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Abstract

A computational simulation was created to investigate pollutants
during coal combustion in a Drop Tube Furnace using Kalimantan
coal. Previous research has explored Drop Tube Furnace
combustion with Kalimantan coal, but lacked an understanding of
combustion phenomena and pollutants, which are challenging to
observe experimentally. This study utilized three samples of
Kalimantan coal, namely RP, MB, and KC, acquired from various
mining sources. This research is new study of simulation
combustion coal in Drop Tube Furnace using non-premixed
turbulent combustion and the Probability Density Function model
with structured grid. The study reports on the temperatures and
mass fractions of pollutants, including NOx, SO, and CO,, along
the centerline of the domain. The findings show that RP coal
produced the highest combustion temperature, while KC coal
produced the lowest. MB coal had the highest CO2 mass fraction,
KC coal had the highest NOy value, and RP coal had the highest
SO, value.

Keywords: Turbulent, Non-premixed, PDF, pollutant, Kalimantan
Coals.

1 Introduction

Climate change and the depletion of the ozone layer have
become worldwide concerns due to pollution [1]. Heavy metal
emissions during combustion are linked to human diseases,
environmental damage, and pollutants like COy, SOy, and NOx.
The combustion process involves the reaction of nitrogen in the air
with fossil fuels and oxygen, forming NOx [2], [3]. The NOx then
reacts with ammonia and water vapor to form nitric acid and fine
particles [4], [5]. Fossil fuels, primarily coal, are the primary
source of electricity generation and contribute to CO, emissions
[6]. One of the biggest coal producers in Indonesia, with
approximately 900 million tons of coal reserves in Kalimantan,

Indonesia needs 188.9 million tons of coal for power plants and
industry in 2022 [7].

The Pulverized Coal boiler is widespread in Indonesia,
whereby coal is crushed and dispersed into the combustion
chamber. Generating energy through the compounding of
pulverized coal is a prevalent method [8]. According to a study
using Fluent, the Probability Density Function (PDF) was used to
simulate coal pulverized combustion., which is more effective
since fewer species transport equations must be solved [9]. The
investigation also looked at how the distribution of gas and
particles affected the radiant heat transmission in an axisymmetric
pulverized coal combustion [10]. Another 2D model study was
conducted to elucidate the impact of steam injection in reducing
NOy, CO, and C pollutants in pulverized coal burners [11]. In a
two-dimensional chamber, pulverized coal was burnt under
different conditions, specifically focusing on investigating the
effects of injecting different gases, which aid in reducing
pollutants. The researchers analyzed how these gases affected
various parameters, such as temperature, velocity, and NOy, at
varying gas concentrations [12]. A model was created to
investigate how NOy is reduced while burning pulverized coal.
The coal combustion was simulated using the SIMPLE method,
and the interaction between turbulence and chemistry was
simulated using the Probability Density Function (PDF) model
[12].

Investigating the combustion of pulverized coal in cement
plants involved numerical computations using Fluent. Applying
the energy equation to estimate the internal flow field of
temperature and the amounts of volatile chemicals and pollutants,
which included both the traditional model (P1) and the non-
premixed combustion model [13]. Investigation Two-dimensional
combustion on blast furnace using Non-premixed coal particles
are injected as a high-velocity stream, while air is supplied from
the top and bottom inlets. Due to the symmetric geometry, only
half of the domain was considered using Fluent [14]. The study of
tangentially-fired pulverized coal boilers with PDF model and
non-premix combustion depicts the condition of pulverized coal
combustion, such as flame properties, coal burning patterns, and
the release of NOy pollutants [15]. Two-dimensional modelling
pulverized combustion with three coal studied using steady-state
turbulent non-premixed combustion. The impact of these different
factors has been discussed upon peak temperature inside the
furnace, heat transfer to/from the system to surroundings, and
emission of gases using Fluent [16].

The combustion characteristics of coal were studied using a
DTF, which aimed to replicate the conditions of coal-fired power
plant boilers operating in supercritical or subcritical modes. The
DTF experiment settings were determined by taking different
operational factors into account. The DTF was operated at 1200
°C to describe a typical coal-fired power plant [17]-[20]. SEM-
EDS and XRD analyses on Kalimantan coal support the result of
the experiment on DTF [21].

