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Abstract 

The moisture contents of the final coal products from processing plants are 

often too high and do not meet the requirements of the client. In many cases, 

drying becomes a necessary step to control the moisture content. Conventional 

thermal drying is inefficient and is not environmentally friendly. This study 

investigates the application of microwaves as an alternative heat source for drying 

coal. The rate of drying was determined by the thermogravimetric analysis (TGA) 

technique. Several variables that have significant effects on the drying kinetics 

were investigated, including incident microwave power, initial moisture content 

and the sample mass. Microwave drying tests were performed under various 

conditions and the mass change was monitored continuously. The percentage 

mass loss, moisture fraction and drying rate were obtained for each experimental 

condition. The final temperature was measured and drying efficiencies were 

calculated. For comparison purposes, some conventional thermal drying tests 

were also carried out at temperatures ranging from 130 to 220oC and with coal 

masses ranging from 10g to 100g. The TGA results show that microwave drying 

has distinct advantages over conventional drying such as reducing the overall 

required time and increasing the drying efficiency. A multiple-regression analytical 

method was used for both microwave and conventional drying to find the best fit 

model among eleven different types. Finally, the sample mass, which proved to 

be the most dominant factor in microwave drying, was incorporated into the 

equation of the best fit model.  
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Chapter 1 

Introduction 
 

1.1  Composition and coal rank 

Coal is a naturally occurring combustible material consisting primarily of 

carbon and hydrogen along with small quantities of other elements such as 

nitrogen and sulphur. Mineralogical studies also indicate that coal, as a complex 

heterogeneous material, is composed of a number of distinct organic entities 

known as macerals and lesser amounts of inorganic substances known as 

minerals. Macerals can be divided into three basic groups called virtrinite, liptinite 

and inertinite. The vitrinite group is derived from coalified woody tissue, the 

liptinite group is derived from the resinous and waxy parts of plants and the 

inertinite group is derived from charred and biochemically altered plant cell wall 

material. The inorganic substances vary considerably from sample to sample and 

usually contain pyrite, silica and clay materials. Both the macerals and the 

minerals have distinct physical, chemical and other properties that determine the 

characteristics of the coal. 

Generally coal can be classified into four main ranks known as lignite, 

sub-bituminous, bituminous and anthracite based on the pressure, temperature 

and time of the formation process. The carbon content and heating value increase 

while the moisture content and volatiles decrease as the rank increases from 

lignite to sub-bituminous to bituminous and finally to anthracite. 
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1.2  Coal processing technologies 

Run-of-Mine (ROM) coal, whether it comes from an underground or a surface 

coal mine, is rarely produced in a form suitable for use without further processing. 

Coal beneficiation, to some degree, is practised by all the major coal-producing 

nations of the world. It applies a series of physical and/or chemical methods to 

remove the impurities from the coal and upgrade its quality to meet market 

requirements. Although chemical processing can usually achieve better impurity 

removal in comparison to physical processing, its higher cost limits its commercial 

application. The physical processing procedure (also called “coal beneficiation”), 

which takes advantage of the difference in the densities, surface properties, 

electrical conductivities etc. between the coal and the contaminant, is by far the 

predominant beneficiation method for industrial use worldwide. The technologies 

used in coal processing vary among plants but can generally be divided into four 

basic operations: raw coal pretreatment, separation, product dewatering and 

tailings treatment. 

In the raw coal pretreatment stage, the Run-of-Mine coal is crushed or ground 

to liberate the coal from the host minerals, and then it is passed through a series 

of sieves to produce specific coarse and fine middlings for the next stage of 

processing. Since the coal and its host minerals usually have wide differences in 

physical characteristics such as hardness and density, it is easy to liberate it from 

gangue minerals even with open-circuit crushing. Sometimes a closed–circuit 

crushing process, where over-screen portions return to the upstream crushers or 
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mills for further comminuting, is necessary to strictly control the specific particle 

sizes.  

Two main techniques are commonly used for coal beneficiation. The first one 

is called “gravity separation” which is based on the difference in the relative 

densities between the coal and the associated minerals and is mainly applied for 

processing coal with relatively coarse particle sizes; the second one is called 

“flotation” which is based on the difference in the surface properties between the 

coal and the liberated gangue and is utilized for processing fine particle sizes 

(usually less than 0.5mm). Other techniques, such as magnetic, electrostatic, 

chemical and/or biological separating processes, are less common and are only 

used in specific cases. 

Effective dewatering of coal has become an important step to meet product 

specifications nowadays. The mechanical equipment used in most coal 

preparation plants for dewatering includes: vibrating screens, cyclones and 

basket centrifuges for coarse coal, scroll centrifuges for fine coal and vacuum 

filters for froth flotation concentrates.  

As the last stage of coal processing, tailings treatment is the most difficult and 

expensive step because many modern plants are required to employ closed water 

circuits in response to increasing environmental pressure to reduce the discharge 

of liquid effluents. The flotation tailings are introduced into thickeners for the 

settling of suspended solids with or without flocculants. The clarified water is 

collected for recycling and the underflow of the thickener is generally pumped to a 

plate-and-frame filter press for solid-liquid separation. 
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The costs of coal preparation vary considerably depending on the 

characteristics of the raw coal, the flow-sheet utilized, the capacity of the 

preparation plant, and the end-user of the products. Clearly, the advanced 

processing procedures usually require complex systems and thus have greater 

capital costs. 

1.3 Industrial coal drying  

Since coal is cleaned by wet-processing methods such as gravity separation 

and/or froth flotation in most preparation plants, the overall moisture content of the 

coal concentrate is usually in the range of 12-25% depending on the proportion of 

fine coal to the final products. The finer the particle sizes, the higher the moisture 

contents, because the larger surface area of the fine coal enhances its capacity to 

retain moisture. The high moisture content level has several harmful effects such 

as lowering the boiler heat efficiency, causing stack emission problems and 

increasing maintenance costs of heating equipment for the coal users. 

Conventional mechanical dewatering processes can reduce the moisture content 

to 10-15%, but it still can not meet the quality specifications of most clients. 

Thermal drying is the most widely employed method to dry wet coal. Heat 

energy is transferred from the surface to the interior through convection, 

conduction, and radiation during the conventional thermal drying process. 

Industrial drying is generally achieved in the dryer by direct contact between the 

wet coal and currents of hot combustion gases. The most common types of dryers 

are rotary dryers, multi-louver dryers, fluid-bed dryers and flash dryers.  

In a rotary dryer operation, the wet coal is fed to the dryer by a rotary feeder. 
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As the shelves in the dryer vibrate the coal cascades down into a rotary drum 

called tumbler and meets the heated air drawn upward through and between the 

wedge wire shelves inside the drum. The water is evaporated from the drum and 

the dried coal is collected on a conveyor at the bottom of the tumbler.  

A multi-louver dryer is suitable for large volumes and for rapid coal drying. 

The coal is carried up on the flights (the welded metal sheets on the dryer for 

lifting materials) and then flows downward in a shallow bed over the ascending 

flights. It gradually moves across the dryer from the feed point to the discharge 

point.  

In fluid-bed dryers, a bed of wet coal is fluidized through vibration or air flow. 

The coal powders are then dried by direct heating from hot air or combusted gas 

flow (direct) or through contact with heated surfaces (indirect). A fluid-bed dryer 

operates under negative pressure in which drying gases are drawn from the heat 

source through a fluidizing chamber. Dryer and furnace temperature controllers 

are employed in the control system to readjust the heat input to match the 

evaporative load changes. 

Flash dryers use a heated carrier gas (usually air) to pneumatically convey 

the wet coal through the flash tube and into a primary gas-separation device 

(most commonly, a cyclone or series of cyclones in series or parallel). The carrier 

is induced or forced into the wet coal throat from a hot gas generator that heats 

the gas to the desired operating inlet temperature. In the feed throat, the gas 

entrains the feed, and the moisture is evaporated quickly as the product is 

conveyed through the system to the primary gas and product separation device. 
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The term “flash” is derived from the fact that in a flash dryer the wet coal is 

continuously introduced into a column of high-temperature gases and moisture 

removal is practically instantaneous. 

1.4 General introduction to microwave drying 

Microwaves, or hyperfrequency waves, have frequencies in the range 

300MHz to 300GHz, corresponding to wavelengths ranging from about 1m to 

1mm. Within this portion of the electromagnetic spectrum there are frequencies 

that are used for cellular phones, radar, and television satellite communications. 

The frequencies centered at 0.915GHz (32.78cm) and 2.450GHz (12.24cm), 

which are assigned by the International Microwave Power Institute (IMPI) as the 

two principal microwave frequencies, are utilized for industrial, scientific and 

medical (ISM) purposes (Osepchuk, 1984, 2002). With fast and volumetrically 

internal heating, it has been widely utilized to heat, to dry, and to melt various 

dielectric materials. The depth of penetration of a 0.915GHZ applicator is about 

three times greater than a 2.450GHz applicator, and therefore the 0.915GHz 

applicators usually have relatively higher drying efficiencies and lower running 

costs in comparison to the 2.450GHz units. On the other hand, it is difficult for 

0.915GHz applicators to generate sufficient power with interference within the 

reasonable limits outside this frequency band, so they need complex devices for 

controlling the generated interference for general drying applications and 

therefore the manufacturing costs are relatively expensive. This can explain the 

reasons why the longer wavelength 0.915GHz frequency is commonly used in 

industrial ovens while the 2.450GHz frequency is more economical and practical 
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for compact household microwave ovens. 

The mechanism of microwave drying is complex and still under investigation. 

Microwave energy is absorbed by two mechanisms: ion conduction and dipole 

rotation, and dipole rotation is dominant for materials with high free water 

(Mcloughlin et al, 2000). When the dielectric material is exposed to the microwave 

field, the ions, atoms and molecules are excited and move under the influence of 

the electric field, such that they collide with other bodies and therefore kinetic 

energy is transferred in this process. The collisions are repeated and extended to 

other bodies in the alternating electrical field. The electric energy is converted to 

kinetic energy which is subsequently converted to energy that can be regarded as 

heat. In a liquid or material with high free water, many molecules are dipoles and 

they become induced dipoles when the molecules are exposed to an electrical 

field. The molecules are normally randomly oriented in a liquid or material with 

high free water. However, in the electric field they tend to align with the field – 

dipole rotation. As the field decays to zero the dipoles return to a random 

orientation and then they are pulled into a specific direction as the field builds up 

again during each cycle. With the fluctuations of the field these processes of 

alignment and relaxation occur many millions of times per second. The electric 

energy is first converted into potential energy and then converts into random 

kinetic energy, i.e. into heat. 

As a result of this heating mechanism, microwave energy is delivered directly 

to materials through molecular interactions with the electromagnetic field, so use 

of microwave for drying is an energy conversion process instead of a traditional 
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heat transfer operation. The unique characteristics of microwaves lead to the 

potential advantages of this drying technique. Firstly, because microwaves can 

penetrate materials and deposit energy directly, heat can be generated 

throughout the volume of the material and usually starts from the interior. It is 

possible to achieve rapid heating for many materials. Secondly, in addition to 

volumetric heating, microwaves can be utilized for selective heating. When 

various phases in a material have different dielectric properties, microwaves will 

selectively couple with the high loss materials. Since water in wet materials 

usually has a relatively high dielectric loss factor compared to the other 

components, microwave drying can be intrinsically self-regulating. This leads to 

the phenomenon of automatic moisture leveling, and ultimately to efficient drying. 

Thirdly, microwave energy uses power only when required and is instantly 

available, making the process most suitable for automatic control. 

The temperature distribution in the sample is also special for microwave 

drying. Coal is heterogeneous and the different materials in the coal matrix have 

different permittivities and therefore their response to microwave radiation is 

different. Some materials in the coal matrix are good microwave absorbers and 

achieve higher temperatures in a short time while some materials are almost 

transparent to microwave radiation. However, there should be some heat transfer 

between these materials. Therefore the microwave drying can be regarded as a 

hybrid process because it actually involves conventional conduction and 

convection. Even for pure materials, the inner temperature can be higher than the 

surface temperature for microwave heating, resulting in an inverted temperature 
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gradient. Thus the temperature varies throughout the sample in microwave drying 

tests. 

Although direct heating by microwaves can offer many advantages over 

conventional heat transfer, the different mechanism of energy transfer in 

microwave heating has also resulted in several new processing challenges. 

Firstly, uneven drying becomes a distinct characteristic of microwave drying, 

which can be attributed to the reverse heat-generating mechanisms and possible 

fluctuations of the applied electromagnetic field caused by inevitable exterior 

factors. Secondly, when materials are under a microwave radiation, they often 

undergo physical and structural transformations that affect their dielectric 

properties. Thus, the ability of microwaves to generate heat varies during the 

process. Sharp transformations lead to a significant change in dielectric 

properties and cause difficulties in modeling and controlling microwave drying. 

1.5 Objectives and organization of this study 

The moisture contents of the final products from many commercial coal 

preparation plants need to be reduced to a specific level to meet increasingly strict 

market requirements. Traditional thermal drying usually has a low efficiency and is 

not environmentally friendly. Microwaves have been investigated as an alternative 

energy source for drying coal under various conditions. The aims of the present 

work are:  

(1) to determine the effects of variables such as microwave power, sample 

initial moisture content, and sample mass on the drying behavior in terms of 
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percentage mass loss, moisture fraction, drying rate, final sample temperature, 

efficiency, and specific energy consumption;  

(2) to compare the performance of microwave and conventional thermal 

drying; 

(3) to study the fitting ability of several equations for microwave and 

conventional drying of coal and to determine the most suitable drying model and 

(4) to describe the entire process in terms of a general drying model by 

embedding the mass in the coefficients of the best fitting model for the purpose of 

simulating and scaling up the process.  

In this thesis, the literature is first reviewed in Chapter 2 with regards to the 

microwave treatment of coal and the application of microwave drying in other 

industries, and then some fundamentals of microwave drying are elucidated and 

the critical factors affecting microwave drying are discussed in detail. In the 

following two chapters, comparative results are presented from a series of drying 

tests which were carried out under various conditions. The best fit mathematic 

model is selected and modified to include the effect of sample mass. Finally, 

some recommendations are made with regards to the potential application of 

microwave energy for the drying of coal. 
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Chapter 2 
Literature Review 

 

2.1 Microwave treatment of coal 

Considerable research has been undertaken into the effects of microwave 

radiation upon coal. The applications of microwaves in this field can be classified 

into three main areas: heating/drying rate investigations, desulphurization and 

grindability studies. 

