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ABSTRACT

Calorific value, as a key component for fuel quality assessment, directly affects the thermal power plants'
efficiency. While high-quality coal is consumed as metallurgical coal, low-rank coals are used by coal-
fired power plants. The high moisture content of the thermal coals significantly influences their heating
values. In this study, the drying performances of the fixed bed and air dense medium fluidized bed
(ADMFB) dryers were investigated under the superficial air velocity of 15-18 cm/s, inlet air temperature
of 55-75 °C, and up to 80 minutes of operation. Low air consumption is an intrinsic characteristic for
ADMFB, while a low-temperature range for drying air was selected to address the coal-fired power
plants' waste heat. It was found that an increase in air velocity and temperature favored the drying
efficiency of both systems (i.e., 18 cm/s and 75 °C), with the temperature being more effective than the
air velocity. The ADMFB dryer removed comparatively more moisture than the fixed bed for the shorter
drying durations. For example, for 10% moisture reduction at 75 °C, the ADMFB dryer needed 5 minutes
less time than the fixed bed. The fitting quality and goodness of serval well-known thin-layer models for
describing fluidized bed and ADMFB coal drying kinetics were assessed by several models and
statistical evaluators, respectively. It was found that the Middilli & Kucuk model best describes the fixed
bed coal drying (i.e., R>=0.999, RSE=0.001, RMSE=0.008), while the Page model much properly

simulates the ADMFB coal drying (i.e., R?=0.998, RSE=0.002, RMSE=0.009).

doi: 10.5829/ije.2021.34.05b.32

1. INTRODUCTION

According to IEA (International Energy Agency), coal is
the second primary energy source of the world after oil
and the primary energy source for electricity generation.
IEA estimated approximately 60% growth for world
energy demand over the next 30 years, which necessitates
low-rank coal (LRC) utilization for supporting low-cost
energy production [1]. Different coal classification
systems are developed and implemented, according to
downstream utilization purposes. Four classes of coal
could be considered according to the ASTM
classification system, which has been developed based on
the fixed carbon and gross calorific value on a moist
basis, i.e., lignite, sub-bituminous, bituminous, and
anthracite. Lignite coal attributes with the lowest
calorific heat value (<4600 cal/g) and highest moisture
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content (up to 70%), while anthracite coal has the highest
calorific heat value (>8300 cal/g) and lowest moisture
content (<5%) [2, 3].

However, higher ash and moisture contents and
comparatively lower heating values are the limiting
factors for LRCs, despite their lower mining costs,
abundance, and usually lower sulfur content [4].
Therefore, any reduction in moisture and ash content of
the LRCs could improve their application as the thermal
coal in coal-fired power plants.

The lower heating value of the coal, due to high
moisture content, reduces coal-fired power plant thermal
efficiency. Such efficiency reduction is a consequence of
using high-temperature heat (high quality) in the
boiler/furnace for moisture evaporation before ignition.
For solid fuels such as thermal coal, it is well proven that
high moisture content delays coal ignition, creates
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additional exhaust discharge, causes inappropriate
combustion, and delays the start of emission of the
combustible volatile matter [5-9]. The 3-5% increase in
boiler efficiency due to the elimination of moisture
before feeding it to the furnace has been reported by
several researchers [10-13]. Bullinger et al. [10] reported
even more energy-saving opportunities (up to 50% less
energy requirement in milling), once 20% or more
moisture reduction has been achieved. Hu et al. [13] did
simulate the effect of moisture content on the efficiency
of the boiler and overall power plant. They showed that,
in a 1000MW conventional coal-fired power plant, a 20%
reduction in coal moisture by a fluidized bed dryer would
result in a 1.43% increase in overall plant efficiency. In
another study, Liu et al. [12] discussed the effect of pre-
drying on the performance of a hypothetical lignite-based
coal-fired power plant. They showed that a 10%
reduction in moisture content due to pre-drying, could
increase plant efficiency by 1.78%. It is necessary that
the consumed energy for moisture removal imposes
minimum costs, therefore, employing waste heat from a
coal-fired power plant for excess moisture removal could
be a suitable solution.

