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Abstract

Lignite coal has dominated the use of steam power plants in recent years. Despite the consequences,
which cause many problems, lignite is cheap and easy to obtain. One of the problems was mitigated
by reducing the moisture content using a rotary coal dryer. Coal dryer is deemed uneconomical with
the current energy sources from turbine extraction steam, electric heaters, and exhaust gas using
large-powered fans. The waste energy from boiler blowdown, a water-vapored fluid discharged from
the boiler to maintain water and steam quality, is being conducted to improve. Blowdown investigated
in a rotary coal dryer type. The compressed air absorbed the heat from the blowdown through the
steam coil. The hot air mixed with the coal in the rotary drum. A rotary drum was tested with the
tilt angles of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, and 90°. The research steps were designing,
preliminary modeling, numerical analysis, prototyping, and experimental performing. The result shows
that the moisture content has decreased significantly from 35.37% to 21.28%, within an angle of 10°.
Based on an economic assessment, this coal dryer also proves that dried lignite coal has increased 4.9%
economic value than bituminous coal.
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1. Introduction
One of the improvement programs currently being

developed is coal drying technology. This equipment com-
pensates for the massive use of lignite coal. While the coal
has a high moisture content above 30% and causes several
problems, the coal dryer effectively reduces the moisture
and increases thermal efficiency by 0.25-1.6% [1,2].

Energy sources in the coal dryer are divided into ther-
mal, chemical, and mechanical/thermal dewatering [3–8].
In thermal, there are CFB-LP (Circulating Fluidized Bed
- Low Pressure), WT-HP (Waste Heat – High Pressure),
WT-EG (Waste Heat–Exhaust Gases), CFB-EG (Circulating
Fluidized Bed-Exhaust Gases) [9]. The coal dryers that
have been developed are BCB (Binderless Coal Briquetting,
Austria) [10], UBC (Upgrading Brown Coal, Japan) [11],
WTA (Fluidized-Bed type dryer with internal steam utiliza-
tion, Germany) [12].

Several studies have been conducted to improve the
existing coal dryers. Moon et al. use the Disc Coal Dryer
type, with experimental parameters: heating plate tem-
perature, blade rotation, coal mass flow rate, ambient
conditions, and drying position in the heating plate [13].
The result is that the higher the rotation of the blades, the
faster the decrease in the moisture of the coal, with the
optimal drying position being the central heating plate.
The condensation gas must be removed to increase the

efficiency,
Another study was conducted by Park et al. [14]

using the Fluidized Bed Dryer type. With temperature
and speed variables observed, the result is a decrease in
moisture content up to 80 to 90%. Furthermore, Park et
al. [15] continued this research by testing drying efficien-
cies within drying duration, drying temperature, and gas
velocity factors. Results showed that the moisture con-
tent reduced from 35.94 to 5.22%wt, which increased the
calorific value of coal from 4,990 to 5,800 kcal/kg with
test conditions at a temperature of 150°C and gas velocity
at 2 m/s. The total time to remove all moisture reached
after 77 minutes. Wiji [16] also studied with a drum-
screw-spray prototype; the final coal moisture reached
9.8%.

The research conducted in this paper has a different
energy source. The energy utilizes waste energy from the
water of boiler blowdown. The water discharges continu-
ously after being heated in a temperature range of 160°C
to maintain the water and steam quality. The Rotary Coal
Dryer type, as shown in Figure 1, is implemented. While
the hot air was produced by the heat exchanging process
between compressed air and blowdown in the steam coil
and went thoroughly to the rotary drum—the wet coal
approached the rotary drum by a screw conveyor and
mixed with the hot air. Numerical and experimental stud-
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ies observed the tilt angle of the drum to determine the
efficiency of the drying process. Furthermore, we calcu-
lated the drying capability of blowdown and the economic
aspect.

2. Numerical and Experimental Method
The research started with designing the preliminary

models, numerical analysis, prototyping, and experimen-
tal.

2.1. Designing the Preliminary Models

Designing the preliminary models was the initial
base in building a coal dryer prototype. It consisted of
four main components and functions; the steam coil, ro-
tary drum, bag filter, and bunker. Four steam coils are con-
nected in parallel to ensure the heat capacity of blowdown.
The coal drove to the rotary drum by screw-conveyors. The
rotary drum was driven by an electric motor with chain

and sprocket connections. The bag filter absorbed the
dust of dried coal. The dry coal was stored in the bunker.
Figure 2 shows the preliminary model.