Seehra et al (2007) investigated dewatering of a fine coal slurry sample by 

conventional thermal and microwave drying. 50, 100, 150 and 200 milligram coal 

slurries were separately dried at a 3oC/min heating rate using conventional 

heating. Microwave radiation experiments were carried out using an 800W, 

2.45GHz commercial oven. Each sample was taken out of the microwave oven for 

weighing and then quickly replaced into the cavity. Thermogravimetric analysis 

(TGA) results in terms of percentage weight loss against processing time were 

obtained. The comparative TGA results clearly showed a significant advantage of 

microwave drying in terms of reducing the drying time by a factor of nearly ten. 

The bench scale unit with coal slurry fed onto a conveyor belt demonstrated that it 

is possible to employ this technology for industrial applications. 

The production of pulverized coal feed for a coal-fired power plant is a highly 

energy intensive process, consuming an estimated 4×109 kWh annually for the 

U.S alone. Improved grindability means decreasing the energy consumed for 

pulverizing coal. Because of the potential benefits, considerable research has 



                                                                

12 

 

 

been performed in this area. It has been shown that pretreating the coal with 

microwave radiation improves coal grindability. Harrison and Rowson (1995) 

demonstrated that the Bond Work Index could be reduced 30% by short exposure 

of the coal to a 650W 2.45GHz microwave source. The reduction in the relative 

Bond Work Index was attributed to the cracking initiated around pyrite grains and 

pressures generated by the superheating of water in the porous coal structure.  

Marland et al (2000) reported that microwave radiation had the same effect on 

the calorific value of coal as conventional thermal heating. The lower ranked coals 

such as peat or lignite are more sensitive to microwave radiation because of their 

higher moisture contents. An approximate 50% reduction of the Bond Work Index 

was achieved after microwave radiation treatment. They suggest that gaseous 

evolution (water and volatile matter) as well as gangue mineral expansion are the 

possible causes for the improvement in coal grindability and that the extent of the 

effect depends on the coal’s particular properties. 

Lester and Kingman (2004) exposed Thoresby coal to microwave radiation at 

8.5kW for very short residence times (0.1second) to avoid damaging the coal 

structure or causing combustion. The results showed that microwave radiation 

produces physical changes such as cracks and fissures even for short processing 

times. These cracks are responsible for the positive improvement in the 

grindability in the milling stage. They suggested that the rapid expansion of 

moisture when vapor is formed within the particles is the reason cracks are 

created. As a result, the microwave pretreatment increased the specific rate of 

breakage (Si) across all size fractions and coal types. 
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Various authors have investigated the use of microwave radiation for the 

desulphurization of coal. Viswanathan (1990) showed that by the selective 

microwave heating of pyrite, the sulphur content of a typical British coal could be 

reduced by 24% and the ash content by 22.6%. Viswanathan demonstrated that 

pyrite was converted to pyrrhotite, which is significantly more magnetic (×100) 

than pyrite, so that conventional magnetic separation could be employed in the 

cleaning process. Uslu and et al (2003) found that with the addition of magnetite, 

which is an excellent microwave absorber, it was possible to enhance the 

microwave drying and pyritic sulphur removal using magnetic separation. With the 

addition of 5% magnetite, the pyritic sulphur content of coal was reduced by 

55.11% using magnetic separation at 2 Tesla following microwave heating. A 

decrease (21.54%) in ash content and an increase (20.39%) in calorific value 

were also obtained. Rowson and Rice et al. (1990) investigated the role of caustic 

leaching during the microwave desulphurization of coals. Molten caustic (NaOH 

and KOH) was shown to be an effective absorber of microwave radiation and led 

to the accelerated differential heating of coal/pyrite phases. This was especially 

true in low pyrite coals where little heating performance would normally occur. 

Sixty percent reductions in total sulphur content were typically reported. 

2.2 Microwave and material interaction 

Materials can be generally classified into one of three categories based on 

their interaction with incident microwaves: conductors, insulators, and dielectrics. 

Metals in general have a high electrical conductivity and are classed as 

conductors, and any incident microwaves are reflected from the surface. Materials 
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which are transparent to microwave energy and do not interact with microwaves 

are classed as insulators. Materials which are excellent absorbers of microwave 

energy are easily heated and classed as dielectrics. Materials with conductivities 

in the range of 1 to 10 s/m are particularly suitable for microwave drying. 

The drying behavior of ores in a microwave environment is compositionally 

dependent. Some materials inside the ore absorb microwaves well and can be 

easily heated to a high temperature in a very short time period, while other 

materials do not interact. Xia and Pickles (1997), Barnsley (1989), and George et 

al (1994) explained these phenomena from a theoretical perspective. They 

concluded that microwave drying is most effective for materials with intermediate 

electrical conductivities. For materials with a high conductivity, an electric arc can 

be produced on the surface and so the penetration depth of microwaves is low 

and most of the microwaves are reflected. For materials with a very low 

conductivity, microwaves pass through with little loss and there is little heating. 

McGill et al. (1987) made a quantitative study of the microwave heating 

characteristics of a number of reagent chemicals, compounds and minerals. All 

microwave heating tests were conducted on 25.0g powdered samples at 2.45GHz. 

The temperatures of the samples were monitored by applying a type K 

thermocouple with an ungrounded tip sheathed in Inconel 702 (for sulphide 

minerals the sheath was stainless steel 440). The resulting temperatures are 

shown in Tables 2-1 and 2-2. It can be seen that the highest temperatures were 

obtained with carbon and most of the metal oxides such as Fe3O4, Co2O3, CuO, 

NiO and WO3. Most metal sulphides heated well without any consistent pattern. 
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Metal powder and some heavy metal halides also heated well; gangue minerals 

such as quartz, calcite and feldspar did not heat. Thus it is confirmed that some 

minerals absorbed microwave energy readily and some others did not, so their 

heating behaviors are compositionally dependent.  

Table 2-1   Effect of microwave heating on the temperature of natural 
minerals a (McGill et al., 1987) 

Mineral Chemical Composition Temp., oC Time, min 

Albite NaAlSi3O8 82 7 

Arizonite Fe2O3•3TiO2 290 10 

Chalcocite Cu2S 746 7 

Chalcopyrite CuFeS2 920 1 

Chromite FeCr2O4 155 7 

Cinnabar HgS 144 8 

Galena PbS 956 7 

Hematite Fe2O3 182 7 

Magnetite Fe3O4 1258 2.75 

Marble CaCO3 74 4.25 

Molybdenite MoS2 192 7 

Orpiment As2S3 92 4.5 

Orthoclase KAlSi3O8 67 7 

Pyrite FeS2 1019 6.76 

Pyrrhotite Fe1-xS 886 1.75 

Quartz SiO2 79 7 

sphalerite ZnS 87 7 

Tetrahedrite Cu12Sb4S13 151 7 

Zircon ZrSiO4 52 7 
a Maximum temperature recorded in indicated time 
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Table 2-2 Effect of microwave heating on the temperature of reagent grade 
elements and compoundsb (McGill et al., 1987) 

Chemical Temp, oC Time,min Chemical Temp, oC Time,min 

Al 577 6 Mo 660 4 
AlCl3 41 4 MoS3 1106 7 

C 1283 1 NaCl 83 7 
CaCl2 32 1.75 Nb 358 6 

Co 697 3 NH4Cl 31 3.5 
Co2O3 1290 3 Ni 384 1 
CoS 158 7 NiCl2 51 2.75 
Cu 228 7 NiO 1305 6.25 

CuCl 619 13 NiS 251 7 
CuCl2•2H2O 171 2.75 Pb 277 7 

CuO 1012 6.25 PbCl2 51 2 

CuS 440 4.76 S 163 6 
Fe 768 7 Sb 390 1 

FeCl2 33 1.5 SbCl3 224 1.75 
FeCl3 41 4 Sn 297 6 

FeCl3•6H2O 220 4.5 SnCl2 476 2 
Fe2O3 134 7 SnCl4 49 8 

Fe2(SO4)3•9H2O) 154 6 Ta 177 7 
Hg 40 6 TiCl4 31 4 

HgCl2 112 7 V 557 1 
HgS 105 7 YCl3 40 1.75 
KCl 31 1 W 690 6.25 
Mg 120 7 WO3 1270 6 

MgCl2•6H2O 254 4 Zn 581 3 
MnCl2 53 1.75 ZnCl2 609 7 
MnO2 1287 6 Zr 462 6 

MnSO4•H2O 47 5    
b Maximum temperature recorded in indicated time 
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Many tests have been carried out to investigate the heating behaviors of 

different minerals or compounds under various conditions by Ford and Pei (1967), 

Chen et al (1984), and the US Bureau of Mines (1983). Their conclusions were in 

close agreement. All researchers concluded that the microwave heating behavior 

of a material depends to a great extent on the ‘dissipation’ factor, which is the ratio 

of the dielectric loss or loss factor to the dielectric constant of the material. 

2.3 Application of microwave processing 
As described in section 1.4, microwave energy is delivered directly to 

materials through molecular interaction with the electromagnetic field in a 

microwave heating/drying process. This unique way of energy conversion can 

result in many potential advantages for processing materials. Because water has 

a relatively high value of the dielectric loss factor (the imaginary permittivity) in 

comparison to many materials, selective heating occurs within a wet material and 

only the water is heated instead of the dry solid skeleton. This water removal 

process includes all the heating, drying, dewatering, roasting/smelting, calcining 

and sintering procedures in food, lumber and mineral industries. Many 

researchers have investigated the performance of microwave heating/drying and 

considerable progress has been made.  

There was extensive research on the microwave drying of fruits and 

vegetables. Most of the literature examines the quality of dried product, drying 

kinetics, dielectric properties, application of the microwaves, and the microwave 

heating mechanism. Tulasidas et al. (1995), reported that the specific energy 

consumption value was about 81.15-90.35 MJ/Kg [H2O] for traditional convective 
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drying of grapes. Under similar conditions with microwave implementation, the 

energy consumption was reduced to values ranging from 7.11 to 24.32 MJ/Kg 

[H2O] depending on the process conditions. Shivhare et al. (1992) reported that 

despite the increase in total drying time of corn, intermittent microwave drying 

yielded a product of higher quality and reduced the energy consumption by 

reducing the total microwave exposure time compared to continuous microwave 

drying. Beaudry et al. (2003) used combined microwave-hot air drying for finish 

drying of osmotically dehydrated cranberries and compared the effects of power 

densities (0.75, 1.0, 1.25W/g) and power cycles (30s on/30s off and 30s on/60s 

off) at 750W on the specific energy consumption and the quality of product. Both 

the microwave cycling period and the applied power density in intermittent 

microwave drying influenced the energy consumption. It was concluded that the 

combination of 0.75W/g power with a density cycling period of 30s on/60s off was 

appropriate to dry cranberries in terms of energy efficiency (9.0 MJ/Kg [H2O]) and 

to produce the best quality of dried products. 

Investigations on microwave drying of wood were performed from the late 

fifties because traditional wood drying was the most energy-intensive and 

time-consuming process in the lumber industry. Barnes et al (1994) reported that 

the drying times are reduced greatly by using microwaves to achieve the same 

final wood quality. The ratios of drying times (relative drying times of microwave 

against conventional) ranged from 0.25 for white spruce and red oak to 0.03 for 

Douglas fir. These increased drying rates are an important factor when evaluating 

the economic viability of such drying processes. They also concluded that the cost 
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of drying per unit volume of timber for microwave was influenced mainly by the 

initial moisture content and density. Furthermore, microwave drying was most 

likely to be appropriate where the wood species had low initial moisture content 

and had problems with degradation in conventional drying. Vongpradubchai et al 

(2009) investigated the microwave drying of wood in a continuous microwave belt 

drier where a series of 14 magnetrons, 800W each with a total power of 11.2 KW 

were installed. They concluded that this kind of microwave drying system 

provided relatively deeper penetration and displays a more uniform heat pattern 

compared to that achieved using other simple microwave drying systems or a 

conventional drying system. The Scanning Electron Microscope (SEM) results 

demonstrated that microwave dried specimens had a better micro-structure 

because of more uniform energy absorption and heat and moisture distribution. In 

addition, microwave drying offered better mechanical properties with higher 

strength and little deterioration of long term performance and a higher quality of 

wood than the conventional method. 

Pickles (2005) investigated the application of microwaves for drying a 

briquetted nickeliferous limonitic laterite ore. Drying tests were performed at a 

frequency of 2.45GHz and the sample mass was continuously monitored. Some 

variables were examined such as sample mass, microwave power, briquette 

aspect ratio, specific surface area and compaction pressure. It was found that 

microwave drying rates were two to three times higher than with conventional 

thermal heating. Furthermore, the microwave drying rates showed a strong 

dependence on the applied sample mass most probably because microwave 
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heating is a volumetric heating process. The increased drying process was 

attributed to the enhanced mass transfer via microwave pumping and reflux 

condensation caused by internal boiling. 

Amankwah and Pickles (2005) studied the microwave calcination and 

sintering of a manganese carbonate ore. Temperatures of over 1300 oC could be 

achieved for a 100g sample at 1000W incident microwave power with 20 minute 

heating. With a recycled calcine addition of 5%, temperatures of over 1500 oC 

could be attained in 8 minutes for the same amount of sample mass and 

microwave power level. The superior heating behavior of the calcine can be 

attributed to the presence of manganese oxides which have high dielectric 

properties and can absorb more microwaves. 

Lu (2006) performed a series of microwave drying tests on a bauxite sample 

under various conditions. It was observed that the temperature influence on the 

drying behavior was much more significant than the frequency at lower 

temperature levels and it was believed that dipole relaxation predominated in this 

situation. The effect of microwave frequency was more important than 

temperature at higher temperature levels because ionic conduction becomes 

more significant. Sample temperature increased rapidly in the first several 

minutes and then became relatively stable during microwave drying. Sample 

mass and applied power both had significant effects on the drying behavior, but 

the other variables such as particle size and sample bulk density did not show a 

distinct influence. 
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2.4 Theoretical models of microwave drying 

Mathematical modeling can play an important role in the design and control of 

the process parameters during microwave drying. Mathematical models can 

range from very simple to extremely complicated. The goals of the model should 

be defined explicitly, and in order to avoid unnecessary computational efforts, the 

model has to be reduced to a state where it describes the relevant phenomena 

only. The complexity required in a model, i.e., the level of detail, depends on the 

target to be reached. In general, it could be developed to describe either the 

microscopic particle or the macroscopic level behavior. The smaller the scale of 

description, the greater the complexity, because a more detailed description of the 

phenomena is involved. This also means that, at the microscopic level, more 

theoretical models are considered and at the macroscopic level, the empirical 

approaches are more commonly used. Microscopic-level descriptions are mainly 

useful for understanding and describing drying mechanisms. At this level, models 

usually relate the energy, mass and momentum transport equations with 

thermodynamic variables. However, to describe a microwave drying process at 

the same level, the techniques usually involve finite element analysis or finite 

difference procedures which lead to extremely complex systems for predicting 

temperature and moisture profiles in microwave heated materials. At the 

macroscopic-level, a description of the drying environment is required. 