Several drying systems are prevalent in the industry
for LRC drying. Drying arrangements such as,
packed/fixed bed dryer, moving bed dryer, fluidized bed
dryer, assisted fluidized bed dryer (microwave, vibration,
pulsed, immersed heater), flash dryer, rotary tube/drum
dryer, microwave dryer ..., or the non-evaporative
methods such as, mechanical, thermal, hydrothermal, and
solvent dewatering are well discussed in details in
literature [4, 8, 14-19], with each method merits and
issues [4, 20-22], such as energy consumption,
efficiency, heat and mass transfer rates, and
capital/process expenses. But regardless of the
implemented method type, improvements in mass and
heat transfer rates play a significant role in the success of
the process. It should be addressed that, in evaporative
methods, the provided heat can just remove freezable
moisture from the surfaces and pores of particles while
the carrying phase transfers it out.

Some inherent properties of the fluidized beds, i.e.,
solid mixing and relatively high heat and mass transfer
rates between gas and solid phase, are relevant to the fluid
dynamics of the system [23]. These unique properties
have made fluidized bed dryers a right choice for LRC
drying such as Illinois coals [11], Turkish coals [16, 19,
24], polish coal [25], Indonesian coal [26], Chinese coals
[5, 27], Victorian brown coal [28-30]. The high capacity,
maximum gas-solid contact surface, low maintenance
costs, and rapid moisture transfer between phases
(shorter drying time), could be entitled as the advantages
of the fluidized bed coal drying. In contrast, the
possibility of self-ignition during the drying process,
higher superficial air velocity requirements, unsuitability
for irregularly shaped particles, agglomeration of wide

particle size range feeds in high moisture coals, attrition
of particles while drying, and channeling could be
addressed as this methods’ disadvantages [5, 13, 20, 24,
30]. Jangam et al. [21] have summarized the advantages
and limitations of different coal drying methods
thoroughly. According to available references [4, 5, 15,
20, 30], the effective parameters in favor of performance
improvement of the fluidized bed coal dryers are air
temperature, air velocity and residence time, where bed
thickness, particle size, and initial moisture content of
both phases (coal and hot air), have some adverse effect
on the operation output.

The air dense medium fluidized bed (ADMFB) idea
was introduced after the development of the fluidization
concept. In an ADMFB the upward airflow fluidizes very
fine particles (i.e., fluidization medium), and
consequently, the generated suspension creates a pseudo
fluid with an average density between air and solid
particles. Any external particle with higher densities than
the pseudo fluid density sinks in the bed while lighter
ones remain suspended on the top.

The ADMFB system has several advantages over the
conventional packed/fluidized bed coal drying systems
and highly benefits the overall economy/efficiency of the
coal-fired power plants. The necessary airflow and
drying heat could be supplied via the final exhaust flue
gas from the furnace (waste heat) with no limitations. The
major difference between an ADMFB and a conventional
fluidized beds the lower superficial air velocity
requirements for floating the coarse coal particles (e.g.,
on average, 8 times less for the coal particles studied
here) due to the much higher average density of the
created pseudo fluid than the regular hot air. In an
ADMEFB, the coal particles float in a pseudo-fluid instead
of entirely or partially being lifted by air as it occurs in
conventional fluidized beds. Therefore, the subsequent
exhaust gas handling or dust collecting system would be
even smaller than conventional fluidized beds, which
would need less energy for gas de-moisturizing and
particulate matter emission control.

The heat and mass transfer are high in a fluidized bed,
where feeding a pre-heated fluidization medium would
decrease the drying time as the hot medium particles act
as high energy packs floating in the hot gas. In fact, the
hotter fluidization medium results in faster and more
efficient drying with lower residual moisture on the final
product .

