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Y nonepeonvomy oocaidxncenni 6yno pospoéneno CFD-mooe-
JH0BAHHA O/ NPOZHO3YEAHHA XAPAKMEPUCTUK 20PIHHA 6 KOMJL 3
KUNJASAMUM Wapom ma nunosyzinvHomy xomai. Bucoxuii nonum na
BY2INA, WO GUKOPUCMOBYEMBCA OJISL KOMJILIE 3 MEXAHIMHOIO MONKOI0
Ha enexmpocmanuiax Inoonesii, cmeoptoe mpyonouii uepe3 Hu3vLKYy
mennogy eexmuenicmo. B oanomy oocaidxcenni posensoaemvcs
CFD-mo0emosanns 0t npoeHO3Yyeanns po3nooiiy memnepamypu,
menaomu peaxuii, macoeoi wacmxu CO i COy 6 Komni 3 Mexaniu-
Hoto monkotro. Teomempia xomaa modearoemvcs y 6u2asdi xamepu
320pannn do obnacmi neped nidiepieauem. Ipanuuni ymoeu zaoa-
10MbCsL 6i0N06I0HO 00 Kepyrouux pieHAHb 6 NpozpamHomy 3abdesne-
yenni ANSYS Fluent. JIns usuenns 6nauey cnocmepexncy8anux 3na-
YeHb BUHAUAIOMBCA NAPAMEMPU BY2IILL, MAKL AK POIMIP HACMUHOK
ma enacmueocmi eyeinns. 3aoaromocs womupu mooeni 0as 3a0es-
nevenns KomOHauii po3mMipie HACMUHOK 1 6lACMUBOCMEN 8Y2is.
Pospobaeno cmpameziio eupiuenns 3a80aHH 3HUNCCHHA HeCMAOilb-
Hocmi npouecy moodenroeanns. Moodenoeanns cnamo8anns 6yeiu-
A 6KJII0OUAE KiabKa Di3uMHUX Npouecis, ki Mo}Cymo npueecmu 00
npodeMu uucenbHoi cMmadinbHOCMI, KOAU 6CL NPOUECU BUKOHYIOMb-
cs 00nouacho. /s sanycky piwenns mooesi oyau suxopucmani mpu
emanu. Dopmyemovcs epadix po3nodiny memnepamypu, meniomu
peaxuii, macosoi uacmku CO3; ma CO. Maxcumanvna memnepamypa
¢ 1-4-i modeni cmanosumv 1440,95, 1473,85, 1347,72 i 1617,17 [K].
Kinvkicmv CO, eupob.ienozo 3 xoxctoi mooei, Mac menoenuiro 00
30ivwmenns; 6ionoeiono 6id 1-i do 4-i moodeni — 2.314E-07, 5.878E-
07, 5.678E-07 i 7.904E-07. Ha niocmasi pe3yrvmamis mo0eno8amn-
HsL 6UOHO, WO POIMIP UACMOK BY2ZLILIA 6NAUBAE HA XAPAKMEPUCMUKU
20pIHHSA 8 8Y2INILHOMY KOMJIL 3 MEXAHIUHOIO MONKOIO
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1. Introduction

Stoker-fired boilers had been used for the combustion
of coal in the power plant although low thermal efficiency.
Higher domestic demand for coal in Indonesia for power
generation occurs due to adopted coal as it is inexpensive
and readily available [1]. The influence of characteristic
zones temperature of coal combustion in a stoker-fired
boiler was investigated during the process of drying, de-
gassing, and burn-out on changes in physical and chemical
parameters of bituminous coal and slags [2]. In the recent
years, computer simulation based on Computational Fluid
Dynamics (CFD) had been developed rapidly to provide a
reasonable prediction of coal combustion in fluidized bed
boilers [3]. The temperature distribution and particle resi-
dence time calculated incorporated with operating condi-
tions and coal properties were used for the predictions. The
factors affecting Unburn Carbon (UC) levels in ash fall
within two major groups, the effect of coal characteristics
and the effect of combustion system design and operating
conditions [4]. One of the most significant coal character-
istics affecting UC content in coal combustion ashes is the
particle-size effect [5]. Based on global commitment to a
Climate Change Program on the Kyoto Agreement of 1997,
it agreed to take actions to reduce the emission of harmful
gases to the atmosphere and make quantifiable annual re-

ductions in fuel used. One of the objectives of boiler perfor-
mance optimization is using the same fuels more efficiently.
Several parameters on the boiler performance problems in
operating conditions can be predicted more easy and faster
than experiment setting and measurement. By using CFD
results, preliminary data can be used to obtain optimum
conditions on the boiler operation. In this study, CFD anal-
ysis for stoker fired boiler on the effect of particle size and
properties of coal is investigated.

