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ABSTRACT 

Boilers in Indonesia’s power plants generally are designed using high range coal. The lack of supply for this coal 
leads consumption switched to the low range coal that will gives impact to decrease plant performance, increase in 
pollution, operating and maintenance cost. To face this problem, coal must be upgrading before use in boiler.  Drying 
process is one of method to upgrade quality of coal where swirl fluidized bed drying is one of most efficient of fluidized 
bed drying. This research was conducted with variation for angle of blade inclination 100, 200 and 300 with drying time 5 
minutes. The temperature and RH air dryer inlet was 55 oC and 10.5 % and mass sample was 600 gr. For the five minute 
period of drying, moisture content was decreased from 25.17 to 10.28 %, 11.47 % and 13.67 % based on air dryer 
calculation and decreased to 9.57%, 11.20 and 13.77% based on coal measurement. Average mass transfer coefficient was 
0.058 m/s, 0.052 m/s and 0.043 m/s respectively. Air dryer temperature at outlet for five minute period of drying was 53.1 
0C, 51.7 0C and 50.6 0C and relative humidity was 18.13 %, 15.25 % and 15.16% respectively. 
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INTRODUCTION 

Boiler in Indonesia’s steam power plant generally 
designed to use high range coal. The lack of supply make 
consumption shift to low range coal with moisture content 
30-60 %. Using of this type will gives impact on 
increasing of flue gas, utilization of equipment, SOx and 
NOx pollution, self-ignition risk and cost of transport, 
handling and maintenance, otherwise will reduce 
efficiency, energy output and reliability and activate all of 
pulveriser. Upgrading coal calorific value can be done by 
several methods such drying, blending with higher 
calorific value and combination of drying and coating with 
oil residue. 

Several researchers have done a few experimental 
in coal drying with experimental and numerical method. 
Fluidized bed drying is the most method used today. 
Continuous fluidized bed drying method was done by [1] 
with lab. Scale experiments. These experiments were 
performed with North Dakota lignite and a Powder River 
Basin. Those have similar drying characteristics, with a 
constant drying rate and followed by a decreasing drying 
rate. During the constant rate period, the drying rate 
increased with superficial air velocity, inlet air 
temperature and in-bed heat flux and decreased with 
increasing levels of inlet air specific humidity. The results 
for lignite show that as coal product moisture reduced, 
boiler efficiency increases, net unit heat rate decreases and 
the cooling tower make up water requirements decrease. 

Bubbling fluidized bed drying was done by [2] 
with variation on particle diameter and air dryer 
temperature. This study obtains conclusion that particle 
size 0.3-1 mm within 10 min remains only 5% of moisture 
content was left except for 100 °C. Almost all the moisture 

contents of particles of size 1.18-2.8 mm at 125 °C and 
150 °C were removed in about 10 min. almost all the 
moisture contents of particles of size 2.8–4 mm at three 
different temperatures were removed in about 10 min. 
drying occurs quickly and easily at higher temperatures. 
Drying occurs more rapidly for a larger particle size. 

Other fluidized bed study was done by [3]. This 
experiment investigated the effects of the three variables 
on the drying rate and drying time. Higher temperature, 
lower relative humidity, and higher fluidization velocity 
were favorable for drying. They showed high drying rate 
and reached maximum immediately after the set drying 
temperature was attained. Then, it decreased at a roughly 
constant rate, indicating a falling rate drying period and 
finally became zero. 

In otherwise, swirl-fluidized bed drying was for 
wheat by [4]. Temperature has a more important effect on 
the drying when compared with the mass flow rate. The 
swirl flow field, having swirl numbers in the range of 0.2-
0.85, increased the moisture extraction rate in the range of 
5-25%, increased the specific moisture extraction rate in 
the range of 5-25% and increased the dryer efficiency up 
to 38% in comparison with the non-swirling flow field in 
the drying medium. 

Drying peppercorns was done in a fluidized-bed 
with a helical distributor plate by [5]. The experimental 
results show that the use of different velocities leads to no 
significant effect on drying rate for the fluidized bed with 
typical distributor plate but provides substantial influence 
for the swirling drying method of fluidized-bed with 
helical distributor plate. The swirling drying bed performs 
better than the typical fluidized-bed which can reduce 
drying time at some 30%. 
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Oil palm frond drying was investigated by [6] use 
swirl fluidized bed. From both experiments conducted, the 
most important finding on the SFBD is able to provide 
good fluidization characteristic and almost uniform 
moisture removal rate from both OPF leaves and stem. 
The different hydrodynamic characteristic is a proof that 
both OPF leaves and stems cannot be fluidized together if 
any fluidized bed drying of OPF is attempted. On the other 
hand, the unique drying characteristics and different 
moisture content of both products suggests that drying 
should be done separately for OPF leaves and stems. 