Parameters such as the microwave and the material characteristics should be 

taken into account. A general method for attaining this level of description is by 

integration of particle level models with a description of the dryer characteristics.  
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Mathematical modeling of microwave drying of food has been attempted by 

various researchers at the microscopic level. Wu and Irudayaraj (1996) analyzed 

the heat, mass and pressure transfer in a starch based system by using a 2-D 

finite element model. The finite element results were validated by comparing with 

exact solutions and then the model was used to predict the temperature and 

moisture content in the hydrated composite starch system. Simulation results 

indicated that predictions from the heat, mass and pressure transfer model fitted 

well with the available experimental data.  Zhou et al. (1995) developed a 3-D 

finite element model to predict the temperature and the moisture distribution in a 

cylindrical slab-shaped potato specimen under microwave radiation. The 

predicted results of temperature and moisture contents also had acceptable 

differences compared with the actual measured values. Ressing et al. (2007) 

developed a 2-D finite element model to simulate the puffing process of a dough 

ball under vacuum microwave drying conditions. This model predicted the 

temperature rise reasonably well in most cases, but was not able to 

unambiguously explain the drying mechanism and general suitability of the 

techniques for specific food materials. 

A number of researchers have studied microwave heating/drying from a 

macroscopic perspective. The drying kinetics of maize in a microwave 

environment was investigated by Shivhare et al (1993). They assumed that the 

predominant mechanism for moisture transfer in drying maize grain was 

molecular diffusion, and therefore the drying kinetics could be represented by 

Fick’s second law of diffusion. The solution depended on the initial and boundary 
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conditions and the shape of the maize. For simplicity, the maize kernels were 

assumed to be spherical in all drying tests. They initially found that the analytical 

solution to Fick’s second law of diffusion for a homogeneous, isotropic sphere 

with constant initial and boundary conditions did not adequately describe the 

experimental drying behaviors. Discrepancies appeared due to the inadequacy of 

the assumptions such as constant diffusivity and the surface moisture content 

equaled the equilibrium value. In an attempt to solve this problem, the moisture 

ratio was replaced with the surface moisture content. The associated surface 

drying coefficient, which indicated how fast the surface moisture content 

approached equilibrium with the surroundings for the given conditions, could be 

expressed as a linear function of the initial free moisture content of the maize 

grain. Then the diffusion model gave a good fit to the experimental data for drying 

kinetics in a microwave environment based on prescribed assumptions.   

The drying kinetics of spinach leaves was examined in a combined 

microwave-fan-assisted convection oven for various conditions by Karaaslan and 

Tuncer (2008). The effect of incident microwave power (180, 360, 540, 720 and 

900W) and the ratio of drying times were investigated. The experimental data 

were applied to eleven thin-layer drying models these being the Newton, Page, 

Modified Page, Henderson and Pabis, Logarithmic, Wang and Singh, Diffusion 

Approach, Verma, Two Term Exponential, Simplified Fick’s Diffusion and the 

Midilli-Kucuk Equation models. The performances of these models were 

compared and determined according to the coefficient of determination (R2), 

standard error of estimate (SEE) and residual sum of square (RSS) between the 
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observed and predicted moisture ratios. The Medilli-Kucuk model described the 

drying ratio relatively better among these eleven models since it gave the highest 

R2 and the lowest values of SEE and RSS. The constants and coefficients of the 

Medilli-Kucuk model were regressed for the various conditions based on multiple 

regression analysis. 

Wäppling-Raaholt et al. (2001) used a multi-disciplinary simulation and 

optimization method to simulate two types of food products: a compact ready 

meal (lasagna) and a three-component ready meal. A complete optimization of 

the products required thousands of simulations, and a fractional factorial design 

was developed to find the optimal settings of several variables. The results 

showed that this method had great potential in optimization of drying of food 

products. 

Since microwaves have been widely used for heating/drying food, it is easy to 

find relative literature and to understand the mechanisms of microwave drying for 

food. Because the development of a mathematic model is relatively independent 

of the processed materials, these documents for heating/drying food were 

reviewed as references in the study of microwave drying of coal.   
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Chapter 3 
Fundamentals 

 

3.1 Two-pore drying model for porous material 

It is necessary to find an appropriate model in order to better understand the 

mechanism of mass and heat transport and to optimize the drying behavior in 

porous media. The two-pore system model has proven to be the simplest one and 

it can successfully explain most drying phenomena (R.B. Keey, 1972, 1978). A 

schematic diagram of the two-pore model of drying is shown in Figure 3-1. In this 

model, it is assumed that the porosity in the material consists of interconnected 

capillaries of different diameters, these being a wider pore and a narrower pore. 

At saturation, the moisture is distributed continuously throughout the pores in the 

funicular state. In the initial stage of drying when the moisture is removed, the 

wider pore feeds the narrower pore and the level in the wider pore decreases, 

while the level in the narrower pore remains unchanged. The drying rate will be 

constant and the temperature of the wet solid surface is equal to the wet bulb 

temperature of the gas under these conditions. This is the so-called “initial or 

constant rate” drying period. The drying rate during this period depends on the 

external conditions and the surface area of the sample. Eventually, the water level 

in the narrower pore will begin to decrease and both menisci will recede at the 

same rate for a specific difference in the moisture level between the two pores. 

After most of the surface moisture has been removed, the rest of the interior water 

begins to evaporate. The drying occurs over a small effective surface area at this 
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stage, so it is easy to understand that the drying rate decreases in comparison to 

the constant rate period. This period can be regarded as the “falling rate period”. 

The rate of evaporation depends upon the cross-sectional area of the pores and 

the positions and lengths of the menisci. It has been shown that the drying rate 

decreases quadratically with time. An extra amount of heat energy must be 

supplied in order to evaporate the residual moisture from the lower temperature 

interior. Therefore, for a two-pore system, there are three stages of the drying 

process: one constant rate drying period followed by two falling rate periods. 

These different stages can be observed in a typical drying rate curve as shown in 

Figure 3-2. 

 

Figure 3-1 Schematic diagram of the two-pore model of drying (Keey, 1972, 1978) 
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Figure 3-2 Drying rate curve for the two-pore model (C.A. Pickles, 2003) 

Here X is the moisture fraction, t is the time and Xcr is the critical moisture content 

where the moisture fraction changes from the funicular, (the constant rate drying 

period) to the pendular state (the first falling rate period). The drying rate is 

defined as the amount of moisture removed from the material in a unit of time per 

unit area of drying surface. At the initial stage of drying, the energies are absorbed 

by the matrix and the liquid water starts to evaporate, so the drying rate quickly 

increases to a maximum value as shown in region A of the plot. The B, C and D 

regions represent the relatively constant drying rate, first falling rate drying and 

the second falling rate drying periods, separately. These drying phenomena can 

be explained from the two-pore model theory.  

3.2 Principles of microwave drying 

3.2.1 Dielectric properties 

The electrical behavior of materials when they are exposed to 

electromagnetic fields is characterized by their constitutive parameters: 
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permittivity (ε ), permeability ( µ ), and electrical conductivity ( eσ ). Permittivity 

describes the interaction of the material with the electric field, whereas 

permeability describes the interaction with the magnetic field. The electrical 

conductivity is closely related to the permittivity, and characterizes the 

free-electron conductive properties.  

For heat to be generated within the material, the microwaves must be able to 

enter the material and produce thermal energy. The degree of microwave 

absorption is fundamentally determined by the complex permittivity ε  which is 

defined by the following equations. 

              ε  = 'ε - j "ε                      (3-1) 

              ε  = oε ( '
rε - j "

rε )                 (3-2) 

Here ε  is the complex permittivity of the material, 'ε  is the real part of the 

permittivity and is referred to as the dielectric constant, "ε  is the imaginary part 

of the permittivity and is called the loss factor, and j is the imaginary component in 

the +j-axis direction ( 1−=j ). Equation (3-2) is an alternative form of Equation 

(3-1), where oε  is the permittivity of free space or vacuum with a value of 8.86 ×  

10-12 F/m; '
rε  and "

rε  are the relative real permittivity (or relative dielectric 

constant) and the relative imaginary permittivity (or relative dielectric loss factor) 

of the material respectively. Also, the loss tangent, δtan , which is another 

commonly used term to describe dielectric losses, can be defined as the ratio of 

the loss factor to the dielectric constant as follows.
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'

"

tan
ε
εδ =                    (3-3） 

The dielectric constant ( 'ε ) determines the penetration depth of the applied 

electric field into the irradiated material. The dielectric loss ( "ε ) controls the 

amount of microwave energy converted to heat energy in the material.  

3.2.2 Dielectric relaxation and the debye equation 

The permanent and/or induced dipoles of dielectric materials align 

themselves in the direction of the applied electric field and then return to their 

original positions as the electric field changes. There is a time delay between the 

applied electric field and the polarization. This momentary time lag in the dielectric 

constant of a material is called the “dielectric relaxation” which could be 

considered analogous to hysteresis in changing magnetic fields (for inductors or 

transformers). Relaxation in general is a delay or lag in the response of a linear 

system, and therefore dielectric relaxation is measured relative to the expected 

linear steady state (equilibrium) dielectric values. The time lag between electrical 

field and polarization implies an irreversible degradation of free energy (G). The 

relaxation frequency (fD) is defined in Equation (3-4) as the reciprocal of relaxation 

time (τ ), and determines the microwave response of a dielectric material. When 

the microwave frequency equals the dipole relaxation frequency, the dipole will 

absorb the maximum microwave energy which is then converted into heat. 

τ
1

=Df                        (3-4) 

http://en.wikipedia.org/wiki/Hysteresis�
http://en.wikipedia.org/wiki/Magnetic_field�
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http://en.wikipedia.org/wiki/Linear_system�
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http://en.wikipedia.org/wiki/Polarization�
http://en.wikipedia.org/wiki/Gibbs_free_energy�
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The Debye relations which describe the relative real and imaginary 

permittivities for dielectric materials and for ideal liquids containing permanent or 

induced dipoles are given as follows. 

                'ε  = ∞ε + 221 τω
εε

+
− ∞s              (3-5) 

 

                "ε = ( )
221 τω
ωτεε

+
− ∞s                (3-6) 

 

                δtan =
( )

22τωεε
ωτεε

∞

∞

+
−

s

s              (3-7) 

In these equations, the limiting value of the real permittivity ∞ε  is determined by 

the electronic and/or the atomic polarization, but is essentially independent of 

temperature. The static value of the real permittivity sε  is defined as the electric 

flux density Ds divided by the free charge electric field strength E, so it increases 

with the increasing Ds and decreasing electric field strength. fπω 2=  is the radial 

frequency, f is the frequency of the incident wave in Hz and τ  is the relaxation 

time or time constant. From Equation (3-5) it can be seen that the real permittivity 

is inversely proportional to the square of the frequency. At low temperatures, the 

value of the real permittivity is due to charge polarization such as slight 

displacements of electrons and ions from their normal lattice sites. Since these 

processes are usually very rapid, it is essentially frequency independent. 

Furthermore, any loss mechanisms involving the movement of electrons or ions 

will affect the value of the real permittivity, but the magnitude of this effect will 
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depend on the relaxation rate of the mechanism. If the relaxation rate is higher 

than the microwave frequency, then the real permittivity will not be strongly 

influenced. 

The Debye equation is relatively simple and is often not applicable to many 

materials. The Debye model assumes only one relaxation time, and often 

materials exhibit multiple relaxation times. As a result, more complicated models 

should be developed to describe the dielectric behavior of more complex 

materials. The heating behavior of materials is related to the ability of the dipoles 

to orient in the electromagnetic field, and this characteristic defines the material’s 

dielectric properties. 

3.2.3 Dissipation density and penetration depth  

The interaction between the dielectric material and the applied 

electromagnetic field results in the conversion of electromagnetic energy to heat. 

The power that is transmitted to an object under microwave radiation can be 

expressed by the following equation:   

             AP  = 2π f oε
"
rε

2E                (3-8) 

where AP  is the adsorbed microwave energy per unit volume (or dissipation 

density), f is frequency and E  is electric field strength within the material. This 

equation shows that the dissipation density is proportional to the frequency of the 

microwave field, the relative imaginary permittivity and the induced electric field 

strength within the material. The electric field within the material decreases as a 

function of the distance from the surface of the material, so Equation (3-8) is only 
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valid for very thin materials in which E  is assumed to be uniform. The absolute 

value of E  is determined by the dielectric properties, the geometry of the 

material and the oven configuration. Therefore, this equation is generally 

impractical as the determination of the electric field distribution is very complex 

(Buffler, 1993). 

To gain a better practical understanding of the meaning of the values of the 

dielectric properties, a penetration depth can be calculated from the dielectric 

properties. Theoretically, the penetration depth Dp is defined as the distance 

below a large plane surface at which the power density of a perpendicularly 

impinging, forward propagating plane electromagnetic wave has decayed by 1/e 

(about 37%) from the surface value. Beyond this depth, volumetric heating due to 

microwave energy is negligible. The penetration depth is given as follows. 

        pD  = 
2
1

' )2(2 r

o

επ

λ
2
1

2
1

2

'

"

11
















−



















+

ε
ε r        (3-9) 

Here oλ  is the wavelength in free space. The penetration depth increases with 

decreasing frequency (since frequency is inversely proportional to the wavelength 

(λ =
f
c ), with the decreasing relative imaginary permittivity and with decreasing 

relative real permittivity. 

Although Equations (3-8) and (3-9) are useful for assessing the effect of the 

dielectric properties on microwave power absorption, the actual microwave 

processing of a material is more complex. The dielectric properties are dependent 
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on the mobility of the dipoles within the structure, and therefore are functions of 

temperature, frequency, and, for a reacting system, the degree of reaction. 