Not much of a proper beneficiation or efficient pre-
drying systems are practiced by the power industry yet,
but it is receiving more and more recognition.
Elimination of moisture, ash, and harmful components
from thermal coals (non-metallurgical) even though
imposes some extra costs, but reduces overall electricity
generation expenses, energy production carbon footprint,
as well as expanding mining opportunities for some low-
rank thermal coal deposits (e.g., lignite coals) [31-34].
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In this study, the effectiveness of the critical
parameters on the fixed bed and ADMFB low-
temperature coal drying was studied and compared using
a thermal coal sample (could be classified as lignite coal).
The hot air temperature was limited to 75 °C to support
the idea of the coal-fired power plant waste heat
utilization for LRC heat value improvement. The drying
air superficial velocity was selected to be suitable for
ADMFB operations (enough to fluidize medium
particles, but not coal particles), therefore for mono-coal
particles, fixed bed status occurred. It was intended to
examine if lower air consumption in ADMFB system
could benefit the drying process or not. Also, the hotness
of air was limited to lower temperatures (in the range of
waste heat of power plants), which facilitates faster
medium heat up and recovery. The kinetics of drying
phenomena is a key component once conducting process
performance evaluation, as well as, industrial application
considerations.  Therefore, both systems drying
capabilities and kinetics were studied and evaluated
using well-known thin layer kinetics models and were
compared respectively.

2. MATERIALS AND METHODS

2. 1. Coal Sample and Fluidization Medium
The prepared coal sample was crushed to finer than 13.2
mm, and after mixing, sub-samples were prepared by
Jones riffle. The 2 to 4.6 mm size fraction was sieved and
used in the experiments.

The proximate analysis of the coal was performed
following the ASTM D3174, D3175, and D3302
procedures using a muffle furnace. Samples were dried
in a vacuum oven for 8 h considering ASTM D-7582
method, before the proximate analysis. The amount of the
removed moisture in the vacuum oven was also taken into
consideration once the total moisture contents for the
samples were reported. The average moisture content,
volatile matter, and ash content of the 2-4.6 mm samples
were determined to be 21.5, 34.5, and 29.6 %,
respectively.

Different solids were used as a fluidization medium
and are reported in literature [35-37]. In this study, the
silica sand with a density of 2.6 g/cm® and average
particle size of 327 pm (the -354, +300 pum particles were
separated by dry sieving) was used as the fluidization
medium. The selected fluidization medium (silica sand)
is classified as Geldart group B [38] particles and has low
acquisition and preparation costs. In this case, the
abondance and chemical inertness are the other
advantages of the silica sand over the other medium types
employed in ADMFB systems.

2. 2. Experimental Setup And Procedure The
inlet airflow rate, and consequently, the superficial air

velocity, was adjusted by a mass flow controller (with
Accuracy: £1%) and the air temperature was adjusted to
the desired temperature by an inline 2500 Watt electric
heater. A 150 um steel screen was used at the bottom of
the bed to support solid materials as well as to distribute
airflow uniformly into the bed-chamber. Plexiglas pieces
(ID of 8 cm) with a maximum height of 60 cm were used
to form the bed body. Layers of glass wool were used to
cover pipes, connections, and the bed body to minimize
heat loss between the air heater and the ADMFB. The
employed setup is presented in Figure 1 (not including
the heating system, since it was fully covered in glass
wool).

In general, two different types of experiments were
conducted: packed bed or ADMFB drying experiments.
During the drying procedure, hot air passed through the
system to heat up components and apparatus prior to
adding coal samples and initiating the test. The
determined hot air temperature was achieved and steady-
state status inside the bed was insured by minimizing the
temperature difference of thermocouples installed at the
bottom of the bed, and the second one, 20 cm above it.
Once a steady-state was reached, an empty bed weight
(or bed filled with the determined fluidization medium)
was obtained by a balance (accuracy of +0.1 g).
Following the same procedure, the aggregate weight of
the bed, fluidization medium, and added coal sample
were measured in the determined time intervals, and then
moisture loss was calculated considering the fixed and
variable mass components. For ADMFB coal drying, the
fluidization medium was also heated up with the bed
body until reaching a stable temperature, and its weight
was considered as a part of the bed body during the
periodic weight measurements as they were dried entirely
before introducing to the bed.

Three different drying temperatures, 55, 65, and 75
°C, were used, and weight loss was tracked for up to 80

~ -

Figure 1. ADK/TFB';‘iIIed with silica sand and connected to
the mass flow controller (not covered in the wool glass yet)
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minutes, from the moment a coal sample was added to
the bed, either fixed or fluidized system. At the end of
any drying experiment, coal particles were collected or
separated from the fluidization medium, weighted, and
sealed to avoid moisture loss/gain. Later ash and
moisture content of the dried coal samples were
determined. The weight loss during the drying period was
calculated considering the initial sample weight, net
sample weights in time intervals, and final moisture
content of the dried particles.