With a mass flow rate of 5 tons/h from the blowdown
and an outlet pipe of 8 inches, this pipe was reduced to
the steam coil with a ¾ inch pipe. Furthermore, the ve-
locity measurement on the inlet steam coil inlet using an
anemometer obtained 84.51 m/s. The hot air is calculated
based on the energy balance under ideal conditions, as
shown in Equation (1).

mh · Cp,h · (th,i − th,o) = mc · Cp,c · (tc,o − tc,i) (1)

where mh is the mass flow rate of blowdown, mc is the
mass flow rate of air, Cp,h is the specific heat of blowdown,
Cp,c is the specific heat of air, th,i is the temperature inlet
of the blowdown, th,o is the temperature outlet of the
blowdown, tc,i is the temperature inlet of air, and tc,o is
the temperature outlet of air.

Figure 1. Rotary coal dryer with a tilted angle.

Figure 2. Preliminary models.
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2.2. Numerical Setup

Numerical calculations using a model of a single
solid spherical particle without any porosity were used to
resolve the particle-size effect associated with coal dry-
ing [17, 18]. The Stefan model [19] and a two-phase
model [20] are often used for including the mass transfer
effect of evaporated water vapor when drying a sufficiently
large coal particle. However, because this study used sig-
nificantly small coal particles, it was necessary to use a
simplified numerical method, mainly due to a fine-sized
coal particle’s rapid mass and heat transfer phenomenon.
Because heat transfer to a coal particle on the rotary drum
could evaporate the moisture contained in the particle, it
was essential to calculate the heat transfer from the hot air
to the coal particle. The numerical calculation assumed
that the single coal particle was spherical, and therefore,

the equations used spherical coordinates.
The numerical analysis was performed with a coal

particle size of 0.595 mm with a mass flow rate of 60 kg/h,
and the heating temperature was set to 80 °C with a mass
flow rate of 36 kg/h. The variations of the tilt angle of the
rotary drum were 0º, 10º, 20º, 30º, 40º, 50º, 60º, 70º, 80º,
and 90º. The domain and the grid modeling can be seen in
Figure 3 and Figure 4. Several parameters such as bound-
ary conditions, modeling, and characteristic of lignite coal
are summarized in Table 1, Table 2, Table 3, and Table
4. These parameters were used to calculate the tempera-
ture and moisture content of the coal particle along with
time [17]. Table 2 shows a minor difference (<1%) of
the grid independence test. The mesh variations had not
significantly affected the temperature changes, indicating
the given mesh parameters are correct. The number of
meshes used during the simulation was 1,258,654.

Figure 3. The domain of rotary coal dryer.

Table 1. Boundary conditions.

Inlet Coal Inlet Dry Air
Mass flow rate
Total temperature
Lv_vol
O2
CO2
H2O
N2
H2

60 kg/h
30°C
0.334
0
0
0.3388
0
0

Mass flow rate
Total temperature
Lv_vol
O2
CO2
H2O
N2
H2

36 kg/h
70°C
0
0.21
0
0
0
0

Wall.rot (rotating part) Wall.stat (static part)

Speed
Thermal

0.733 rad/s
Heat flux

Thermal
Heat transfer coeff.
Free stream temp.

Convection
12.12 W/m2.°C
26.85°C
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Figure 4. Structure and grids of the rotary coal dryer model (a) Top view, (b) Top cut view, (c) Right view, (d) Right cut view,
(e) Overall (3D).

Table 2. Grid independence test.

No. Number of mesh Temperature (°C) Approximate error (%)

1 382,645 36.566 -
2 729,734 36.572 0.015
3 1,258,654 36.472 0.272
4 2,326,679 36.788 0.865

Table 3. Modeling parameters.

Parameter Type
Solver Pressure Based
Velocity Formulation Absolute
Time Steady
Energy On
Viscous Standard k-ε
Species Species Transport, Finite-Rate/Eddy Dissipation
Discrete Phase On, Coal injection
Injection Type Surface
Particle Type Combusting
Material Coal mv
Diameter Distribution Uniform
Inlet coal Mass flow Inlet
Inlet hot air Mass flow Inlet
Outlet Outflow
Fin wall Rotating wall
Tube wall Wall, Thermal (Convection)
Pressure-Velocity Coupling Scheme SIMPLE
Spatial Discretization Gradient Least Squares Cell-Based
Pressure Second Order
Momentum Second-Order Upwind
Energy Second-Order Upwind
Turbulent Kinetic Energy Second-Order Upwind
Turbulent Dissipation Rate Second-Order Upwind
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Table 4. Characteristics of Indonesian lignite coal.