Therefore, the ability of a material to absorb microwave energy changes during 

processing. These changing conditions make it difficult to study actual microwave 

processing such as drying.  

3.3 Factors affecting microwave drying 

Microwave drying is a relatively complex process and there are many factors 

that affect the interaction of the microwave radiation with the material. These 

factors can be classified into three categories. Firstly, there are factors that 

depend on the equipment, which includes the incident power level, the frequency, 

the microwave characteristics (continued or pulsed), the cavity type (single mode 

or multi-mode), configuration and the design of the drying system. Secondly, there 

are those factors which depend on the material itself, which include particle size, 

shape, sample bulk density, chemical composition, sample mass and initial 

moisture content. These factors have an influence on microwave drying. The final 

category is the external conditions, which include coupling agents, temperature, 

phase transformations and chemical reactions. Some of these factors will be 

discussed in the following sections. 

3.3.1 Incident microwave power  

The incident microwave power through a certain surface of a non-magnetic 

material can be described by the following equation (Hamid, 1992 and 

Vankoughnett, 1973).  
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                ∫ ••=
sinc ndaBEP                (3-10) 

where E and B represent the real part of the intensities of the electric field and the 

magnetic field of microwave, ‘n’ is a unit vector normal to the sample surface(s) 

and ‘a’ is the area of the sample surface. For a plane wave in free space the value 

of E and B are related by the following equation:  

                BE η=                          (3-11) 

where η is the intrinsic impedance of the space and equals to 120π. Therefore 

the incident power can be represented by the following equation: 

              ndaEP
sinc ∫= η

2

                     (3-12) 

It can be seen from Equation (3-12) that the incident power increases with the 

intensity of the electric field. As shown in Equation (3-8), the absorbed microwave 

power per unit volume ( AP ) is also dependent upon the electrical field intensity 

within the material ( E ). So the absorbed microwave power per unit volume ( AP ) 

is proportional to the incident microwave power ( incP ) for a given material at a 

fixed microwave frequency. Furthermore, AP  is linearly dependent on the relative 

imaginary permittivity. Therefore, for a low-loss material the effect of power will be 

less significant than for a high-loss material or for a material with a higher 

imaginary permittivity. 

3.3.2 Frequency 

As described in Section 1.4, the dipole rotation is the predominant mechanism 

of energy conversion in comparison to ion conduction during the microwave 
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heating/drying process for a material with high free water. The degree of 

orientation of the molecules depends on the rate of orientation (the frequency of 

the applied field) and the relaxation time, which is determined by many factors 

such as the structure of the molecule, temperature, and the nature of the atomic 

bonds, etc. So the frequency of the applied field has significant effects on 

microwave drying for most materials with high moisture contents. 

The dielectric properties of most materials vary considerably with the 

frequency of the applied electric field.  From the Debye Equations (3-5) and (3-6) 

and as shown in Figure 3-3 at both very low and very high frequencies with 

respect to the polar molecules relaxation process, the dielectric constant has 

constant values of sε  and ∞ε , respectively, and the losses are zero. At 

intermediate frequencies, the dielectric constant undergoes dispersion and 

dielectric losses occur with the peak loss at the relaxation frequency τω /1= , and 

the absorbed power achieves a maximum at the same time. 

Nelson et al (1990) studied the dielectric properties of selected powdered 

minerals (six silicates and four metal oxides) in the frequency range of 1 to 22 

GHz at 24oC. The results showed that the dielectric properties of pyroxene and 

goethite were practically independent of frequency. The other metal oxides, 

hematite, ilmenite, and manganese oxide, had high relative dielectric losses that 

decreased significantly with increasing frequency. The loss factors of chlorite, 

muscovite and phlogopite micas showed relatively little frequency dependence, 

but moderate reductions with increasing frequency were evident for amphibole, 

feldspar and pyroxene. In general, these conclusions about the relationship 



 

36 

 

between dielectric properties and frequency coincided with the Debye equation 

for most minerals, but some of them actually contained more than one substance 

with unknown dielectric properties, and the actual relationship between the 

dielectric properties and frequency were not clear. The frequency dependence is 

much more complex than Debye equation and therefore it is difficult to understand 

and predict the dielectric behavior of such materials at different frequencies.                                                                                                                                                                                                    

 

Figure 3-3 Dispersion and adsorption curves representing the Debye model for a 

polar substance with a single relaxation time (Nelson et al, 1990) 

 

3.3.3 Continuous or pulsed microwaves 

Microwaves can be applied in the continuous or pulsed modes. Many 

researchers have reported that both continuous and pulsed drying can achieve 

fast kinetics but pulsed drying was more efficient and the temperature distribution 

inside the sample tended to be more uniform. Properly proportioned power-on 
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and power-off times provide the most favorable drying efficiency. When 

microwave energy is applied continuously, heat and mass transfer are not 

adequately balanced, resulting in relatively poor drying efficiency. Using pulsed 

drying can partially solve this problem.  

Yongsawatdigul (1996) investigated the drying behaviors of cranberries using 

both drying modes. He concluded that the total energy input in the pulsed 

operation was 13-40% less than in the continuous operation. The drying efficiency 

of the pulsed mode was about 21-46% higher than that of the continuous mode. A 

power-on time of 30 seconds and a power-off time of 150 seconds were found to 

be the most suitable power settings for obtaining the maximum drying efficiency.  

Shivhare, et al. (1992) studied the effects of pulsed microwaves and hot air on 

the drying characteristics of corn. They reported that the application of pulsed 

microwaves for drying corn reduced the heat loss in the exhaust air and also 

reduced the actual processing time. They also indicated that the magnitude of the 

microwave power and the pulsing period affected the drying rate and the product 

quality. Yang and Gunasekaran (2001, 2004) proposed models for predicting the 

interior sample temperature distribution (TD) during pulsed microwave heating 

based on Lambert’s law and Maxwell’s equations. The unevenness of 

temperature distribution obtained during continuous microwave heating was 

dramatically reduced when pulsed microwave heating was used.  

3.3.4 Cavity type 

The cavity of the microwave emitter can be classified as either single mode or 

multi-mode based on the size of the applicator. The size of the single mode 
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applicators is of the order of approximately one wavelength, and to maintain the 

resonant mode, these cavities require a microwave source that has little variation 

in frequency output. Single mode cavities usually have one “hot spot” where the 

microwave field strength is high. Through proper design, single mode applicators 

can be used to focus the microwave field at a given location without affecting 

other materials. Furthermore, it also can allow materials to be placed in the areas 

of highest field strength for optimum coupling, so single mode cavities have been 

used for laboratory-scale studies on interactions between the microwaves and the 

material. A major disadvantage of single mode cavities is that they are difficult to 

scale up for many industrial applications due to geometric limitations and the 

non-uniformity of the fields. Therefore, single mode cavities are generally 

designed for very specific applications. 

Applicators that are capable of sustaining a number of high order modes at 

the same time are known as multi-mode cavities. The design of multi-mode 

applicators is often based on trial and error, experience, and intuition. As the size 

of the microwave cavity increases, the number of possible resonant modes also 

increases. Consequently, multi-mode applicators are usually much larger than 

one wavelength. The presence of these different modes results in multiple hot 

spots within the microwave cavity. To reduce the effect of hot spots, increasing 

the size of the cavity and/or operating at a higher frequency can improve the field 

uniformity. Rotating the sample during drying and/or mode stirrers have also 

proven to be helpful. Mode stirrers “mix up” the modes by reflecting the waves off 

the irregularly shaped blades and continuously redistribute the electromagnetic 
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field within the cavity near the waveguide input, so it can create a more uniform 

time-averaged field. Multi-mode applicators are typically more versatile than 

single mode applicators for batch operations or for processing large objects with 

complicated shapes. Thus, multi-mode applicators are the most common 

processing systems used in industry so far. 

3.3.5 Particle size and bulk density 

The two factors of particle size and bulk density are usually combined when 

discussing their possible effects on microwave drying because they have a close 

relationship with each other. Usually as the particle size becomes finer, the 

specific surface area increases and therefore the bulk density decreases for a 

constant sample mass. The effects of bulk density on the microwave drying 

behavior are fundamentally determined by the dielectric properties. The 

relationship between the imaginary permittivity and the bulk density for a wide 

range of particulate materials can be represented as follows (Standish, 1990): 

    ρρε ba += 2"        (3-13) 

Here ρ  is the bulk density and ‘a’ and ‘b’ are correlation coefficients whose 

numerical values are material and frequency dependent. The equation showed 

that the imaginary permittivity should be more dependent on the bulk density 

and/or the particle size distribution, so the loss factor decreases with a reduction 

in bulk density and therefore the relative energy adsorption also decreases at the 

same time. Additionally according to Equation (3-9), the penetration depth 

increases with decreasing particle size. If the penetration depth is less than half 
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the particle size or larger than the particle size, then the microwave absorption is 

relatively low. 

Sometimes the contradictory effect of particle size on the heating/drying 

behavior of particulate materials has also been reported. This can be attributed to 

the differences in permeability of the bed of particles. During microwave heating 

of granular materials, moisture movement to the surface occurs via both liquid 

and vapor mass flow. If the permeability is low, the vapor pressure can build up 

inside the packed bed and water droplets can be expelled easily. This 

phenomenon is referred to as liquid pumping. For other similar conditions, the 

permeability of a bed consisting of small particles is particularly low and the liquid 

pumping phenomenon occurs, then the drying behavior will be significantly 

improved in comparison to a large particle size without the occurrence of liquid 

pumping. 

    Standish et al. (1990) investigated the effects of particle size on the final 

temperature of magnetite (Fe3O4) and alumina (Al2O3) at a frequency of 2.45GHz 

and a microwave power level of 500W. A total of four particle size ranges were 

chosen for each oxide sample as follows:  Fe3O4 (35-125μm, 0.5-1.0mm, 

1.0-2.0mm and 2.0-3.0mm); Al2O3 (0-63μm, 1-2mm, 2-2.8mm and 2.8-3.5mm). 

The results showed that the magnetite sample with the coarsest particle size 

attained the highest temperature while the alumina sample showed the opposite 

trend. It was shown that magnetite was readily oxidized to hematite at the finer 

particle size and, since magnetite is a better microwave absorber than hematite, 

the final temperature decreased with particle size. In this case, magnetite is a 



 

41 

 

high-loss hyperactive material, and its heating is so rapid that this overshadows 

all other considerations such as particle size effects. For a low-loss material such 

as alumina, for a finer particle size, the possible occurrence of liquid pumping 

overrides the decreased loss factor, and therefore the temperature increases with 

decreasing particle size.  

3.3.6 Sample mass 

In the microwave drying process, as the sample mass increases, the volume 

also increases, and thus the interactions between the microwaves and the 

materials are enhanced. At the same time, the amount of water inside the 

materials also increases when sample mass becomes large. So a sample with a 

large volume has an increased opportunity to absorb a higher percentage of 

microwaves. In microwave heating, the heat is generated internally and is 

transferred by conventional thermal conduction from the inside to the outside of 

the sample. At the surface, heat can be transferred by convection and/or radiation. 

For a sample with a large mass, the outer portion of the sample becomes thicker 

and it acts as insulation for reducing heat loss. Higher energy absorption and less 

heat loss result in better drying performance and high final temperatures. 

Amankwah and Pickles (2004) investigated the calcination of a manganese 

carbonate ore at 2.45GHz with 600W and 1000W of microwave radiation for 

different mass levels. They observed that the microwave heating behavior of the 

ore was strongly dependent on the sample mass. For sample masses of up to 50 

grams at both 600W and 1000W, the sample temperature did not exceed about 

130oC. Above 50 grams, the temperature increased more rapidly and reached 
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high temperatures. Kudra and Raghaven (1993) studied the microwave heating 

characteristics of a rutile ore which contained 95% TiO2 with a 0.1mm mean 

particle size at different mass levels, and they also found that the increasing 

sample mass had a positive effect on the heating/drying performance. 

3.3.7 Sample initial moisture content 

The material to be dried can be considered to be made up of the solid dry 

skeleton plus water. The water exists in two forms: free water, which is found in 

voids, pores and capillaries; and bound water, which is chemically combined with 

the material. When wet materials are exposed to microwave radiation, the 

absorbed power is directly proportional to the dielectric loss factor according to 

Equation 3-8. Most minerals are not good microwave absorbers and have low 

loss factors in comparison with water, so the moisture content of the material is 

the dominant factor affecting the energy absorption in microwave drying. The total 

dielectric loss factor of a wet body is derived from the skeleton solid, the bound 

water and the free water. Provided the free water is present in sufficient quantity, 

it largely determines the effective value of the loss factor. When most of the free 

water has evaporated, the loss factors of the bound water and the solid become 

more important. The effective loss factor of an ideal non-hygroscopic solid can be 

estimated from its constituents by various mixture theories. As a general rule, the 

contribution from each component is proportional to the fraction of the total 

volume which it occupies.  

The dependence of the dielectric loss factor on the free moisture content at a 

constant temperature is similar for most materials. Figure 3-4 shows the variation 
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for a typical material. There are two important regions in the plot. In the region OA, 

"
rε  is approximately proportional to the moisture content. This region corresponds 

to the removal of free water. The amount of microwave energy will be linearly 

dependent on the moisture content for a constant electric field. As a result any 

moisture variation throughout the product will be automatically leveled in this 

region, giving a final product with a very small moisture variation throughout. This 

automatic moisture leveling represents a substantial advantage over conventional 

thermal drying processes, and often leads to dielectric drying being chosen for a 

given product. In the region OB, "
rε  is only weakly dependent on the moisture 

content, and significant moisture leveling will not take place. The moisture content 

at the intersection of ‘OB’ with the actual curve is the optimum level for dielectric 

heating and it often is quite low (about 4%). This region approximately 

corresponds to the removal of the bound water from the system. 

 

Moisture content (%) 

Figure 3-4 The dependence of "
rε (eff) on moisture content (Jones et al., 1996) 
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Depending on the moisture levels and the type of material, the relationship 

between microwave absorption and moisture can vary significantly, as illustrated 

in Figure 3-5. In a non-hygroscopic material such as sand, where much of the 

water is free, i.e., not bound significantly to the matrix, the dielectric properties are 

strong functions of the moisture content. For a highly hygroscopic material such 

as silica gel, the dielectric properties change less with moisture. Much of the water 

is physically or chemically bonded to the solid matrix (i.e., the water is less 

mobile), which prevents the rotational motion of the polar molecules. The degree 

of binding increases as the moisture content decreases. 