2. Literature review and problem statement

In a steam power plant system, the boiler function is to
produce high-pressure and high-temperature steam. The
vapor is expanded inside the turbine to produce mechanical
energy as the turbine shaft rotation and then it is used to
rotate the generator to produce electricity. The heat energy
on the conversion of liquid phase into steam is produced
from the combustion process. Gas, liquid, or solid can be
used as boiler fuel. Coal is one of solid fuels that is widely
used as a source of energy in the boiler. Based on the com-
bustion method, boiler with coal fuel can be divided into
the pulverized boiler, fluidized bed boiler and stoker boiler.
Fig. 1 shows the different methods of combustion on the
three types of boilers.
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Fig. 1. Boiler Combustion system schematic: @ — Pulverized
boiler; b — Fluidized bed boiler; ¢ — Stoker boiler [6]

In pulverized boilers, the coal with very fine granules,
about 30—40 pm, is injected with the air by using a burner.
Coarse grains flow with the air and then burn. The combus-
tion efficiency is very high with a small amount of excess
air due to the size of the coal grain is very smooth. Coal
grains will be suspended in the hot air flow and the com-
bustion process occurs. The fluidized bed boiler uses coal
with larger granules, up to 10 mm. The combustion airflow
is lower than the pulverized boiler. Under these conditions,
coal grains will be suspended in the flow of hot air and the
combustion process occurs. The stoeker boiler uses a larger
grain size of coal, up to 30 mm. The combustion airflow
is the lowest compared to the previous two combustion
methods. Thus, coal burns under static condition; it is not
carried by airflow. Coal is placed and burned on the con-
veyor. The advantage of the stoker boiler combustion is the
coal with a large size used, but it requires more excess air
and lower burning efficiency.

Indonesia is one of the world’s largest producers and ex-
porters of coal. In the January-August 2017 data, 194.215-ton
coal was produced in Indonesia [7] and more than 160 billion
as mine reserves has been estimated to last around 83 years.
The three largest regions of Indonesian coal resources are
South Sumatra, South Kalimantan and East Kalimantan.
Around 60 % of Indonesia’s total coal consists of the lower
quality coal and this coal is affordable for Stoker fired boiler
energy input. The stoker fired boiler for a power plant under
10 MW is appropriate in the small island and also use in
the sugar companies in Indonesia. In the recent years, CFD
analysis had been developed to analyze the pulverized and
fluidized bed boiler. The accumulation of fine coal particles in
beneficiation due to poor screening efficiency and attrition of
coal samples was investigated in a coal beneficiation fluidized
bed [8]. Study of fine coal accumulation in a CBFB by exper-
imental approach denotes that a proper addition of fine coal

particles (in size of 0.45—0.9 mm) in the medium can reduce
the bed density effectively [9]. Effect of two types of coal with
different characteristics was compared on the degree of foul-
ing in a hot water stoker-fired boiler after it has been fired for
an extended period of time [10]. In the previous study of CFD
analysis for stoker fired boiler more realistic baseline coal
combustion was developed with the heat exchanger models
[11]. In the study of numerical modeling techniques, it pro-
vides more calculation time and computationally expensive.
For this reason, CFD modeling with visualizations and quick
predictions become an important work to evaluate different
fuel options and its characteristic.

A one-dimensional transient model for a fixed bed was
developed to perform computer simulations of straw com-
bustion [12]. The solid phase and gas phase reactions were
coupled into a four-step process: evaporation of moisture,
volatile release/char formation, burning of the volatiles, and
the oxidation of the char particles. Verification was done
and the computer models were similar trend with the exper-
imental data. The two-dimensional model was developed by
several researchers [13-15].

In the other study on the combustion experiments, the
increasing particle size produces the whole burning profile
shifted to higher temperatures, and characteristic tem-
peratures are increasing [16]. This confirms that there is
a connection between mass transfer effects, and different
physical properties of coal particles and the resulting chars
due to different particle size. On the other hand, properties
of coal as fuel input in the Stoker Boiler in Indonesia tend
to vary each time of delivery. Based on these conditions,
CFD analysis for stoker fired boiler is developed especially
effect of particle size and properties of coal. The study was
conducted to address the challenges of operating a power
plant with a low-efficiency on Stoker Boiler technology.
By using this result, it can be used to predict boiler perfor-
mance problems in operating conditions. In the other view,
the strategies of modeling are required to develop due to
the complexitas problem effect on the 3D model to slow and
expensive computation solving time. In this study, CFD
modetling strategies are provided and used for simulation
and quick predictions to evaluate the effect of particle size
and properties of coal.