2. 3. Kinetics Modelling The most commonly
used empirical thin-layer models (examined successfully
for coal drying) were selected (Table 2) and employed to
determine the drying kinetics of the moisture removal.

Mo, My, Mg, W;, and W, are the samples’ initial
moisture content, residual moisture content at time ft,
relative moisture content at relevant time t, wet coal
sample weight at time t, and dry coal (just solid material)
weight, respectively. The M; and Mg are obtainable
through Equations (1) and (2).

W, — W,
M, = fW x 100 )
M,
Mg =—*
R MO (2)

The fitting qualities of the selected models were
evaluated by the standard statistical evaluators such as
coefficient of determination (R?), residual sum of square
(RSE, i.e., Equation (3)), and root mean square error
(RMSE, i.e., Equation (4)) once parameters were
determined by non-linear regression analysis. The higher
values of R?, lower values of RSE, and RMSE indicate
better and consistent model fitting.

TABLE 1. Packed bed and ADMFB drying parameters
Superficial air  Solid height Set temp. Duration

Experiment | 1oocity cm/s) inbed cm) (°C)  (min)
Fixed bed 15-18 >5 55, 65, 74 Upto 80
ADMFB 1518 23 55,6574 Upto80

TABLE 2. Thin-layer drying models [39-44]

Model name Mathematical presentation*
Newton My = exp (—kt)
Page My = exp (—kt™)

Modified Page Mg = exp (—(kt)™)

Henderson & Pabis My = aexp (—kt)

Wang & Singh Mg =1+ at + bt?
Logarithmic My = a + bexp (—kt)
Middilli & Kucuk My = aexp(—kt™) + bt

*a, b, n, and k are constants

RSE = E?:l(MRexp,i - MRprd,i)Z (3)

X (MRgy,; — MR )?
RMSEz\/ i=1 exp,i prd,i /n (4)

The MRexpi, MRprei, and n are the experimental
moisture ratio, predicted moisture ratio, and the number
of the data points used for modelling, respectively.

3. RESULTS AND DISCUSSIONS

3. 1. The Effect Of Air Velocity And Temperature
The effect of an increase in superficial air velocity (at 65
°C as representative) for fixed and ADMFB coal drying
is presented in Figures 2a and b, respectively. At first
glance and as expected, coal drying improves for both
systems by the increase of air velocity from 15 to 18
cm/s, since both heat and moisture transfer (from coal
surface to gaseous phase) rates improve with it. A similar
increasing trend has been observed for two other
temperatures and both systems. Also, the gap between
corresponding points for similar drying times increased
by increasing air temperature from 55 °C to 75 °C. Once
drying continues for over 40 to 50 minutes, an increase
in moisture loss becomes almost negligible (<1%) for the
fixed bed system, while moisture loss continues to
increase for ADMFB rather than staying constant. It
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Figure 2. The effect of superficial air velocity on coal drying
at 65 °C, (a) fixed bed, (b) ADMFB
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should be noted that the superficial air velocity at which
sand particles are fluidized is almost 8 times less than the
examined coal particles. At the employed air velocities,
there was almost no bubbling while fluidization status
was maintained satisfactorily.

Comparison between the corresponding fixed bed and
ADMFB drying experiment showed that, for drying
times lower 20 minutes and at any of the air velocities,
the moisture reduction happens with faster rates for
ADMFB drying than fixed bed, and then it gets reverse
once drying continues for longer times. That was because
of the heat energy saved in sand particles, enhancing
faster evaporation of the moister. The final moisture
reduction after 80 minutes is slightly higher for fixed bed
than ADMFB.

As addressed in the literature [5, 20], improvements
in fluidized bed coal drying would continue up to 2-2.2
of the coal particles’ Umf (i.e., 2.2-3.65 m/s for the tested
coal particles [23, 45]). Kim et al. [28] suggested that the
optimum drying gas velocity is around the Umf of
particles, and higher velocities would only raise energy
consumption and elutriation phenomenon. But in this
study, the air velocity was limited to 0.18 m/s, which is
almost 30% more than the sand particles” Umf and far
less than coal particles’ Umf.