Parameter Unit
Result

Method
ARB ADB DAFB

Proximate Analysis:
- Total Moisture %wt 35.37 - - ASTM D3302M-17
- Moisture in Analysis %wt - 13.31 - ASTM D3173-17
- Ash Content %wt 3.85 5.16 - ASTM D3174-18
- Volatile Matter %wt - 43.45 - ASTM D3175-17
- Fixed Carbon %wt - 38.08 - ASTM D3172-13
- Total Sulphur %wt 0.11 0.15 0.18 ASTM D4239-18
- Gross Calorific Value kcal/kg 4,063 - - ASTM D5865-13
Ultimate Analysis:
- Hydrogen %wt - 4.18 - ASTM D5373-16
- Carbon %wt - 58.38 - ASTM D5373-16
- Nitrogen %wt - 0.57 0.70 ASTM D5373-16
- Oxygen %wt - 18.25 - ASTM D5373-16

2.3. Experimental Setup

Experimental was carried out with the same condi-
tions as numerical setup. The heat exchange between
blowdown at 153ºC and air compressor at 30ºC produced
80ºC temperature of drying air with a mass flow rate of
36 kg/h. The tilt of the rotary drum was set at 0º, 10º,
20º, and 30º tilt angles as it had not changed significantly

based on the numerical analysis. Furthermore, pre-drying
and post-drying data were conducted under international
standard test methods under ISO 17025:2017 accredited
laboratory.

The prototype of the coal dryer in Figure 5 was made
based on the preliminary model design and numerical
studies that have been carried out.

Figure 5. The prototype of the coal dryer.
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3. Results and Discussion
3.1. The Hot Air of the Dryer under Ideal Conditions

The heat energy of blowdown with the temperature,
T1, is still sufficient to meet the needs of the coal dryer, as
shown in Table 5. The hot air produced, T2, is maintained
at a safe temperature to eliminate spontaneous combus-

tion of the coal in the coal dryer. In Figure 6, the CFD
simulation on the steam coil shows that the hot water
needs are met. Figure 7 and Figure 8 show the occur-
rence of spontaneous combustion at a temperature above
87ºC, where the temperature increases significantly at the
beginning of the iteration.

Table 5. Heat exchange in the steam coil under ideal conditions.

No T2 (°C) T1 (°C)
1 70 146.0
2 75 145.1
3 80 144.3
4 85 143.4
5 90 142.5
6 95 141.7
7 100 140.8
8 105 139.9
9 110 139.0

10 115 138.2
11 120 137.3
12 125 136.4
13 130 135.5
14 135 134.7
15 140 133.8

Figure 6. Hot air CFD under ideal conditions.
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Figure 7. At the beginning of the iteration, the temperature rise indicates spontaneous combustion at a temperature of (a)
88ºC, (b) 90ºC.

Figure 8. The hot air temperature limitation is above 87ºC.

3.2. Numerical Analysis Results

The results in Figure9 and Figure10 show a change
in the coal output temperature within a different tilt an-
gle. The higher the tilt angle, the higher the temperature
was. At a temperature range of 36.4ºC to 37.6ºC, the

temperature rose significantly at a tilt angle of 10º. The
tilt’s pitch and flight’s geometry combination on the rotary
drum provide the most considerable heat exchange cross-
sectional area. The hot air pushes the coal and covers the
coal almost along the walls in the rotary drum, affecting
the increase of total heat needed, as shown in Figure11.

15



Tarmizi et al./JMES The International Journal of Mechanical Engineering and Sciences/6/1(2022)

Figure 9. Contours of coal temperature at the rotary drum.

Figure 10. Effect of tilt angle on the outlet coal temperature at rotary coal dryer.