Previous studies described burning coal using CFD, but each
coal from each region has different characteristics and types of
furnaces. This study conducted a 2D simulation of coal
combustion from Kalimantan using three coal samples, including
coal from South Kalimantan RP and coals from East Kalimantan
KC and MB. The Probability Density Function (PDF) was
employed to examine the combustion of pulverized coal under
high temperatures. The geometry of the furnace and parameters
were based on the Drop Tube Furnace (DTF) [21] as the CFD
domain and boundary conditions. Fluent software was used to
explain the phenomenon of combustion in the furnace and to
compare the three samples of Kalimantan coal to identify the
combustion characteristics and pollutants.
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2 Research Methods

2.1 Mathematical models

Coal particles are dropped on the DTF header, and particles are
assumed to be spherical and have a uniform diameter. The
governing equations are Eq. 1-14 [9,22,23]:

- Continuity equation:
i)
a—‘: +V.(pu)=0 @)

- Momentum equation:
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- In this study, turbulent effects were considered by utilizing
the ke-¢ turbulent model [24]. The equation used to transport

turbulent Kinetic energy (K) is as follows:
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- The model used for spectral intensity in radiation is the
Discrete Ordinates (DO) model [25].
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- Discrete Phase Model:
d'b" = (8)
mPE ZF
F is an external force. In this case, when dealing with small
particles that have a high-density ratio, the dominant forces
that affect the particle are drag and buoyancy forces. This
leads to a specific equation of motion [26].

di
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- Inthis equation, Rep is the particle Reynolds number, which
is given as [27]:

Re, = (Pdplip - ﬁ|) (10)

- Asafunction of particle Reynolds number is defined of drag
coefficient (Cp), [28,29]:

24
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- Coal devolatilization [20]:
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- The Mixture Fraction and PDF [9], [30]:
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Fig. 1. (a) DTF schematic diagram DTF [21] and (b) CFD domain

Table 1. Kalimantan coals characteristics [21]

Proximate analysis RP KC MB
Volatile Matter 43.28 39.7 40.04
Fixed carbon 38.16 44.08 4447
Ash 6.78 6.88 3.2
Moisture 11.78 9.34 12.29
Ultimate Analysis
C 59.48 66.24  59.64
H 4.08 4.43 4.42
0] 28.72 2048 3159
N 0.75 1.37 1.03
S 0.19 0.6 0.12
Air
N2 79 79 79
02 21 21 21

Three coal samples from Kalimantan are analyzed proximally
and ultimately in Table 1. Three main pathways can result in the
formation of NOx during coal burning. The first is atmospheric
nitrogen oxidation by the thermal NO process, followed by the
Prompt NO mechanism, and the oxidation of nitrogen-containing
fuels, including organic components, via the fuel-bound NO
mechanism [31].

2.2 Numerical procedure

The DTF examines coal combustion properties with an
alumina ceramic tube, 1200 mm in height and 35 mm in radius. 1
kWh electric heater with three zones can attain 1200 C heat in the
furnace, and this setting was chosen to simulate a real-world
pulverized coal boiler [21]. In the following phase of this research,
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the finite volume method with the residual weighting approach
will be utilized to solve partial differential equations that regulate
multispecies flows through FLUENT Software simulation.

The non-premix combustion model in Fluent has a coal
calculator feature, which requires inputting the proximate and
ultimate analysis data from Table 1. This model utilizes the
Probability Density Function (PDF) to present the combustion
products, namely CO, and SO- pollutants, as seen in this study.
Additionally, the extended Zeldovich mechanism, a collection of
temperature-dependent chemical events that control the synthesis
of thermal NOx from molecular nitrogen, may be used in Fluent to
search for NOx. This mechanism is a series of immediate
reactions responsible for generating thermal NOx. [32].

0+ N, &N+NO
N+ 0, ©0+NO

At conditions close to stoichiometry and in mixtures rich in
fuel, it has been observed that a third reaction plays a role in
generating thermal NOx:

N+ OH < H+ N0

A control volume is used, where each node corresponds to the
computational domain so that the partial differential equations are
integrated into each limited volume [33]. The QUICK is used for
all convective terms, whereas the SIMPLE approach is applied to
pressure/velocity terms [34]. The Probability Density Function
(PDF) simulates the chemistry-turbulence interaction in a single
transport equation. Additionally, a Discrete Phase Model (DPM)
tracks the movement of 0.075-micron coal particles and analyzes
their trajectory. Non-adiabatic heat transmission occurs when coal
is burned to the mixture on the combustion chamber walls. The
combustion chamber wall has a constant temperature of 1200°C,
and an Air Fuel ratio of 1:7 is maintained. As a result, the
isothermal boundary condition for the combustion chamber wall is
established. To simplify the model, only half of the feeder and
furnace chambers are simulated due to their symmetry, and the
axes of symmetry are applied to the center line for the domain
details shown in Fig. 1.
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Fig. 2. Structured Grid
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3. Results and Discussion.