3. The aim and objectives of the study

The study was conducted to address the challenges of op-
erating a power plant with a low-efficiency on Stoker Boiler
technology. CFD (Computational Fluid Dynamic) can be
used to predict boiler performance problems in operating
conditions.

To achieve this aim, the following tasks were set:

— to provide CFD simulation on stoker fired boiler come
bustion;

— to plot temperature distribution, heat of reaction, CO,
and CO mass fraction;

— to find the effect of particle size and properties of coal
on boiler combustion observed.

4. Materials and methods of research

CFD modeling is generated by using the commercial
CFD platform ANSYS-Fluent. Particle size is varying in the



max diameter and coal properties are set for two conditions
of LHV. Table 1 shows the parameter design used.

Table 1

Coal particle size and LHV coal variable

No Coal LHV Coal particle size
Model 1 4,397 0.02 m
Model 2 4,397 0.04 m
Model 3 3,900 0.02 m
Model 4 3,900 0.04 m

Fig. 2 shows the schematic of Stoker coal-fired boiler.
The coal burners are assumed to inject the coal from bottom
direction. The coal properties are listed in Table 2. The coal
size distribution can be shown in Fig. 3 according to the data
sampled at the power plant.

Superheater
A/A/

Raiser

Outlet

Secondary Air Inlet

Chain Gate
Primary Air Inlet

Fig. 2. The Stoker-coal fired boiler schematic as set in the
CFD model

Table 2

Coal properties

3. Results of the research of particle size effect on stoker
coal-fired boilers combustion

Proximate analysis (As-Received)
Volatile Matter 34.38 %
Fixed Carbon 29.67 %
Ash Content 3.08 %
Total Moisture 32.87 %
Data Ultimate (Dry Ash Free)

Carbon 71.20 %
Hydrogen 5.81%
Nitrogen 3.89 %

Oxygen 19.08 %

R o T —
Fig. 3. Size distribution of coal data sampled in
the power plant

Based on the temperature distribution results in Fig. 4, it
can be shown that all models have similar trend distributions
which difference value of temperature. In the 2—4 meters
around chain gate to the vertical direction, model No. 4 with
HHYV 4937 and coal particle size 0.04 m produce the highest
temperature (Fig. 5) with dominant red colour. The lowest
temperature occurs on the model No. 1 with 3,900 HHV and
coal particle size 0.02.
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—1,4001

0 2 4 & 8 10 12
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— 0,02 m & 3900 — 0,04 m & 3900 — 0,02 m & 4397

— 0,04 m & 4397

Fig. 4. Temperature distribution of coal particle size and HHV
variation

The maximum temperature in the 1% to 4" models is
1440.95, 1473.85, 1347.72 and 1617.17 [K]. Fig. 6 shows the
heat of reaction distribution which is the heat generated by
complete combustion with a stoichiometric mixture. The
model No. 4 shows a heat zone in the upper left area inside
the furnace that allows a thermal load to cause damage in
this boiler location. Several studies provide the similar con-
dition with these results, compared with HHV values, coal
particle size has a more significant effect on the temperature
distribution and heat of reaction characteristics.
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Fig. 5. Temperature distribution of coal particle size and HHV
variations: @ — 0.2 mm & 3,900; 56— 0.4 mm & 3,900;
c—0.2mm & 4,397; d— 0.4 mm & 4,397
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Fig. 6. Heat of reaction distribution for variation of coal
particle size and HHV variations: a — 0.2 mm & 3,900;
b—0.4mm & 3,900; ¢ — 0.2 mm & 4,397;

d— 0.4 mm & 4,397
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6. Discussion of the results of research

In this study, discrete particle model (DPM) was used
to model the coal feeding to the combustion chamber [17].
Lagrangian particle in the Eulerian zone is used as a model
which coal is injected in terms of parcels. A parcel provides
representative classes of identical, non-interacting droplets.
The calculation time can be decreased significantly. Coal
calculator in ANSYS Fluent can be used to estimate the coal
composition and reaction coefficients in the simulation. For
this process, the data of proximate and ultimate analysis are
required. Two Reaction mechanisms were chosen to provide
a plot of combustion mechanisms in the early stages of pro-
ducing CO and the next stage of producing CO,.