 

 

Figure 3-5 Increase in dielectric properties with moisture content of leather 

(Hamid et al., 1972) 
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Water in its free liquid state appears in wet materials very rarely. Most often it 

is physically absorbed in material capillaries or cavities or chemically bound to 

other molecules of the material. Moist material in practice is usually an 

inhomogeneous mixture, often containing more than one substance with unknown 

dielectric properties. Thus, it is very difficult to fully understand and accurately 

predict the dielectric behavior of such a material. 

3.3.8 Coupling agents 

Coupling agents, also called doping agents and sometimes referred to as 

susceptible materials, are often employed to improve the heating rates of low loss 

materials. Magnetite (Fe3O4), silicon carbide (SiC), carbon (C), manganese oxide 

(MnO), chromium oxide (Cr2O3), manganese oxide (MnO2), nickel oxide (NiO), 

cobalt oxide (Co3O4) and calcium aluminate (CaxAlyOz) are widely used as 

coupling agents since they can readily absorb microwaves at room temperature. 

When mixed with a low loss material, the coupling agents will be selectively and 

quickly heated by the microwaves, and then the heat energy is transferred to the 

low loss material by thermal conduction. As the critical temperature (defined in 

Section 3.1) of a low loss material is reached, the low loss material begins to 

absorb microwave energy at a higher rate. 

The selection of coupling agent type will depend upon the heating process 

and the materials responding with heat. Generally speaking, the coupling agent 

should be chemically inert with a high dielectric loss. If the coupling agent is also a 

reactant in the heating process, then chemical reactivity should be considered. 
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For example, carbon is usually used in microwave assisted reduction both as a 

coupling and a reducing agent in the metallurgical industry.  

    Amankwah and Pickles (2004) investigated the addition of manganese oxide 

(MnO) on the sintering of manganese carbonate (MnCO3) at 2.45GHz and 1000W 

microwave power. The heating process was terminated when sintering was 

initiated. A temperature of over 1300oC could be achieved in 20min without the 

addition of manganese oxide as a coupling agent and also the heating time was 

reduced to 8min by adding 5% manganese oxide; this was attributed to the strong 

microwave absorption characteristics of manganese oxide. 

3.3.9 Temperature 

The influence of temperature on microwave drying is mainly due to the 

temperature dependence of the dielectric properties. This temperature 

dependence is a function of the dielectric relaxation processes operating under 

the existing conditions and the microwave frequency being used for a media 

associated with dipolar polarization of molecules in the dielectric, or with domain 

wall movement in some magnetic materials. As the temperature increases, the 

relaxation time decreases, so the dipole relaxation frequency (fD) increases 

according to equation (3-4). As described in Sections 3.2.2 and 3.3.2, the loss 

factor ( "ε ) peaks (as illustrated in Figure 3-3) when the applied microwave 

frequency equals the dipole relaxation frequency, and at the same time the 

maximum microwave energy was absorbed. So the loss factor peak will shift to 

higher frequencies at elevated temperatures. Thus, in the dispersion curves of the 

Debye model, the dielectric constant will increase with increasing temperature, 
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whereas the loss factor may either increase or decrease, depending on whether 

the operating frequency is higher or lower than the relaxation frequency. The 

temperature dependence of ∞ε  is generally negligible (Bottcher and Bordewijk, 

1978), and, while sε  is more temperature dependent, its influence is minor in the 

dispersion curves of the Debye model. Distribution functions can be useful in 

expressing the temperature dependence of dielectric properties for given 

materials, but the frequency and temperature dependent behavior of the dielectric 

properties of most materials is complex and can perhaps best be determined by 

empirical measurement at the frequencies and applied conditions. For example, 

Tinga (1988, 1989) investigated the relationship between dielectric properties and 

temperature for several metal oxides at 2.45GHz. He found that the dielectric 

properties of cupric oxide increased significantly with temperature; the dielectric 

constant of cupric sulfide changed very little with temperature up to 300oC and 

then rose exponentially with temperature; the dielectric constant of calcium oxide 

increased approximately 40% from 100oC to 900oC; and the dielectric permittivity 

and loss factor of zinc oxide increased to its first peak at 300oC, decreased from 

300oC to 400oC and then slowly increased with temperature from 400oC to 800oC 

and then rose exponentially beyond 800oC. He thought the increasing dielectric 

constant and loss factor mainly contributed to the ionic conductivity at higher 

temperature (>800oC) for these metal oxides. 

3.3.10 Phase transformation and chemical reaction 

Some minerals exhibit significant increases in the permittivities after 

undergoing a phase change, such as silica (SiO2), potassium sulphate (K2SO4), 
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strontium carbonate (SrCO3), and potassium chromate (K2CrO3) (Hutcheon et al., 

2004). Potassium sulphate changes from the solid state to the liquid state in the 

temperature range between 560oC and 610oC. Both the relative real and the 

imaginary permittivity increased rapidly in this temperature range because of the 

increased numbers of free moving electrons activated by the high temperature.  

On the other hand, some compounds have lower permittivities after a phase 

change. In studying the permittivities of lead monoxide from room temperature to 

600 oC, Tinga (1989) observed a phase change when the sample color changed 

from dark yellow to light yellow. Consequently, the measured relative imaginary 

permittivity decreased from 0.265 at 20 oC to 0.193 at 570 oC. At the same time, 

the relative real permittivity increased with increasing temperature.  

Recently, Pickles et al (2003) reported the dielectric properties of goethite 

(α-FeOOH) from 400 to 3000MHz at temperatures up to 1000 oC. On heating, 

goethite undergoes the dehydroxylation reaction at 380 oC shown as follows: 

               α-FeOOH =α-Fe2O3 + H2O            (3-14) 

It was found that at temperatures below the dehydroxylation reaction, the 

permittivities were not a strong function of temperature. During the 

dehydroxylation reaction, both the real and the imaginary permittivities increased, 

reached a peak and then decreased. The change in the permittivites during the 

dehydroxylation reaction was attributed to the movement of free radicals such as 

hydroxyl ions in the lattice. After the reaction, the real and imaginary permittivities 

were lower than the room temperature values and the permittivities decreased 

with increasing frequency. 
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Chapter 4 
Experimental 

 

4.1 Raw materials characterization 

4.1.1 Sample preparation 

The subbituminous coal sample used in the drying tests was obtained from 

the Highvale mine in Alberta, Canada. A total of 27.5Kg bulk coal with an average 

particle size of over 25mm was reduced to a size range of 2.36 to 4.75mm (8 to 4 

mesh) using a laboratory jaw crusher and gyratory crusher. Then the primary 

crushed coal sample was comminuted in a rolls crusher and screened with a 

10-mesh (1.7mm) Sweco sieve. The oversize coal was repeatedly returned to the 

roll crusher until the entire sample passed through the 10-mesh screen. The 

crushed coal sample was homogenized in a mixing drum for 20 minutes and 

placed into two sealed buckets to limit moisture changes as much as possible.  

The homogeneous sample was screened in six sets of laboratory sieves (12, 

16, 80, 100, 200 and 270mesh) to provide three different size fractions: 

-12+16mesh (mean particle size 1435 micron), -80+100mesh (mean particle size 

163 micron) and -200+270mesh (mean particle size 63.5 micron) for the drying 

tests. The +12mesh and -16+80mesh material were comminuted stagewise by a 

disc pulverizer with a maximum processing time of 1 minute per stage to avoid 

overgrinding. After the first pulverizing stage was completed, the sample was 

screened with an 80-mesh sieve (0.177mm) to remove undersized material, and 

then the oversized material was returned to the pulverizer for additional 
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comminution. This pulverization process was continued until most of the coal 

sample between -16+80mesh had passed through the 80mesh sieve. The same 

closed comminution procedure was employed for the -100+200mesh material in 

order to collect sufficient -200+270mesh sample. These samples were stored 

separately in airtight plastic containers for the drying tests. 

4.1.2 Chemical and mineralogical composition 

Because coal is a heterogeneous mixture of organic compounds, moisture 

and mineral impurities, its composition determines its characteristics and possible 

applications. Proximate and ultimate analyses are two groups of tests used to 

determine coal quality. The mineralogical composition of the coal can be obtained 

from relative analytical tests. The -200+270 mesh (mean particle size 63.5 

micron) sample was fed into a riffle splitter to produce approximately 150g for 

proximate and ultimate analyses, and another 80g -200+270 mesh coal sample 

(mean particle size 63.5 micron) was prepared for mineralogical analysis of the 

coal ash. The assay results are presented in Tables 4-1 and 4-2. 

The proximate and ultimate analytical results indicate that the Highvale coal 

has medium level volatile matter and fixed carbon, with relatively low ash and 

sulphur content. The rank of the coal is subbituminous “B”. The predominating 

oxides in the coal ash are quartz, alumina, and lime, and these materials do not 

respond well to incident microwaves as discussed in Section 2.2.  
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Table 4-1 Proximate and ultimate analyses of Highvale coal samples on a 
dry basis 

Proximate analysis Wt % 

VM 33.21 

ASH 16.85 

FCM 49.81 

Total Water 12.78 

Ultimate analysis  

Carbon 61.00 

Hydrogen 3.64 

Nitrogen 0.63 

Sulfur 0.31 

Oxygen 17.26 

 

Table 4-2 Mineralogical analyses of Highvale coal ash (Wt% as oxides) 

Oxide composition Wt% 

CaO 15.6 

SiO2 45.7 

MgO 1.0 

Fe2O3 4.8 

Al2O3 26.6 

Na2O 2.5 

K2O 0.35 

TiO2 0.7 

P2O5 0.0 

SO3 1.7 
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4.1.3 Permittivities 

As described in Section 3.2.1, the extent of interaction between the 

microwaves and a given material depends primarily on the dielectric properties of 

the sample. Two size ranges of coal (-12+16 mesh and -200+270 mesh) were 

sent to Microwave Properties North for determination of their dielectric properties. 

The real and the imaginary permittivities of the coal were measured using the 

cavity perturbation technique. This technique is based on the measurement of the 

quality factor Q and also the change in the resonant frequency in a high electric 

field cavity both with and without the sample (Hutcheon et al., 1992). For a sample 

with a small mass, the shifts of the Q factor and the resonant frequency are 

related to the complex susceptibility (χ) of the sample, which is also a function of 

the complex permittivities (χ=ε-1). Therefore, the real and the imaginary 

permitivities can then be calculated from the measured values. 

First, about 0.5 grams of the material was compacted into a briquette. Then 

the sample was heated at 3oC/min from room temperature up to about 650 oC. 

The tests were performed under 20psi stagnant argon at five different 

frequencies. The hot sample and its holder, made of high purity amorphous silica, 

were rapidly removed from a conventional resistance furnace. They were then 

inserted into the high electric field region of a thick-walled, well-cooled cavity. The 

resonant frequency and loaded quality factor, Q, of the cavity were measured by a 

Hewlett-Packard 8753 network analyzer and stored for off-line analysis which 

includes subtraction of the previously measured effects of the hot empty sample 

holder. The sample and holder were either left in the cavity for further 
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measurements at lower temperatures as the sample cooled or were quickly 

returned to the furnace for further processing. In the latter case, the sample can 

be out of the furnace for as little as two seconds for a measurement at a single 

frequency. The real and the imaginary permittivities and the loss tangent of the 

two coal samples as a function of temperature at different frequencies are shown 

in Figure 4-1 (a)-(c) for the -12+16 mesh sample (mean particle size 1435 micron) 

and Figure 4-2 (a)-(c) for the -200+270 mesh sample (mean particle size 63.5 

micron). 
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Figure 4-1 (a) Real permittivity versus temperature for the as-received coal 

sample with a mean particle size of 1435 micron at different frequencies 
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Figure 4-1 (b) Imaginary permittivity versus temperature for the as-received coal 

sample with a mean particle size of 1435 micron at different frequencies 
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Figure 4-1 (c) Loss tangent versus temperature for the as-received coal sample 

with a mean particle size of 1435 micron at different frequencies 
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Figure 4-2 (a) Real permittivity versus temperature for the as-received coal 

sample with a mean particle size of 63.5 micron at different frequencies 
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Figure 4-2 (b) Imaginary permittivity versus temperature for the as-received coal 

sample with a mean particle size of 63.5 micron at different frequencies 



 

56 

 

0.010

0.100

1.000

0 100 200 300 400 500 600

Temp oC

Lo
ss

 T
an

ge
nt

 ta
nσ

397MHz 912MHz 1499MHz 1977MHz 2466MHz
  

Figure 4-2 (c) Loss tangent versus temperature for the as-received coal sample 

with a mean particle size of 63.5 micron at different frequencies 

4.2 Experimental apparatus and drying system 

4.2.1 Conventional and microwave oven 

A schematic diagram of the drying system used in both the conventional and 

the microwave drying tests is shown in Figure 4-3. The conventional drying tests 

were performed in a Fisher Isotemp® Model 106G gravity convection drying oven 

(referred to as conventional drying in the following sections) with an operating 

temperature range of 25-250oC. The nominal power consumption of the oven is 

600W at 250 oC. The size of the drying chamber is 23cm in length, 29cm in width 

and 23cm in height. The average oven temperature during the drying test was 

strictly controlled and the actual maximum variation of the temperature was ± 3 

oC during each test. The coal sample was placed in a cylindrical quartz crucible 

and suspended in the center of the drying chamber with Nichrome wires. Two 
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kinds of quartz crucible were used in the conventional drying experiments 

according to the sample mass. The small crucible had the following dimensions: 

8.5cm in height, 3.2cm in diameter and 0.15cm in thickness and could hold a 

maximum of 30.0g of coal. The larger crucible had the following dimensions: 

13.8cm in height, 4.2cm in diameter and 0.15cm in thickness and could hold a 

maximum of 100.0g of coal. The coal sample in the 4.2cm diameter crucible has a 

larger surface area (13.85cm2) with the air in comparison with the sample in the 

3.2 cm diameter crucible (8.04cm2). The areas are different and therefore the 

drying kinetics are different for 3.2 cm and 4.2 cm diameter crucibles. Crucibles 

were suspended by a Nichrome wire on the bottom hook of a Mettler 201 balance, 

which has a weighing capacity of 200.0g and an accuracy of 0.0001g. The 

balance was placed directly above the conventional oven. The mass of the coal 

sample was measured and recorded at preset time intervals in each test. 