Figures 3a and 3b show the effect of drying air
temperature for fixed and ADMFB coal drying,
respectively, at 15 cm/s air velocity. Generally, the
drying rate increases in both Figures 3a and 3b, while
drier coal is obtainable with an increase in air
temperature, as data have been reported in literature [17,
46]. Unlike Figure 2a, drying curves do not reach a
steady-state for fixed-bed once drying prolongs,
indicating a higher significance of the temperature
compared to the air velocity .

The comparison between Figure 1la and 3b indicate
that ADMFB reduces moisture faster than the fixed bed
for shorter drying durations at any hot air temperature.
For 10% moisture reduction at 55 or 75 °C, drying should
be continued 25 or 13 minutes within the fixed bed, while
it takes 22 or 8 minutes once ADMFB has been used.

Similar to Figure 2b, fixed bed and ADMFB drying
curves for the corresponding set temperatures, cross each
other, but at higher drying times. As discussed, drying for
shorter times yields more moisture removal by the
ADMFB system (Figure 3b), and an ADMFB is more
preferred. In the fixed bed, the heat exchange capacity of
the system is limited and could just be partially used for
evaporating the moisture off from the coal particles.
Initially, when coal enters the ADMFB, due to higher
heat energy saved in the sand particles, heat and
consequently  moisture  transfer rates  increase
significantly. After almost 20 minutes and once sand
particles lost some heat, some of the energy entering the
bed by hot air would be consumed by sand particles for
maintaining higher temperatures, rather than moisture

Moisture Loss (%

1] X Ll a S0 ol

Time (mun)

(b

10 L ) ix e

( 10 0 W 40 s no o] b A
Fime {min)

Figure 3. The effect of drying air temperature on coal drying
at 15 cm/s, (a) fixed bed, () ADMFB

on the coal particles. That is when drying by ADMFB
becomes less effective than the fixed bed (almost after 20
minutes). Such an issue could be solved easily, once
ADMFB operates continuously, and reheating of the
fluidization medium occurs while recirculating it back to
the ADMFB (after separation of the dry coal somewhere
out of the fluidization chamber).

Based on the obtained results, the performance of the
batch ADMFB drying system is superior to the fixed bed
system for drying times less than 20-25minutes, but if a
significant reduction in product moisture is needed,
employment of a continuous ADMFB dryer would be
beneficial. In a batch ADMFB system, due to the nature
of the operation, continuous support of the hot sand to the
system during the operation is not possible. In a
continuous operation, it is feasible to inject pre-heated
sand with the same or even higher temperatures of the
drying air to the system, while drying carries on in the
bed-chamber. Fresh hotter sand has higher trapped heat
energy in it and can improve drying efficiency in shorter
process times. Auxiliary hot sand can get its energy from
un-used hot flue gas (waste heat) once a coal-fired plant
is in the vicinity or even a small preparation furnace.

3. 3. Coal Drying Kinetics The collected time
versus moisture loss (in terms of MR) data from both
ADMFB and the fixed bed was used to study the coal
drying kinetics and modelling based on the selected thin
layer models in Table 2. However, modelling efforts
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showed that the coal drying in fixed bed and ADMFB
could not be represented by Wang & Singh model [44].
Also, the constant value of the Logarithmic model for the
fixed bed was calculated to be zero. Therefore, the
Henderson & Pabis model was considered here for coal
drying modelling. Similarly, Middilli & Kucuk models’
constant was also calculated to be zero for all nine
ADMFB drying experiments and consequently was taken
out from the comparison list. The average and standard
deviations (nine experiments for each system) of R?,
RSE, and RMSE of the models for both fix and ADMFB
systems, regardless of operating parameter variations, are
presented in Table 3.

Based on the goodness, the statistical evaluators, and
their standard deviations are given in Table 3, the
Middilli & Kucukand, and then equally, both Page and
Modified Page models do best represent fixed bed coal
drying phenomena. For all mentioned models, the
standard deviations of R?’ were less than 1% of the
corresponding R?. The results of the model fitting on any
individual fixed bed drying data set for the Middilli &
Kucukand model, as well as model constants (a, b, n, and
k), are presented in Table 4.