In this experiment swirl flow produced by blades 
where placed inside of chamber. This profile can be seen 
on Figure-1. 
 

 
(a) 

 

 
(b) 

 

Figure-1. Swirl fluidized bed (a) and experimental 
set-up (b). 

 
MATERIAL AND METHOD 

Swirl fluidized bed apparatus with inside and 
outside diameter of chamber was 190 mm and 200 mm, 
total height was 650 mm and amount of blades were 30 as 
shown in Figure-1 was used in this experiment. This 
experiment use coal with calorific value below 5000 
kcal/kg and moisture content 25.17 %. Every experiment 
consists of 600 gr of coal. Coal particle assume as 

spherical with diameter 6 mm. Initial relative humidity air 
dryer and ambient temperature assume constant at 10.5 % 
and 28 0C. The coal particle was poured from outlet to 
chamber. Electric heater used to heat-up water that deliver 
to two radiators and would heat-up air dryer before 
entering the chamber. Mass balance, relative humidity, 
thermometer and anemometer used in this experiment as 
measuring apparatus.  Electric oven used to vaporize the 
rest of moisture in coal particle. Moisture content 
measured by ASTM 5142 method. 

In this experiment, calculations were done based 
on air dryer condition and coal particle moisture content 
measurement. Several equations calculated from air dryer. 
 
Relative humidity calculated from 
 

Ps

Pmoist                                                                         (1) 

 
where θ  is relative humidity, Pmoist is moisture 

partial pressure and Ps  is saturated pressure of moisture at 
the same  temperature. 

Humidity ratio was calculated from 
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where Wair is  humidity ratio, Mmoist is mass of 

moisture in particle and  mair  is mass of air dryer. 
 

From coal particle, moisture content calculated 
based on equation 
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where MC is moisture content, MH2O is mass 

fraction of H2O and Msolid is mass fraction of coal (solid) . 
 
Drying rate expressed in equation 
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where t2-t1 is difference time. 
 

Convection mass transfer rate expressed in 
equation 
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where hm  is mass transfer coefficient,  A is 
surface area of coal particle, CA,S  is moisture concentration 
at particle surface and CA, is moisture concentration in 
drying medium, na is  mass transfer rate, ρA,s is moisture 
density at particle surface and  ρA, is moisture density at 
air dryer. 

This research aimed to know influence of angle 
of blade inclination against coal drying on Swirl Fluidized 
Bed type. Calculation done based on air dryer condition 
and coal sample measurement. 
 
OBSERVATION PROCEDURE 

Dry coal took 2-3 gram with time interval 1 
minute for 5 minutes. In the same time, temperature and 
relative humidity (Tin, RHin) was measured at inlet and 
outlet of chamber as seen in Figure-1b. This coal then 
dried with electric. 
 
RESULT AND DISCUSSIONS 

Air dryer was ambient air which heated from a 
temperature of 28 oC to 55 oC in heater chamber. Electric 
heater heats water in tank and then delivered by pump to 
two radiators to maximize heat transfer surface between 
hot water and air dryer. The air-drying temperature and 
relative humidity, which measured in chamber outlet, can 
be seen at Figure-2 and Figure-3. From Figure-2, the 
increasing air-drying temperature that uses 100 angle of 
blade inclination was fastest and followed by 200 and the 
slowest was 300. Vice versa with the relative humidity as 
shown in Figure- 3, where the use of angle of blade 
inclination 100 will accelerate declining of relative 
humidity compared with angle of blade inclination  of 200 
and 300. 
 

 
 

Figure-2. Temperature di outlet  vs drying time. 
 

 
 

Figure-3. Relative humidity di outlet vs drying time. 
 

Air-drying temperature at the end of first five 
minutes for 100, 200 and 300 angle of blade inclination was 
53.1 oC, 51.7 oC and 50.6 oC and relative humidity was 
18.13 %, 15.25 % and 15.16 % respectively. From these 
data obtained that 100 angle of blade inclination would 
give the biggest effect, compare to 200 and 300. 

In psychrometric chart the air dryer heating 
process described as process from A to 0 as shown in 
Figure-4a, 4b and 4c. Drying of particle would make air 
dryer cooler and more humid. Air dryer condition when 
coal dried for five minutes described as process from point 
0 to point 1, 2, 3, 4, and 5.The temperature and relative 
humidity data obtained in this experiment was not 
adiabatic condition. 
 

 
a. 
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b. 

 

 
c. 

 

Figure-4c. Air dryer condition in psychrometric chart 
during drying process with angle of blade inclination 

100 (a), 200 (b) and 300 (c). 
 

