition within the combustion zone.

10

5.

changes that occur during the combustion of solid fuels. By under-
standing the gas composition distribution, we can analyze the effi-
cient combustion rate, the presence of unwanted by-products, and
the relevant emission parameters.

. Chemical Reaction Rates: CFD Simulation allows us to model and

predict the rates of chemical reactions that occur during the com-
bustion of solid fuels. This information can assist in optimizing the
combustion system design, including fuel selection, air-fuel mixture
ratio, and airflow control, to achieve high combustion efficiency and
reduce pollutant emissions.

Combustion Efficiency and Emissions: CFD simulation results can
provide an in-depth understanding of the combustion efficiency of
solid fuels, including complete or incomplete combustion. In
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Table 6
Comparison results between standard plates and plate modifications.
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Geometry Mass Fraction CO% Mass Fraction CO2% Mass Fraction 0>% Mass Fraction H,0% Temperature °C Velocity [m/s]
1 9.27 0.053 0.163 0.021 562 22.226

5.41 0.051 0.179 0.017 2012 23.142

2.26 0.048 0.166 0.018 1858 20.55
2 5.79 0.034 0.185 0.022 709 24.756

3.80 0.026 0.200 0.041 2031 26.864

1.92 0.034 0.186 0.032 1985 23.343

addition, this simulation can also reveal estimates of pollutant
emissions such as particulate matter, exhaust gases, and other toxic
compounds. This information is invaluable in developing strategies
for reducing emissions and increasing the efficiency of combustion
processes.

4. Conclusions and prospects

The simulation through CFD modeling tested in this study was car-
ried out on two geometries with three different fuel type variations.
Based on the results of the simulation that has been carried out, several
conclusions can be drawn as follows:

1. Geometry modeling by modifying the fuel floor can increase the
temperature compared to that before the modification.

2. The best efficiency was obtained from geometry-1 for the OPM fuel
at 34%, and the lowest efficiency of 16% was recorded for the PKS
fuel for geometry-2.

3. The highest radiation was recorded from the simulation results with
geometry-2 for EFB fuel at 90.889 W/m? with an energy loss rate of
1.91 W/m2 Meanwhile, the highest radiation generated from the
geometry-1 simulation was 85.280 W/m? with a level heat loss of
approximately 2.17 W/m?2.

This simulation test was carried out to investigate the temperature,
radiation, and heat loss profiles of three types of solid fuel with different
geometries. This simulation was carried out to validate the experimental
results, but the simulation results through the steady state did not show
optimal results. Thus, to validate the results of further experiments can
be done with transient simulations. This is because during the experi-
ment, it is dynamic (using time), so it is more suitable for simulation
with transients.

4.1. Prospects

Investigations through CFD simulations carried out in this study only
arrived at validating the combustion properties of the three fuel types
used during the experiment. Simulation in this work to see the tem-
perature, air speed, air density, radiation, and fuel combustion speed
PKS, OPM, and EFB. Meanwhile, for the analysis and validation of the
data as a whole, it is still working on further analysis. In addition, the
analysis and prediction of the energy produced from each fuel for each
case is also in the process of future work.

The use of computational fluid dynamics (CFD) simulations to study
the performance of fluidized-bed combustors is a growing area of
research in the field of energy engineering. Perforated plates are
commonly used in fluidized-bed combustors to distribute air evenly and
maintain a stable combustion process. CFD simulations can be used to
study the effects of different modifications to the perforated plate
design, such as changes in the hole diameter, spacing, and pattern. By
analyzing the fluid dynamics within the combustor chamber, CFD sim-
ulations can predict the impact of these modifications on combustion
efficiency, emissions, and other performance parameters.

In the future, there are several prospects for the use of CFD simula-
tions to optimize the design of perforated plates in fluidized-bed
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combustors. For example, CFD simulations can be used to study the ef-
fects of different operating conditions, such as fuel properties, temper-
ature, and pressure, on the performance of the combustor. Furthermore,
advances in CFD software and computing technology will allow for more
detailed and accurate simulations of fluidized-bed combustors. This will
enable researchers to study the behaviors of combustion processes at a
finer scale, leading to more precise predictions of the effects of different
modifications to the perforated plate design. Overall, the prospects for
the use of CFD simulations to optimize the design of perforated plates in
fluidized-bed combustors are promising and will continue to be an
important area of research in the field of energy engineering.
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Nomenclature

CFD Computational fluid dynamics

PKS Palm kernel shell
OPM Oil palm midrib
EFB Empty fruit bunches
FBC Fluidized-bed combustor
CO5 Carbon dioxide

co Carbon monoxide
H,0 Hydrogen

O Oxygen

°c Degree celcius
W/m?  Watt meter kuadrat
W Watt

m/s Meter per second
J/kg Joule per kilo gram
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Kg/s Kilo gram per second
C Carbon
H Hydrogen
(6] Oxygen
N Nitrogen
S Sulfur
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