Figure 4a-b compares the experimental Mg Vs.
predicted Mg by Middilli & Kucuk model, for different
air velocities at 65 and 75 °C. In both graphs, excellent
fitness between experimental and simulated moisture
ratio is presented. Generally, higher superficial air
velocity and temperature increase moisture ratio, which
is clearly presented in Figure 4a as moisture ratio (loss)
for 18 cm/s is descending more sharply. The
experimental and simulated moisture ratio curves are
closer to each other at 75 °C dryings (Figure 4b).

TABLE 3. Average (Ave.) and standard deviation (St.D.) of the
statistical evaluators for ADMFB and fixed bed systems coal
drying

Fix bed drying ADMFB drying
Model name
R? RSE RMSE R? RSE RMSE
Ave. 0.994 0.015 0.030 0.994 0.016 0.031
Newton
St.D. 0.002 0.007 0.008 0.004 0.007 0.007
Ave. 0.997 0.005 0.016 0.998 0.002 0.009
Page

St.D. 0.001 0.002 0.005 0.001 0.002 0.005
Ave. 0.997 0.005 0.016 0.998 0.0025 0.009
St.D. 0.001 0.003 0.005 0.001 0.002 0.005
Ave. 0.994 0.01 0.024 0.991 0.009 0.024
St.D. 0.002 0.004 0.006 0.005 0.005 0.000
Ave. 0.999 0.001 0.008 -- - -

Modified Page

Henderson & Pabis

Middilli & Kucuk
St.D. 0.001 0.001 0.002 -- - -
Ave. - - -- 0997 0.003 0.014
Logarithmic
SstD. - - - 0.001 0.001 0.003

TABLE 4. Results of statistical parameters for Middilli &
Kucuk model fitting and model coefficients

Vem/s) T(°C) R*> RSE RMSE a b n k

15 55 0.998 0.001 0.006 0.993 0.001 1.214 0.008
16.5 55 0999 0.001 0.006 0.996 0.001 1.246 0.010
18 55 0.999 0.000 0.005 0.995 0.001 1.220 0.011
15 65 0.998 0.002 0.010 0.994 0.001 1.304 0.008
16.5 65 0.999 0.002 0.010 0.974 0.001 1.352 0.007
18 65 0.998 0.001 0.007 0.993 0.001 1.323 0.011
15 75 0.998 0.001 0.008 0.997 0.001 1.351 0.012
16.5 75 0998 0.002 0.012 0.990 0.001 1.286 0.015
18 75 0.999 0.001 0.010 1.009 0.001 1.337 0.014
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Figure 4. The experimental vs. fitted moisture ratio by
Middilli & Kucuk model for fixed bed drying, (a) 65 °C, (b)
75°C

Reaching almost the highest mass and heat transfer
capacity could be an interpretation.

For ADMFB, model, fitting and statistical evaluator’s
analysis showed that both Page and Modified Page
models equally describe coal drying precisely, where,
Logarithmic model stands after them. The standard
deviations of the modes were calculated and resulted in
being less than 1%. The results of the model fitting on
any individual ADMFB drying experiment for the Page



1368 A. Chelongar et al. / IJE TRANSACTIONS B: Applications Vol. 34, No. 05, (May 2021) 1362-1370

model and model constants (n and k) are presented in
TABLE . For any air temperature setting, k increases by
the increase of air velocity, and for any certain air
velocity, k increases with the increase of air temperature.
In fact, stronger drying condition results in higher k
values, indicating a direct relationship between k and
drying force intensity.

Figures 5a and 5b show the capability of the Page
model in representing ADMFB coal drying at 65 and 75
°C and different air velocities. Same as Figure 4 a-c, the
simulated and experimental results are matching
acceptably well. At lower drying times, the slopes of the
curves are higher than the corresponding fixed bed
curves. Drying was intense for 75 °C compared to the 65
°C, where curves are closer at a higher temperature than
two other lower ones (55 °C curves are not included here)

3. 4. Benefits of Drying The main goal of this
study was to upgrade LRC for thermal applications.
Therefore, the higher heating value (HHV) of the head
coal sample was determined using available correlations
in the literature [5, 86]. Based on the ultimate analysis
results, the HHV of the head sample was determined to
be 19.32 MJ/kg.