On this experiment, amount of moisture that 
released by coal and received by air dryer can be seen at 
Figure-5a, Figure-5b and Figure-5c. Moisture that released 
by coal obtained based on sample which dried in electric 
oven. Moisture that received by air dryer obtained from 
measuring relative humidity and temperature at outlet and 
psychrometric chart. The calculation based on equation (1) 
and (2). In ideal condition, these two lines must be 
overlap. This difference was a small gap and possibility 
caused by non-uniform moisture in every coal particle, 
respond of measure apparatus, difference time of taking 
sample and RH reading in measuring apparatus due to data 
will change fast. 
 

 
a. 

 

 
b. 

 

 
c. 

 

Figure-5. Mass of moisture received air dryer and released 
by coal with angle of blade inclination 100 (a), 200 

(b) and 300 (c). 
 

The moisture that released by coal or received by 
air dryer has a same trend. Moisture which released by 
coal in lower side and moisture which received by air 
dryer in upper side. This condition gives information that 
moisture which received by air is more than released by 
coal. Trend line was decrease almost linear. The linear 
lines give sign that drying rate was constant in this period 
and not depend on transport of moisture in pores of 
particle. The amount of moisture released by coal for 100, 

200, and 300 angle of blade inclination for this period was 
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93.54 gr, 83.76 gr and 68.35 gr respectively. The moisture 
which received by air dryer was 92.67 gr, 92.67 gr 79.77 
gr. The amount of moisture released gives sign that coal 
dried with 100 angle of blade inclination will be dried 
more quickly followed by 200 and the last was 300 angle of 
blade inclination. 

Moisture content on coal particle calculated based  
on moisture that received by air dryer vs drying time can 
be seen in Figure-6. The calculation also based on 
equation (3) and (4). Moisture content for this period was 
decreased from 25.17 % to 10.28 %, 11.47 % and 13.67 % 
for 100, 200 and 300 angle of blade inclination respectively. 
Moisture content on coal particle also calculated based  on 
equation 3 after dried by method ASTM 5421. Moisture 
content vs drying  time can be seen in Figure-7. For the 5 
minutes period obtained data moisture content was 9.57 
%, 11.20 % and 13.77 % for 100, 200, and 300 angle of 
blade inclination respectively. The difference of these two 
data in small quantity. Calculation based on air dryer 
would give data for all of sample used, meanwhile 
calculation based on coal particle would give accurate data 
only for sample being measured. Both of datas have same 
trend where 100 angle of blade inclination would dried 
coal faster followed by 200 and the last was 300. 
 

 
 

Figure-6. Moisture content vs drying time based on air 
dryer measured. 

 

 
 

Figure-7. Moisture content vs drying time based on 
coal measured. 

 

Drying rate that calculated based on moisture that 
received by air dryer can be seen in Figure-8. Calculation 
for this parameetr based on equation 4. For the five 
minutes period drying rate obtained 2.97 min-1, 2.73 min-1 
and 2.29 min-1 for 100, 200, and 300 angle of blade 
inclination respectively. 
 

 
 

Figure-8. Drying rate vs drying time  based on air 
dryer measured. 

 
Calculations of drying rate based on coal 

measuring of coal sample at different time be seen on 
Figure-9. For this calculation drying rate obtained as 3.11 
min-1, 2.79 min-1 and 2.28 min-1 for 100, 200, and 300 angle 
of blade inclination respectively. Internal resistances of 
particle would influence rate of moisture diffusion. 
 

 
 

Figure-9. Drying rate vs drying time based on 
coal measured. 

 
Mass transfer coefficient for the five minutes 

period can be seen in Figure-10. This value calculated 
based on equation 5 and obtained for 100, 200 and 300 
angle of blade inclination was 0.0582 m/s, 0.0521 m/s and 
0.0426 m/s respectively. From this figure, average mass 
transfer coefficient for 100 angle of blade inclination was 
highest and followed by 200 and the last was 300. 
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Figure-10. Mass transfer coefficient vs. angle of 
blade inclination. 

 
CONCLUSIONS 

For the five minutes period of drying with blade 
with inclination angle 10˚, 20˚ and 30˚, moisture content 
was decreased from 25.17 % to 10.28 %, 11.47 % and 
13.67 % based on air dryer calculation and decreased to 
9.58%, 11.21 and 13.77% based on coal measurement. 
Average drying rate in  this experiment was 2.97 min-1, 
2.73 min-1 and 2.29 min-1 based on air dryer calculation 
and  was 3.11 min-1, 2.79 min-1 and 2.28 min-1 
respectively.  Mass transfer coefficient was 0.058 m/s, 
0.052 m/s and 0.043 m/s respectively. Air dryer 
temperature at outlet for five minute period of drying was 
53.1 0C, 51.7 0C and 50.6 0C and relative humidity was 
18.13 %, 15.25 % and 15.16% respectively. Calculation 
based on air dryer would give accurate data for all of 
sample used, meanwhile calculation based on coal particle 
would give accurate data only for sample that measured.  
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