The momentum and mass transfer were solved assuming
a compressible gas mixture. An Equation-Of-State (EOS)
is required to couple density, pressure and temperature, and
in this study the Ideal Gas Equation was selected. For the
pressure-velocity coupling, a modified Pressure Implicit
with Splitting of Operators (PISO) algorithm was selected.
Although more iterations might be required, the PISO algo-
rithm usually shows better performance than other methods
for transient simulation. The standard k-e model (RANS
turbulence model) was selected for describing the developed
turbulence zone. The model only solves the turbulence scale
up to the integral length scale. However, the model was
favored due to its simplicity and lower calculation time re-
quirements compared to the Reynolds Stress Model (RSM)
or Large Eddy Simulation (LES) models.

The influence of turbulence on the combustion is ac-
counted for through the enhanced mixing process. A RANS
turbulence model enhances mixing by introducing a tur-
bulent viscosity. The addition of a turbulent viscosity also
eliminates smaller scales within the CFD simulation. Al-
though the turbulent viscosity eliminates smaller scales, it is
common for RANS engine combustion simulations to be un-
der-resolved. The lack of sufficient mesh resolution to resolve
the remaining scales in a RANS combustion simulation may

result in a significant sub-grid term that needs to be mod-
eled. In the context of combustion simulation, it is shown
that frequently this sub-grid term is significantly more im-
portant than Turbulent Chemistry Interaction terms (TCI).
In this simulation, the TCI is not included.

The flow close to the wall is dominated by viscous effects
(low Reynolds number) and thus the mean flow velocity
depends on the distance from the wall, and gas properties.
It may not be possible to resolve this viscous sublayer zone
because it requires a very small mesh. To remedy the un-
der-resolved flow, a law of the wall boundary condition was
applied. The law bridges the viscous sublayer between the
wall and the fully turbulent region. To calculate the spray in
a simulation, drop parcels were introduced into the domain
at the injector location at a given rate. Parcels represent a
group of identical drops (i. e., same radius, velocity, temperaa
ture, etc.) and are used to statistically represent the entire
spray field. By using the concept of drop parcels, the com-
putational time of a simulation involving sprays is reduced
significantly.

A two-steps reaction was used to model the coal com-
bustion. To account for the radiation, the discrete ordinates
(DO) model was selected. The DO model spans the entire
range of optical thicknesses, and allows solving problems
ranging from surface-to-surface radiation to participating
radiation in combustion problems.

The solution strategy is developed to reduce instabil-
ity of the simulation process. Coal combustion modeling
includes several physical processes that could result in nu-
merical stability issue when all processes are solved at once.
To guarantee a stable numerical solution, a step-by-step
solution process was applied. Initially the combustion and
radiation models were turned off and a cold flow simulation
was conducted. The convergent result was obtained after
running the model for tens of iterations. Then the combus-
tion model was turned on and the model was further run for
several iterations to get a convergent result. To maintain sta-
ble result, the under-relaxation factor for energy was reduced
initially and then increased gradually with the flow time.
After the convergent solution was reached, the combustion
result was obtained along with a convergent flow field result.
Finally, the radiation was turned on and a complete coal
combustion result was obtained after running the model for
several iterations.

Based on CFD results, Fig. 7 and 8 show CO, and CO
mass fraction in the near boiler outlet. From this result,
the combustion process produces CO and CO4 gas with in-
creasing CO, will be accompanied by decreasing CO. It can
be shown that the CO burnout into CO, is not complete.
This phenomenon can be used as a predictor of effectivity
combustion efficiency. The amount of CO produced from each
model tends to increase, respectively from model 1 to model 4
is 2.314E-07, 5.878E-07, 5.678E-07 and 7.904E-07. It indi-
cates that combustion process higher on the large oh LHV
and smaller coal particle size. These data are connected with
the plot of temperature distribution on each model. In the
different HHV conditions, the coal particle size has a more
significant effect on CO, and CO mass fraction. It can be
connected that more rapid combustion of the finer particles
produces the higher heat reaction plot (Fig. 6, a). For further
study, the influence of excess air (primary air and secondary
air ratio) on the characteristics of combustion processes in
the boiler can be developed. NOx distribution report can be
explored to ensure emission affected by coal particle size.
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Fig. 7. CO, mass fraction for variation of coal particle size and HHV value in the near outlet
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7. Conclusions

1. CFD simulation to model the coal properties on
combustion characterization in the stoker boiler is developed.
Discrete particle Model (DPM) and coal calculator are used.
The three stages were used to run the solution of the model.

2. The maximum temperature in the 15t to 4™ model is
1440.95, 1473.85, 1347.72 and 1617.17 [K]. The amount of
CO produced from each model tends to increase; respective-
ly from 1%t to 4" model is 2.314E-07, 5.878E-07, 5.678E-07
and 7.904E-07.

3. Coal particle size has a more significant effect on the
temperature distribution and heat of reaction characteristics
compared with HHV values.
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