 

 

 

 

 

 

 

 

 

Figure 4-3 Schematic diagram of the drying system 
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A programmable domestic microwave oven (Sylvania SM80704, China) with 

a maximum power output of 800W was used in the microwave drying tests. The 

major components of the microwave oven are the magnetron, the cavity and the 

control panel. The magnetron produces microwaves with a frequency of 2.45 GHz 

from a 120V~60Hz AC power supply. The generated microwaves are evenly 

dispersed into the cavity through a short rectangular waveguide called a “splatter 

shield” which is located close to the top of the right side wall. The control panel is 

used to set the processing time and adjust the microwave output power by 10% 

increments. The microwave oven has a fan for facilitating air flow in the cavity and 

for cooling the magnetron. The evaporated water from the sample is removed to 

the outside atmosphere by passing through openings on the bottom left side wall. 

The cavity dimensions of the microwave oven are 30 cm in length, 30 cm in width 

and 23 cm in height.  

A 6 mm diameter hole was drilled through the top of the microwave oven 

(15mm from the right side of the cavity wall and 15mm from the front door) in 

order to permit suspension of the coal sample from the balance during the drying 

tests. The microwave drying system is similar to the conventional drying system 

except for the energy source and the type of balance. Only the small quartz 

crucible (3.2cm in diameter) was used since the sample mass was less than 

30.0g in all the microwave drying tests. The quartz and Teflon thread used in the 

microwave drying system were essentially transparent to microwaves. Thus, the 

only absorber in the system was the sample itself. An Ohaus AdventurerTM Pro 

balance with a weighing capacity of 210g and an accuracy of 0.01g was used in 
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the microwave drying tests to monitor the change in mass over time. The final 

sample temperature was measured immediately after turning off the magnetron 

and removing the sample from the microwave oven.  

4.2.2 Calibration and verification of the microwave oven 

In tests, where some of the microwaves are not absorbed by the sample they 

can be reflected back to the magnetron and damage it. This can result in a 

decrease in the power output of the magnetron. Therefore, it is necessary to 

calibrate and verify the output power of the magnetron. 

In order to calibrate the magnetron, 200.0g of tap water was placed in a 

quartz beaker and the initial temperature was measured by a K-type 

thermocouple to the nearest 0.1oC. The beaker was positioned in the same 

location in the cavity and exposed to microwave radiation for the same time 

intervals at the preset power levels. After processing, the beaker was removed 

from the cavity and the water was vigorously stirred with a glass rod. The 

maximum temperature of the water was recorded within the first 10 seconds 

to± 0.1 oC. The absorbed power was determined by the following equation  

            
t

TmCKP P ∆•••
=•ϕ                (4-1) 

where P is the output power in Watts for each specific setting of the microwave 

oven; ϕ  is the conversion coefficient of the magnetron; K is the conversion factor 

for Joules to Calories (4.186); Cp is the specific heat of water (Cal/g•oC, 0.997 at 

20oC); ∆ T is the temperature difference between the initial and the final 

temperatures; and t is the drying interval of water in seconds. The conversion 
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efficiency of the magnetron can be calculated according to Equation 4-1 if the 

power output levels are set and other parameters are chosen or measured. Since 

the output power P, conversion factor K, specific heat of water Cp and the mass of 

the water are all constant during a microwave drying test, then equation 4-1 can 

be expressed as TKt ∆•=• 1ϕ , where K1 is a constant. If the ∆T of the water is 

the same since it was heated from room temperature to the boiling point (100oC at 

1 atm), the conversion coefficient of the magnetron only relates to the drying time 

t. So the drying time acts as the index which reflects the change of conversion 

efficient of the magnetron. The verification involved measurements of ∆T and 

drying time at the 20, 50 and 70% power settings. This procedure was performed 

before each series of tests in order to evaluate the integrity of the calibration. The 

maximum difference of drying time is within 5 seconds, which means the 

conversion coefficient of the magnetron remains almost constant in the 

microwave drying tests.  

4.3 Experimental design 

4.3.1 Controllable parameters in drying tests 

Conventional thermal drying is relatively simple and has less controllable 

parameters than microwave drying. The operating temperature of a conventional 

oven and the material mass are the two most important factors affecting the 

drying kinetics. A series of tests were performed with the oven temperature 

ranging from 130-210oC at 20oC intervals for 10.0g, 20.0g, 30.0g, 40.0g, 70.0g 

and 100.0g samples. In the microwave tests the power was varied between 160W, 

400W and 560W and the mass was 5.0g, 10.0g, 20.0g, 30.0g.  
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The -12+16mesh as-received Highvale coal (mean particle size 1435 micron) 

contained 12.54±0.1% water according to the calculation from Section 4.3.1.2. 

Since water ( "ε =10) is a good microwave absorber, the microwave drying tests 

were carried out without adding any other coupling agents; indeed, the coal matrix 

alone also proved to have good drying kinetics in the preliminary trials.  

The particle size of the sample can have a significant effect on microwave 

drying and an investigation of this factor was planned. However, the as-received 

moisture content of the coal changed with particle size since part of the free water 

evaporated during the sample preparation process. It was determined that the 

finer particle size, the lower the moisture content. For example, the moisture 

content of the -12+16mesh as-received coal (mean particle size 1435 micron) 

was 12.54±0.1% but was only 11.71±0.1% for the -200+270mesh coal (mean 

particle size 63.5 micron). It has been shown that the microwave power level, 

initial moisture content and sample mass are the predominant factors affecting 

microwave drying kinetics according to the results of the preliminary microwave 

drying tests. In this study, the effect of these variables on the final sample 

temperature and the drying rate were investigated.  

4.3.1.1 Microwave power 

The microwave oven utilized in the drying tests has a maximum output power 

of 800W which is regarded as the 100% level. The power level can be set from 

10% to 90% in increments of 10%. Preliminary tests showed that the coal sample 

would combust and exhibit hot spots at high output power levels and/or for larger 

sample masses (e.g. more than 560W or larger than 20.0g), and under these 
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conditions the sample temperature could reach over 700oC or even higher. Since 

the aim of this study is to investigate only the drying kinetics, output powers were 

limited to 160W, 400W and 560W. The final sample temperature was measured 

after each test and the mass change was recorded at preset time intervals. 

4.3.1.2 Initial moisture content 

The moisture content or water content is the quantity of water contained in a 

material on a volumetric or gravimetric basis. This property is used in a wide 

range of scientific and technical areas, and is expressed as a ratio in terms of the 

mass of water per unit mass of the dry coal sample, which can range from 0 

(completely dry) to the value of the coal porosity at saturation.  

There are five possible states of water in a coal sample: surface-adsorbed 

water and dissolved water (these two kinds are also called “free” or “adherent” 

water), capillary-condensed water (also called “physically bound” or “inherent” 

water) and water produced as a result of the decompostion of organic molecules 

or the dehydration of inorganic constituents of the coal (also called “combined” 

water). It is very difficult to make a clear distinction between these types of water 

in the coal matrix. The acccurate determination of coal moisture has been a 

subject of discussion and investigation. The measured “total moisture” generally 

represents all of the water in the sample except that which is chemically combined 

within it, and traditionally it can usually be evaporated by thermal or microwave 

treatment. Numerous standard methods have been utilized for determining the 

moisture content of coal. They all have specific limitations and rigid requirements 

and are only applied to satisfy particular objectives. The ASTM method 
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(Designation D3302 – 02a) is widely accepted but it needs specific apparatus and 

strict procedures. Since the objective of this study is to investigate the drying 

kinetics of conventional and microwave drying, the relative moisture content was 

measured and calculated using the procedure described below. 

The quartz crucible was heated in the conventional resistance furnace and 

maintained at a temperature of 167-173 oC. After 1 hour, it was removed from the 

oven with tongs and cooled in a desiccator for 20min. Approximately 10g of the 

coal sample was transferred to the crucible. The total mass was weighed to the 

nearest 0.0001g and recorded as M1. The mass of the sample was obtained by 

subtracting the crucible mass from M1 and the result was recorded as M3. Then 

the crucible and the coal sample were placed in the conventional resistance 

furnace and dried for a two-hour interval at 105±2oC, then the sample was 

removed from the furnace, weighed immediately and the mass was recorded. 

Sebsequently the sample was placed into the oven and dried again at thirty 

minute intervals. Then the sample was reweighed and the process was repeated 

until the mass difference between two consecutive weighings was less than 0.1% 

of the original mass of the coal sample. The final mass of crucible plus sample 

was recorded as M2. The moisture content of the coal sample (M) was then 

calculated as follows: 

100
3

21 ×
−

=
M

MMM              (4-2) 

In order to investigate the effect of moisture content, three different coal 

samples for two different sizes were prepared with the following moisture contents: 
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as-received 12.54±0.1% and 11.71±0.1%, partially dried 10.48±0.1% and 

8.83±0.1%, hydrated 21.26±0.1% and 23.38±0.1%. The two different size 

fractions utilized were -12+16mesh (mean particle size 1435 micron) and 

-200+270mesh (mean particle size 63.5 micron). 

4.3.1.3 Coal mass 

Preliminary trials showed that small quantities of the as-received coal sample 

could not be effectively dried, even with high microwave power while large coal 

samples would combust very quickly. To avoid these “underheating” or 

“overheating” phenomena, four different coal masses (5.0g, 10.0g, 20.0g and 

30.0g) were chosen for the microwave drying tests. The -200+270mesh coal 

particles (mean particle size 63.5 micron) are easily entrained with the evaporated 

vapor and continuously come out of the crucible at high drying rates. To prevent 

this, some quartz wool was placed on top of the sample.  

4.3.2 Preliminary trials 

This thesis focuses on investigating both the conventional and microwave 

drying behavior of coal without alteration of its properties. From the proximate 

analysis in Table 4-1, it can be seen that the as-received -12+16mesh coal 

sample contained 33.21% volatile material and 49.81% carbonaceous matter. 

Because these organic components could undergo chemical reactions such as 

thermal oxidation, pyrolysis and self-ignition at extended heating times at high 

temperatures, a series of preliminary trials were performed in order to find the 

correct levels of controllable parameters. Also it was possible to determine the 
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appropriate processing time for each specific experimental condition prior to 

formal tests in order to avoid undesirable overheating. 

In conventional drying, some “red-hot spots” appeared and combustion could 

be simultaneously detected if a 10g -200+270mesh coal sample was dried for 

more than two hours in the conventional oven at a 210oC operating temperature. 

The same phenomenon occurred with less processing time (approximately one 

hour) for the 20g -200+270mesh coal sample. The -12+16mesh coal sample did 

not combust or give off visible smoke even after more than four hours of 

conventional drying at 210oC. However, the percentage of mass loss was larger 

than the moisture content given by the proximate assay (12.78%), which indicated 

that the volatiles had already evaporated and organic components were possibly 

decomposed. Therefore, the maximum operating temperature was set to less 

than 210oC for the conventional drying tests. 

In the conventional drying tests, the operating temperature could be directly 

and accurately set. In the microwave drying tests, the temperature could be 

controlled within an estimated range by presetting parameters such as the 

microwave power, the sample initial moisture content and mass. There are no 

equations available to calculate the final temperature of the coal because of the 

complex mechanisms of microwave drying.  

The ideal drying procedure should be terminated when all the free water 

inside the coal matrix is removed without any chemical reactions occurring. But in 

practice it was impossible to exactly determine this “critical point” for each 

microwave drying test. Two methods were utilized to assess if the chemical 



 

66 

 

composition of the coal sample changed in the drying tests. The first method was 

to check the evolution of volatile matter during the drying processes. The second 

method was to observe if the total mass loss was greater than the known moisture 

content of the sample.  

A large number of preliminary trials were performed to determine the critical 

point at which the coal sample would combust or evolve volatile matter. The 

microwave drying tests were performed at conditions below these critical values. 

The microwave power and the sample mass utilized in the microwave drying tests 

are summarized in Table 4-3, and the initial moisture contents are described in 

Section 4.3.1.2. 

Table 4-3 Microwave drying parameters 

Time (min) 
Mass 

5g 10g 20g 30g 

Power 

160W 30 30 30 25 

400W 30 20 12 8 

560W 23 15 9 6 

 

4.3.3 Assumptions and experimental strategy 

The following assumptions were made for both the conventional and the 

microwave drying tests. 

 The as-received, partially dried and hydrated coal samples of each size 

fraction were homogeneous and had the same chemical composition. 

 The evaporation of volatile matter was negligible. 



 

67 

 

 The mass fluctuation of the coal sample caused by the air flow in the 

microwave cavity was not significant. 

 All the microwave energy is absorbed by the sample.  

From the literature it is known that the three variables being tested (power, 

moisture content and mass) have significant effects on microwave drying. 

Therefore, it was not necessary to apply the 2K factorial design method to 

determine the factors which would have a significant influence. Since the 

mechanism of microwave drying is complex, it is difficult to separate the effects of 

each parameter if two or three of factors were changed simultaneously. Thus, the 

One Variable At a Time (OVAT) approach was used. The magnitude of the 

changes could be determined without any interference from the other variables. 

Two duplicates of each experiment were performed and the average values were 

utilized.  

4.4 Indices to estimate drying performance 

4.4.1 Temperature  

In the conventional drying system, the coal sample needs an incubation or 

set-up period to reach or be close to the oven operating temperature. This time 

varies with the operating temperature and the coal mass. Generally speaking, the 

higher the operating temperature and/or the smaller mass of the sample, the 

shorter the incubation time. A 30g as-received coal sample with a mean particle 

size of 1435 micron was used to investigate the difference between the sample 

temperature and the control temperature. The temperature of the conventional 

oven and the sample were measured simultaneously with two separate 
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thermocouples. The temperature difference between the oven and the sample is 

shown in Figure 4-4. This coal sample needs about 90 to 100 minutes to achieve 

a relatively constant temperature and there was still about a 6oC temperature 

difference between the oven and the sample even after 180 minute of drying at 

150oC. 
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Figure 4-4 Control temperature and sample temperature for a 30g as-received 

coal sample with a mean particle size of 1435 micron at 150oC 

 

A K-type (Chromel/Alumel) thermocouple (0.2mm diameter) was employed to 

measure the sample temperature. The preliminary tests demonstrated that this 

wire size provided a good balance between response time and service life. In 

microwave systems, in-situ temperature measurements are difficult because of 

interference effects. Therefore, in the microwave system, the following procedure 

was used to measure the sample temperatures. The power to the microwave 

oven was turned off and the sample was removed as quickly as possible (usually 
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Figure 4-5 Sample temperature versus furnace temperature for conventional 

drying  
 

in less than 10 seconds). Then the K-type thermocouple was inserted into the 

center of the coal sample and the maximum value was reported as the sample 

temperature. The time lag in measurement could lead to an underestimation of 

the actual temperature. The extent of the temperature drop was simulated by 

placing a 30g as-received coal sample in a conventional oven at preset 

temperatures of 130oC, 150oC, 170oC, 190oC and 210oC. One thermocouple was 

employed inside the oven to measure the temperature adjacent to the sample and 

another one was used to measure the temperature after removing the sample 

from the conventional oven. For the out of furnace test, the temperature was 

measured after a delay of ten seconds. As shown in Figure 4-5, the difference 

increased with the higher preset temperature of the conventional oven. However, 
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even at the maximum oven temperature, the temperature differences were less 

than ten percent. So the measured temperature out of the microwave oven and 

the actual temperature inside the sample should have similar differences. 