Elimination of moisture (e.g., 10%) due to ADMFB
drying (8 minutes of drying 75 °C), could increase HHV
up to 21.45 MJ/kg. Several experimental/simulation
studies have been conducted on the effect of ash or
moisture reduction on the performance of coal-based
power generation plants [14-17]. All emphasized the
unit/plant efficiency improvements. A 10% reduction in
moisture content (using ADMFB dryer) could promise
around a 1.5 % increase in plant efficiency, as discussed
in literature [16, 17].

In a conventional coal-fired power plant, the
substitution of a 19.32 MJ/kg, feed stream with its
upgraded product with 21.45 MJ/kg (upgraded using
furnace waste heat) could increase the available energy
for the furnace, at least 11%. A lower amount of flue gas

TABLE 5. Results of statistical parameters for Page model
fitting and model coefficients

V (cmis) T(CC) R: RSE RMSE n k

15 55 0997 0001 0007 0836 0.032
16.5 55 0999 0000 0005 0795 0.037
18 55 0998 0000 0005 0842 0.039
15 65 0999 0000 0005 0852 0034
16.5 65 0999 0000 0004 0835 0.040
18 65 0999 0001 0008 0855 0.041
15 75 0999 0001 0008 0863 0.051
16.5 75 0996 0005 0018 0816 0.055
18 75 0999 0002 0010 0774 0.068

‘ (a) e Velf ans Experimental
09 | & - V=65 cavs Expenimental
| . Vels an'n Expensmental
094 ‘i Vel S cns Fisiexl
- ‘i == Velos oy Fated
= v
2 0f V=18 s Fistex)
¥ R S
= i-
<03 " : =
< R
= -
03 o ~~F.
.Y
- 4
-
01
0
0 0 W o sl
Drying time (sman)
| 0§
0 V=I5 ey Fxpensmenta
‘ (b) Veifs q :
09 ‘ . | (8 ) Aperinania
N . V=18 am's Exponmenta
, ‘-. w o VSRS emds Fatled
- ‘. wa=s Vel6.5cm's Fitled
:: 06 3 ".._ . V¥ en's Fitusd
B SN
S045 N
2 e
( 'y 1\__»_&
0.15 b Thereq
0
o 20 0 oA S0
Dyying tume (mm)

Figure 5. Experimental vs. fitted moisture ratio by Page
model for ADMFB drying, (a) 65 °C, (b) 75 °C

to be dealt with would reduce the size of the flue gas
treatment operation as well as a possible increase in its
efficiency.

4. CONCLUSION

In this study, the effects of drying air temperature and its
superficial velocity on a fixed bed and ADMFB coal
drying were assessed. As LRCs are usually used as
thermal coal in coal-fired power plants, a low-
temperature range (<75 °C) was selected for drying air.
Also, the superficial air velocity was selected to be
suitable for dense medium fluidization (<18 cm/s), thus
was not enough to fluidize coal particles (at least 8 times
less than the required velocity to fluidize coal particles).
After determination of the effects of parameters on both
systems, simulation of coal drying for fixed ben and
ADMFB systems were conducted using seven thin-layer
kinetics models. Valid statistical evaluators were
determined for model significance assessment. The
following major conclusions were drawn.

For both fixed bed and ADMFB systems, moisture
removal improved by increasing superficial air velocity
and air temperature. Maximum moister removal was
achieved at a superficial air velocity of 18 cm/s and 75
°C (i.e., 25% moisture removal). It should be addressed
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that the temperature was found to be more influential than
the air velocity.

ADMFB drying is preferred if a shorter process time
is favorable. For 10 % moisture reduction, increasing air
temperature from 55 °C to 75 °C decreases drying time
by 50 and 62% for fixed bed and ADMFB systems,
respectively.

Kinetics studies using thin-layer models showed that
fixed bed and ADMFB coal drying could be best
presented by Middilli & Kucuk and Page models,
respectively. Different statistical evaluators such as R?,
RSE, and RMSE were employed to determine the models
fitting goodness. The model coefficients were
determined for any set of conditions.
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