Figure 11. The total heat needed to evaporate moisture.
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Figure 12 and Figure 13 show a decrease in moisture
content with a change in the tilt angle of the rotary drum.
The moisture content reduction is about 13%. The most
significant occurs in the tilt angle of 10º, where the rotary
drum’s combination of tilt angle and flight geometry pro-
vides the most considerable heat exchange cross-sectional
area compared to other tilt angles. The coal and the hot
air mixed well along with the rotary drum. An inhomoge-
neous mixing in a particular part indicates that the flight

geometry does not temporarily push the coal before con-
tinuing. This process increases the residence time of coal
in the rotary drum so that the moisture content of the
coal decreases. The clear comparison in each tilt angle is
expressed in Figure 14, while a low moisture and outlet
coal temperature ratio took place at the tilt angle of 10º.
This ratio also indicates the most efficient grade to absorb
the heat and evaporate the moisture.

Figure 12. Contours of H2O mass fraction at the rotary drum.

Figure 13. Effect of tilt angle on the moisture at rotary coal dryer.

Figure 14. Dryer thermal efficiency by a ratio of moisture and outlet coal temperature.
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3.3. Experimental Results

Table 6 shows a decrease in moisture content with
a change in the tilt angle of the rotary drum. The most
significant reduction in moisture content occurred at a tilt
angle of 10º, with moisture-dried coal content of 21%.
Within the same mass, the residence time at the tilt angle
of 10º lasts longer, resulting in a longer drying time and
triggering a better decrease in moisture content.

The decrease of moisture in coal automatically in-
creases the gross calorific value of coal. The results are
shown in Table7 and Figure 15, where the optimum tilt an-

gle is 10º, the gross calorific value reaches 5,283 kcal/kg.
The decrease in moisture content causes other composi-
tions of coal such as C, H, O, and S to increase; by Dulong’s
formula, the calorific value of coal increases.

3.4. Numerical and Experimental Comparison

The result shows that within a tilt angle of 10º of the
rotary drum, the coal dryer was in the top performance.
It can be described in Figure 16, where the moisture con-
tent reaches 21.45% by numerical analysis and 21.28% by
experimental version.

Table 6. Effect of tilt angle on the moisture content at experimental.

Tilting
(°)

Mass flow rate
(kg/h)

Particle size
(mm)

Mass (kg) Duration (sec) Moisture content (%)

0 60 0.595 10 602.52 21.86
10 60 0.595 10 610.08 21.28
20 60 0.595 10 607.56 21.60
30 60 0.595 10 605.04 21.64

Table 7. Effect of tilt angle on the gross calorific value at experimental.

Tilting
(°)

Mass
flow rate (kg/h)

Particle size
(mm)

Experiment (kcal/kg) Average Gross
Calorific Value (kcal/kg)1 2 3

0 60 0.595 5,249 5,232 5,236 5,239
10 60 0.595 5,272 5,283 5,293 5,283
20 60 0.595 5,249 5,274 5,252 5,258
30 60 0.595 5,271 5,252 5,245 5,256

Figure 15. Effect of tilt angle on the gross calorific value of coal.
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Figure 16. The comparison of numerical and experimental in a rotary coal dryer.

3.5. The Maximum Capacity of Blowdown as a Heat
Source

Based on the specifications of the seven pieces of At-
las Copco type ZR110 located at the Pangkalan Susu Power
Stations, Indonesia, with each capacity of 16 m3/min and
power of 110 kW, the compressors can support up to 15
times of the prototype. Meanwhile, with the blowdown
capacity of 5 tons/hour at a temperature range of 153ºC,
the prototype can be developed up to 11 times more ex-
tensively. Therefore, the rotary coal dryer prototype could
be upgraded 11 times based on the passage described.

3.6. The Economic Assessment of Coal Dryer

The prices of lignite, bituminous, and dried coal can
be seen in Figure 17. Dried coal, the drying version of
lignite, has a 6.8% cheaper price within equal calorific
value to bituminous coal. This analysis demonstrates that
the production costs incurred (using electric motors, com-
pressors, etc.), plus the coal mass lost during the drying

process of lignite coal, are still profitable compared to the
purchase of raw bituminous coal.

4. Conclusion
Based on the analysis that has been done, changes

in the tilt angle of the rotary drum affect the optimization
of the drying process in the coal dryer, with the optimal
angle being 10º. This tilt angle optimization can affect the
moisture content produced with an efficiency of 7%. The
efficiency increase also impacts the coal prices. From an
economic point of view, the use of coal dryers for lignite
coal (low rank), which produces dried coal, still provides
a 4.9% profit compared to raw bituminous coal (medium
rank). The coal dryer can be enlarged with a capacity of
up to 33 tons/day to optimize the benefits.
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