4.4.2 Percentage mass Loss, moisture fraction and drying rate 
In this study, water was removed continuously from the given coal matrix by 

applying either a conventional furnace or a microwave oven as the heating 

source. As discussed previously, it is difficult to develop a general theory of 

microwave drying because of the complex internal drying mechanisms. Therefore, 

this investigation focused on measuring the performance of the drying process 

using external objective measurements. Thus, the mass loss percentage, the 

moisture fraction and the drying rate were utilized to study the drying process.   

The percentage mass loss (f) is the proportion of water evaporated, 

calculated as the ratio of the difference between the initial mass (M0) and the final 

mass (Mt) to the initial sample mass as follows  

0

0

M
MM

f t−
=                              (4-3) 

The moisture fraction (X) is a dimensionless term, and is the ratio of the water left 

in the sample (residual water) divided by the total water in the original sample  

   
e

e

MM
MM

X
−
−

=
0

                            (4-4) 

where M is the moisture content at any time and Me is the equilibrium moisture 

content, which equals the obtained constant moisture content after drying at a 

specific temperature and humidity. The drying rate (r) is the change of moisture 
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fraction in a unit of time per unit area of evaporating surface as given by the 

following equation 

   
0

1
Mdt

dXr 





=                              (4-5) 

4.4.3 Energy efficiency and specific energy consumption 

The energy efficiency and the amount of energy consumed are important 

issues in coal drying. In the mining industry, drying is generally defined as a mass 

transfer process, in which controlled energy is applied to remove water from a 

mineral matrix. The drying efficiency can be defined as the ratio of energy utilized 

for evaporating water from the sample to the energy supplied by the heat source. 

The effective energy required to remove the water from the matrix is the energy 

required to heat the water from the initial sample temperature to the boiling point 

(100oC) and then to transform the liquid water to vapor. The supplied energy is the 

actual energy consumed during the drying process. The drying efficiencies of the 

conventional and microwave drying processes are defined as follows: 

100×
•
+∆

=
tP
mTmC

CV

wwwp
CV

λ
η                   (4-6) 

100×
•
+∆

=
tP
mTmC

MW

wwwp
MW ϕ

λ
η                   (4-7) 

where CVη  and MWη  are the conventional and microwave drying efficiencies in 

%; Cp is the specific heat of water (4.186J/g oC at 20oC); T∆  is the difference 

between the boiling point of water (100oC) and the initial sample temperature; wm  

is the mass of the evaporated water in g; and wλ  is the latent heat of vaporization 
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of water in J/g; Thus, the first term in the numerator of both equations is the 

energy required to heat the moisture to the boiling point, and the second term is 

the heat required to vaporize the moisture. Note that credit is not given for heating 

water that is not eventually removed, or for heating the sample itself. A perfectly 

efficient process would use all the applied energy to heat and vaporize only that 

water which is removed from the sample. In the denominators, CVP  is the actual 

power consumption for the conventional oven and is measured by a UPM EM100 

energy meter. The relationship between average power consumption and the 

operating temperature is shown in Figure 4-6. MWP  is the average incident 

microwave power in watts; ϕ  is the conversion coefficient of the magnetron, and 

t is the time interval of drying expressed in seconds. Both expressions are 

intended to find out the inefficiencies of the heat source, so that only the power 

that could do work is charged against the drying efficiency. The latent heat of 

vaporization of water at the evaporating temperature (100oC) was taken as 

2257KJ/Kg (Hayes, 1987).  

The consumed energy is the actual energy supplied to the heat sources 

during the specified drying period. It increases linearly with drying time. The 

specific energy consumption (Q) is introduced in order to eliminate the mass 

effect and it is calculated as the energy needed to evaporate a unit mass of water 

as follows: 

              
1000•

•
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w

CV
CV m

Pt
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where Q is the specific energy consumption required to evaporate a unit mass of 

water from the product in KJ/g [H2O]. 
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Figure 4-6 Average power consumption for conventional oven at specific 

temperatures 
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Chapter 5 
Results and Discussion 

 

5.1 Conventional drying tests 

The thermogravimetric analysis (TGA) technique was applied in the 

conventional drying tests for operating temperatures ranging from 130oC to 210oC 

at 20oC intervals and coal sample masses of 10g, 20g, 30g, 40g, 70g and 100g. 

The mean particle sizes of for these tests are 1435 and 63.5 micron. All the 

conventional drying tests were carried out using the One Variable at a Time 

(OVAT) method to minimize the possible interferences of each variable. The 

recorded mass change with time formed the fundamental data for calculating and 

analyzing the kinetics of conventional drying. The TGA results and the 

corresponding derivative thermogravimetric analysis (DTGA) data were 

expressed in terms of percentage mass loss, moisture fraction and specific drying 

rate as a function of time. The following sections describe the effects of drying 

temperature, sample mass and particle size on conventional drying. 

5.1.1 Effect of drying temperature 

The shapes of the TGA and DTGA curves for different coal masses and size 

fractions are similar in general, so it is not necessary to present all curves in this 

section. Here the 10g as-received coal sample with a mean particle size of 1435 

micron was chosen to investigate the effects of operating temperature on the 

drying kinetics. Figure 5-1 shows that the final percentage mass loss was less 

than the moisture content from the proximate analysis (12.78% in Table 4-1) 
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when the operating temperature was below 170oC, indicating that some water in 

the narrow pores and/or combined in the organic matter of the coal matrix was not 

removed. When the operating temperatures were 190 oC or 210 oC, the 

percentage mass losses after 240 minutes drying (12.82% or 14.14%) were 

slightly larger than the proximate moisture content. This could be due to a number 

of factors such as sample decomposition, volatile evaporation, and/or the loss of 

finer particles entrained with the evaporated water. Figure 5-1 also shows that the 

percentage mass loss did not have a significant change after 120 minutes drying 

at 130 oC, 150 oC and 170 oC for the given 10g coal samples, therefore their 

corresponding curves were almost parallel to the X-axis. However, the 

percentage mass loss versus time curve was slightly upward at 190 oC after 60 

minutes and it had an obvious upward slope at 210 oC after 35 minutes, which 

indicated that some devolatilization probably happened and thus the mass loss 

continued to occur even after 180 minutes at these two temperature levels. 

Several gray spots were found inside the coal matrix after 120 minutes of drying 

at 210 oC. This confirmed the conclusion that some materials inside the coal 

matrix had already been decomposed during conventional drying. The higher the 

temperature of the drying process, the more significant was devolatilization inside 

the coal. The percentage mass loss increased with operating temperatures at a 

specific time in Figure 5-1. For example, approximately 7.97%, 9.71%, 11.41%, 

11.94% and 13.12% of mass loss (mostly free water) were achieved at 130 oC, 

150 oC, 170 oC, 190 oC and 210 oC after 60 minute of drying; the mass losses were 

1.88%, 1.20%, 0.74%, 0.53% and 0.51% from 60 to 120 minutes; the mass losses 
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became 0.54%, 0.32%, 0.21%, 0.21% and 0.28% from 120 to 180 minutes at 130 

oC, 150 oC, 170 oC, 190 oC and 210 oC. Figure 5-2 shows that lower operating 

temperatures required longer drying times to achieve the same moisture fraction 

for the 10g as-received coal with a mean particle size of 1435 micron. The 

experimental data showed that it needed 24.2, 16.1, 9.9, 8.9 and 6.0 minutes to 

achieve a moisture fraction of 0.7 at 130 oC, 150 oC, 170 oC, 190 oC and 210 oC, 

respectively. Figure 5-3 shows that the drying rates increased rapidly at the 

beginning stage, peaked after a period of time then decreased. It is difficult to find 

a distinct constant rate period which was commonly reported in the literatures for 

drying other materials. The maximum drying rates were 0.0403 mg/mm2•sec at 

19.5 minutes for 130oC, 0.0573 mg/mm2•sec at 11.0 minutes for 150oC, 0.0801 

mg/mm2•sec at 8.0 minutes for 170oC, 0.103 mg/mm2•sec at 5.5 minutes for 

190oC, and 0.133 mg/mm2•sec at 4.0 minutes for 210oC. It can be seen that the 

maximum drying rate increases as the operating temperature increases. Also the 

maximum drying rate is achieved earlier with the higher operating temperatures. 

All specific drying rates at different operating temperatures became very low 

(close to zero) after 90 minutes of drying because most of the free water in the 

coal matrix had already been evaporated. The specific drying rate versus time 

curves at different temperatures can not be identified after 90 minute drying, and 

that means the specific drying rate becomes an undependent factor on the 

operating temperature after most of the free water being removed. 
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Figure 5-1 Percentage mass loss versus time at different temperatures for 

conventional drying of a 10g as-received coal sample with a mean particle size of 

1435 micron 
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Figure 5-2 Moisture fraction versus time at different temperatures for conventional 

drying of a 10g as-received coal sample with a mean particle size of 1435 micron 
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Figure 5-3 Specific drying rate versus time at different temperatures for 

conventional drying of a 10g as received coal sample with a mean particle size of 

1435 micron 
 

5.1.2 Effect of sample mass 

Although the conventional drying tests were carried out at five different 

temperature levels and two particle sizes, for simplicity only 150 oC was taken as 

an example to investigate the effects of sample mass on the drying kinetics in this 

section. The TGA and the DTGA curves at other temperature levels are attached 

to the appendix. The 10g, 20g and 30g coal samples were held in a 3.2cm 

diameter crucible while 40g, 70g and 100g coal samples were held in a 4.2cm 

diameter crucible for the conventional drying tests.   

Figure 5-4 shows that the percentage mass loss was relatively small at the 

beginning of conventional drying because the coal sample needed an incubation 

time to reach 150 oC. This incubation time varies with the sample mass at the 
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fixed operating temperature. Generally speaking, the smaller the mass of the 

sample, the less the incubation time. After this short incubation period the free 

water in the coal sample was continuously evaporated, so the percentage mass 

losses increased as a function of time. When most of the free water was removed 

for the 10g and 40g coal samples which have low height in the crucibles in 

comparison with other mass levels, the sample mass did not change significantly 

after that, so their corresponding percentage mass loss versus time curves were 

close to horizontal in this stage. Larger coal samples such as 20g, 30g in the 

3.2cm crucible and 70g, 100g in the 4.2cm crucible required more thermal energy 

and longer times to evaporate most of their free water at 150 oC because they had 

higher height in the crucibles, and therefore their masses continuously decreased 

even after 360 minutes of drying. The moisture fraction versus time curves (Figure 

5-5) also presented three similar distinct sections which corresponded to 

incubation, continuous evaporating and drying with almost constant mass periods 

for the 10g and 40g coal, and their moisture fraction did not have significant 

change after 180 minutes of drying. The moisture fraction was continuously 

decreased even after 360 minutes of drying for the 20g, 30g, 70g and 100g 

samples at 150 oC because of the higher height in the crucibles, and therefore 

their curves did not have an obvious period of drying took to create a relatively 

constant mass.   

 Figures 5-4 and 5-5 show that approximate 9.71%, 7.36%, 5.92%, 5.93% 

4.08% and 3.39% mass loss and 0.23, 0.41, 0.53, 0.53, 0.67 and 0.73 moisture 

fraction were achieved after 60 minute drying at 150 oC for 10g, 20g, 30g, 40g, 70 
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and 100g coal, respectively. Their values become 10.90%, 9.76%, 8.65%, 9.06%, 

7.14% and 6.17% for mass loss and 0.13, 0.22, 0.31, 0.28, 0.43 and 0.51 for 

moisture fraction after 120 minute drying. Generally, the smaller coal sample had 

a larger percentage mass loss and lower moisture fraction at one specific time 

except for the 30g and 40g coal sample size because a different diameter crucible 

was used. Water was quickly evaporated for the smaller coal sample at the 

beginning stage, but a larger amount of water was evaporated for the larger coal 

sample at the end stage. Since the specific drying rate is defined as the mass of 

water evaporated per unit area in a unit amount of time, it can eliminate the 

possible effects of coal surface areas. The specific drying rates versus time 

curves are shown in Figure 5-6 (a) and (b). It can be seen that the specific drying 

rate increases as sample mass decreases and the maximum drying rate is 

achieved earlier with smaller sample mass.  

The percentage mass loss fluctuated in the conventional drying, so its 

corresponding DTGA curve was not smooth (see Figure 5-6). The suspended 

coal sample moved continuously because of the moving air inside the cavity and 

the continuously evaporated vapor from the coal matrix. This effect was more 

significant for smaller coal masses. Therefore the specific drying rate versus time 

curve fluctuated more than for the larger coal samples. 
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Figure 5-4 (a) Percentage mass loss versus time at 150oC for conventional drying 

10g, 20g and 30g as-received coal with a mean particle size of 1435 micron in 

3.2cm crucible 
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Figure 5-4 (b) Percentage mass loss versus time at 150oC for conventional drying 

40g, 70g and 100g as-received coal with a mean particle size of 1435 micron in 

4.2 cm crucible 
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Figure 5-5 (a) Moisture fraction versus time at 150oC for conventional drying 10g, 

20g and 30g as-received coal with a mean particle size of 1435 micron in 3.2cm 

crucible 
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Figure 5-5 (b) Moisture fraction versus time at 150oC for conventional drying 40g, 

70g and 100g as-received coal with a mean particle size of 1435 micron in 4.2cm 

crucible 
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Figure 5-6 (a) Specific drying rate versus time at 150oC for conventional drying 

10g, 20g and 30g as-received coal with a mean particle size of 1435 micron in 

3.2cm crucible 
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Figure 5-6 (b) Specific drying rate versus time at 150oC for conventional drying 

40g, 70g and 100 as-received coal with a mean particle size of 1435 micron in 

4.2cm crucible 
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5.1.3 Effect of particle size 

The initial moisture contents of the different size fractions of coal were not the 

same as described in Section 4.1.1. The moisture content of the as-received coal 

with a mean particle size 1435 micron was 12.54±0.1% and the average for the 

63.5 micron coal sample was 11.71±0.1%. The finer particle size required a 

longer grinding time and some free water was evaporated during the grinding 

process. The effects of particle size for the 10g and 20g coal samples at 130 oC 

and 210 oC on the drying behaviors are shown in Figure 5-7.  
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Figure 5-7 Percentage mass loss versus time for 10g and 20g as-received coal 

with mean particle size of 1435 micron and also 63.5 micron at 130 oC and 210 oC  
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The drying curves of these two size fractions almost overlap from 0 to 180 

minutes for the 10g samples at 130 oC. The coarser particle size shows slightly 

more mass loss than the finer one because of the higher initial moisture content. 