A computational technique examines pollutants generated
from pulverized coal combustion in a Drop Tube Furnace (DTF).
Fig. 2 shows a structured grid in this study. The computational
region is divided into sections using a structured grid. Five
different grid distributions (Grid 1: 5036 nodes & 4900 elements,
Grid 2: 102051 nodes & 100000 elements, Grid 3: 150772 nodes
& 148230 elements, Grid 4: 200078 nodes & 197190 elements,
Grid 5: 257823 nodes & 254560 elements) are tested to confirm
that the computed outcomes are not influenced by the grid design.
The results of the mass fraction of CO2 along the combustion
chamber axis for the various grids are depicted in Fig. 3. The
findings presented in the Fig. are used to conclude, Grid 3: 150772
nodes & 148230 elements were selected for all modeling cases.
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Fig. 3. Grid independence tests of mass fraction of CO2 in various
grid.

The simulation results comparing combustion coal originating
from Kalimantan demonstrate significant differences. Fig. 4
illustrates the variation in combustion temperature at the centerline
DTF for simulation results with RP, KC, and MB. According to
the simulation findings, the MB coal has the most consistent
combustion temperature, maintaining a temperature of 900°C from
a height of 200 mm to 1200 mm. RP coal shows the highest
combustion temperature but fluctuates throughout the furnace. On
the other hand, KC coal displays the lowest combustion
temperature for a height of 400 mm to 1200 mm, with a
temperature of 600°C. However, the temperature rises from 400
mm to the bottom, from 600°C to 1200°C.
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Fig. 4. Contour and Graph of comparison Temperature

Fig. 5 displays the contour and graph of the NOx pollutant in
the centerline furnace. Once the fuel is introduced to the DTF
(Drop tube furnace), it undergoes rapid combustion, resulting in a
temporary elevation of the NOx mass fraction. Subsequently, the
mass fraction of NOx stabilizes and remains constant. The results
of the combustion simulation reveal no significant differences in
NOx levels between RP, KC, and MB coal at 0.15 mass fraction.
The highest level of NOX is observed when coal is added to meet
hot air, followed by a gradual decrease until it remains constant at
the height of 1300 mm. Fig. 5 shows that KC coal has the highest
NOx pollutant level with 0.156 mass fraction NOx, while RP coal
has the lowest with 0.14 mass fraction NOX.
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Fig. 5. Contour and Graph of comparison NOX
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Fig. 6 illustrates the variations in CO; levels represented by the
contours and graphs along the centerline. Among the three types
of coal, MB coal shows the highest CO, mass fraction, reaching
0.26 at some points. Conversely, KC coal exhibits the lowest CO,
mass fraction, with values of 0.22 maintained from the height of
400 mm to 1200 mm but dropping to 0.18 from 400 mm to the
bottom of the furnace. RP coal, on the other hand, maintains a
relatively constant CO, mass fraction of 0.24 from 1000 mm to the
bottom of the furnace.

Fig. 7 illustrates the contour and graph of SO», with the highest
SO, mass fraction found in RP coal at 0.00022. In KC coal, there
is a significant increase at the beginning of coal entry, which then
decreases and remains constant. KC coal has the lowest SO, levels
in this combustion simulation. The combustion simulation results
for MB coal did not change significantly, with only 0.00005 mass
fraction of SO..

contour-1
gt ivimss fraction of so2 eonsgr-1
Mass fraction of soZ Mlass Enction of s02
7 55e-04
3.55e-04 2 54e-04
6.79e-04
3.19e-04 228e-04
2008 6.04e-04
e 2.03e-04
528e-04
2.4%e-04 1.78e-04
4.53e-04
2.13e-04 1.52e-04
377e-04
1.78e-04 1.27e-04
302e-04
14 4 1.02e-04
30 2 26e-04
1.07e-04 7.61e-05
151e-04
7 - 5.08e-05
19e-05 7 550-05
¥ d-
3 66e-05 0.008+00 254e-05
1.21e-06 0.008+00
1.40e+03
s
1.20e+03
1.00e+03
E 8.00e+02
=
£
o0 6.00e+02
T
T
400e+02
® RP
2008402 e MB
KC
0.00e+00
0 0.0001 0.0002 00003 0.0004 0.0005 0.0006 0.0007 0.0008
Mass fraction of SO2

Fig. 7. Contour and Graph of comparison SO,

3 Conclusions

The drop tube furnace (DTF) coal combustion simulation for
evaluating the temperature and pollutants using a Non-premix
combustion model and Probability Density Function (PDF) has
been developed. Simulations of pulverized coal combustion have
been carried out to measure and compare temperature, NOx, SO2,
and CO2. Further studies are needed to axisymmetric assumptions
and reduce pollutants by co-firing or oxy-fuel combustion.

Abbreviation:

DTF  : Drop tube furnace

PDF  : Probability Density Function
CFD  : Computational fluid dynamics

RP : Coal from South Kalimantan
KC : Coal from East Kalimantan
MB : Coal from East Kalimantan
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