For the 10g sample at 210 oC, the percentage mass loss for the finer sample is 

almost the same as for the coarser one in the first 35 minutes when only the free 

water is being removed. The as-received coal sample with a mean 63.5 micron 

size fraction shows a larger percentage mass loss than a mean 1435 micron 

sample after 35 minutes drying because it is easy to remove the combined water 

when the particle size is finer and smaller particles have more opportunities to be 

entrained with the evaporated water. After all the moisture was removed, some 

materials inside of the coal matrix began to decompose and/or oxidize, and this 

causes the continuous mass loss. The finer the particle size of the coal, the higher 

the surface area, so the possible chemical reactions occur more easily. This could 

also explain the reason that the coal with the finer particle size fraction exhibits a 

larger percentage mass loss than the coarser fraction after 35 minutes at 210 oC.  

When the sample mass was more than 20g at 210 oC, the rate of evaporation 

was so high that small particles were entrained in the evaporated water. Partial 

oxidation and volatilization occurred during the later stage of the drying process, 

and “hot spots” could be found inside for the coal sample with a mean 63.5 micron 

particle size. The TGA curves for the 20g coal sample with a mean 63.5 micron 

particle size at 210 oC (Figure 5-7) is totally different from the others because of 

possible entrainment and chemical reactions, so the obtained data could not be 

used to investigate the conventional drying characteristics.  
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5.1.4 Characteristics of conventional drying 

The conventional drying characteristics could be explained by the two-pore 

drying theory which was described in Chapter 3-1. The drying process is divided 

into three stages: one initial or constant rate drying period when funicular water is 

removed; the first falling rate period when pendular moisture is removed from 

wider capillaries and the second falling rate period where the hydrated water is 

removed from the smaller pores. The division between these three stages (one 

constant rate and two falling rate periods) was not very distinct in the conventional 

drying process and therefore the drying characteristics were not exactly as 

predicted by the two-pore system. 

The actual drying process for a given coal matrix should be much more 

complex than the ideal two-pore system. Firstly, in the conventional drying 

process, the specific drying rate depended on the sample mass, the operating 

temperature and the contact areas between the coal and the air in a crucible. 

Secondly, the coal sample temperature increased rapidly during the incubation 

period, so the specific drying rate should also change as a function of time. 

Furthermore, because the coal matrix is comprised of different organic and 

inorganic materials, the moisture exists as free, adsorbed and chemically bonded 

water. The energy requirement for removing the same amount of the different 

types of water is different. The removal of strongly bonded moisture needs more 

energy input. 

 In the initial stage of conventional drying, the coal sample temperature 

climbed quickly as the sample received thermal energy through conventional 
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means such as conduction, convection, and radiation. The drying rate increased 

with the operating temperature. Although the evaporating water would lower the 

sample temperature slightly, this part is small compared to the large amount of 

thermal energy available, so the overall trend of drying rate increased in the first 

several minutes, which could be seen in Figure 5-6. The water in or close to the 

upper surface evaporated quickly, so it was difficult to find a period of time with a 

constant drying rate which normally appears in other conventional drying 

processes. The constant rate period in these tests was very short. 

 As drying progressed, the drying front retreated from the surface into the 

interior of the coal sample. The mode of mass transfer changed from partially 

convective to completely diffusive. The moisture in the pendular state was 

evaporating from areas below the surface of the material. The larger the sample 

masses, the longer the capillary path, and therefore it was more difficult to remove 

these amounts of water. As a result, the drying rate decreased significantly with 

time. When most of the free water inside the coal sample was removed, then the 

organic matter of the coal matrix began to dehydrate and volatilize. This required 

an additional energy input and the drying rate became even smaller or close to 

zero during this period. This could explain the reasons why the percentage mass 

loss remained almost constant and the moisture fraction and drying rate were 

very small after several hours of conventional drying. 
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5.2 Microwave drying tests 

A series of microwave drying tests were carried out using the One Variable at 

a Time (OVAT) technique in order to investigate the influence of the controllable 

variables without interferences. As described in Section 4-3, two different particle 

size ranges, three power levels, three moisture contents and four sample masses 

were examined for a total of 144 microwave drying tests excluding duplicates. The 

drying behavior of each sample was assessed in terms of percentage mass loss, 

moisture fraction, drying rate and the final sample temperature. The detailed data 

and analytical results are given in the following sections. 

5.2.1 Effect of microwave power 

The 10g and 30g as-received coal samples with a mean particle size of 1435 

microns were processed at microwave powers of 160, 400 and 560W. The 

percentage mass loss, moisture fraction and specific drying rate for the 10g 

samples are shown in Figures 5-8(a), 5-9(a) and 5-10(a), respectively. Figures 

5-8(b), 5-9(b) and 5-10(b) show the corresponding results for the 30g sample. 

As shown in Figure 5-8(a) and 5-8(b), the percentage mass loss at a specific 

time increased with microwave power for both the 10g and 30g coal samples. For 

10 minutes of microwave drying at 160W, 400W and 560W the mass losses were 

3.2%, 7.30% and 9.24% for the 10g coal sample, respectively. The percentage 

mass loss became 5.80%, 11.06% and 12.53% for drying of the 30g coal sample 

at 160W, 400W and 560W for 5 minutes. Figure 5-9(a) and 5-9(b) shows that the 

required times to achieve 0.80 moisture fraction for the 10g coal at 160, 400 and 
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560W were 8.67, 4.00 and 2.50 minutes, respectively. These values became 

2.92, 0.92 and 0.70 minutes for the 30g sample when other conditions and the 

final moisture level were the same. As shown in Figure 5-10(a) and (b), the 

maximum drying rates were 0.21, 0.41 and 0.92 mg/mm2•sec for the 10g coal 

sample at power levels of 160, 400 and 560W, respectively. For the 30g sample 

they were 0.86, 2.07 and 2.34 mg/mm2•sec at the same power levels. Also, the 

maximum drying rate occurred earlier with increased power.  

The drying results showed that, at the given conditions, the amount of water 

removal increased with microwave power. A higher power density results in 

increased energy absorption by the coal matrix. Microwaves are composed of an 

alternating electric and an alternating magnetic field. When the incident 

microwaves with a constant frequency pass through a non-magnetic material 

which has a reasonable value of the imaginary permittivity, the absorbed power 

can be calculated based on Equation 3-8. The absorbed power has a quadratic 

dependency on the intensity of the electric field, so it will increase significantly 

with increasing intensity of the electric field. The increased absorption is 

converted into heat energy in the coal matrix. This can lead to enhanced mass 

and heat transfer at higher power levels and thus higher drying rates. 
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Figure 5-8 (a) Percentage mass loss versus time for 10g as-received coal with a 

mean particle size of 1435 micron at power levels of 160, 400 and 560W  
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Figure 5-8 (b) Percentage mass loss versus time for 30g as-received coal with a 

mean particle size of 1435 micron at power levels of 160, 400 and 560W 
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Figure 5-9 (a) Moisture fraction versus time for 10g as-received coal with a mean 

particle size of 1435 micron at power levels of 160, 400 and 560W 
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Figure 5-9 (b) Moisture fraction versus time for 30g as-received coal with a mean 

particle size of 1435 micron at power levels of 160, 400 and 560W 
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Figure 5-10 (a) Specific drying rate versus time for 10g as-received coal with a 

mean particle size of 1435 micron at power levels of 160, 400 and 560W 
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Figure 5-10 (b) Specific drying rate versus time for 30g as-received coal with a 

mean particle size of 1435 micron at power levels of 160, 400 and 560W 
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5.2.2 Effect of initial moisture content 

As discussed in Section 4.3.1.2, the moisture content of the coal was adjusted 

by either predrying the coal in the conventional drying oven or by adding 

additional moisture. This gives controlled coal moisture contents of 12.54±0.1%, 

10.48±0.1% and 21.26±0.1% for the as-received, predried and hydrated coal 

samples, respectively. Again the 10g and 30g as-received coal with a mean 

particle size of 1435 micron and 560W microwave power were taken as examples 

to investigate the effects of the initial moisture content on microwave drying. The 

relevant TGA and DTGA curves are shown from Figures 5-11 to 5-14. 

 It was found that approximately 0.2%, 0.30% and 1.65% of the mass loss was 

obtained after 1 minute of microwave drying with 560W power for the 10g 

predried, as-received and hydrated coals, respectively. At the same time the 

moisture fractions were 98.1%, 97.6% and 92.2% for these three samples (see 

Figures 5-11a, 5-12a). When the 30g coal underwent 1 minute of microwave 

drying with 560W power, the percentage mass losses became 2.29%, 4.90% and 

9.80% and the moisture fractions were 78.2%, 60.9% and 53.9% for predried, 

as-received and hydrated coal, respectively (see Figure 5-11a, 5-11b). From 

Figures 5-11 and 5-12, it can be seen that the percentage mass loss became 

larger and the moisture fraction became smaller as the initial moisture content 

decreased. This reflects the fact that the majority of the moisture being removed is 

only freely bonded water at a power level of 560W and this water is relatively easy 

to remove. Also as shown in Figure 5-13, after a short incubation time the specific 

drying rate increases rapidly to a maximum, and then it decreases progressively 
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as a function of time. The specific drying rate versus time curves are not smooth 

and no constant drying rate period appears during the microwave drying tests. 

The time to achieve the maximum value of the specific drying rate increases with 

decreasing initial moisture content of the coal.  

This phenomenon can be explained by the mechanism of microwave drying 

and the applied experimental conditions in the tests. The absorbed microwave 

energy has a proportional relationship with the relative imaginary permittivity or 

relative dielectric loss of the sample according to Equation 3-8. Since the 

imaginary permittivity of water ( "ε =10) is much larger than the coal 

(average "ε =0.1), the absorbed microwave energy for water is about 100 times 

more than the coal. At the beginning of microwave drying, the moisture content of 

the coal is relatively high and more microwave energy can be absorbed 

theoretically. Dipole rotation of the water molecules usually occurs at a million 

times per second, so the conversion process from electric to thermal energy 

happens in a very short time. The generated thermal energy increases the 

temperature inside the coal and thus high specific drying rates are achieved 

quickly. Liquid vaporization may occur within the coal matrix and it causes a 

possible pressure increase as this vapor expands and seeks to escape through 

the pores of the coal matrix which are filled or partially filled with water. This 

pressure is released when the vapor comes out of the interface between the coal 

and the air. This pressure change causes the sample to move, so the relevant 

TGA and DTGA curves are not smooth. When most of the free water is removed 

from the coal matrix, the absorbed microwave energy decreases. Although the 
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high temperatures inside the coal itself also enhance the water removal, this 

should be less significant in comparison with the vapor evaporation by direct 

coupling with the microwaves especially for coal with high moisture contents.     

The relationship between specific drying rate and moisture fraction is shown 

in Figure 5-14. The microwave drying behavior varies with the moisture content of 

the coal and the hydrated coal has better drying kinetics than the as-received and 

predried samples when other conditions are the same. A coal matrix with higher 

moisture content has a larger dielectric loss factor and thus absorbs more 

microwave energy, so its drying kinetics should be relatively fast. Microwave 

drying has the inherent ability to selectively dry those areas with higher moisture 

contents. This characteristic is called “moisture leveling”. The phenomenon can 

lower the variation of the final moisture content inside the coal. Microwaves 

penetrate deeply into the coal matrix and this heats the coal matrix from the inside 

out while conventional drying transfers heat from the outside to the inside via 

traditional ways such as conduction, convection and radiation. The moisture 

leveling of microwave drying is essentially automatic and can lead to 

improvements in final product quality and reduces the energy consumption for 

drying. 
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Figure 5-11 (a) Percentage mass loss versus time for 10g as-received coal with a 

mean particle size of 1435 micron at three initial moisture contents and 560W. 

The three moisture contents are shown 
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Figure 5-11 (b) Percentage mass loss versus time for 30g as-received coal with a 

mean particle size of 1435 micron at three initial moisture contents and 560W. 

The three moisture contents are shown.  
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Figure 5-12 (a) Moisture fraction versus time for 10g as-received coal with a mean 

particle size of 1435 micron at three initial moisture contents and 560W. The three 

moisture contents are shown.        
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Figure 5-12 (b) Moisture fraction versus time for 30g as-received coal with a mean 

particle size of 1435 micron at three initial moisture contents and 560W. The three 

moisture contents are shown. 
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Figure 5-13 (a) The specific drying rate versus time for 10g as-received coal with 

a mean particle size of 1435 micron at three initial moisture contents and 560W. 

The three moisture contents are shown 
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Figure 5-13 (b) The specific drying rate versus time for 30g as-received coal with 

a mean particle size of 1435 micron at three initial moisture contents and 560W. 

The three moisture contents are shown 
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Figure 5-14 (a) The specific drying rate versus moisture fraction for 10g 

as-received coal with a mean particle size of 1435 micron at three initial moisture 

contents and 560W. The three moisture contents are shown 
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Figure 5-14 (b) The specific drying rate versus moisture fraction for 30g 

as-received coal sample with a mean particle size of 1435 micron at three initial 

moisture contents and 560W. The three moisture contents are shown 
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5.2.3 Effect of sample mass 

 The TGA and the DTGA curves for the effect of sample mass are shown in 

Figures 5-15 to 5-17. Results are presented for as-received and hydrated coal. 

The mean particle size was 1435 micron and the microwave power was 560W. 

The percentage sample mass losses were 0.93%, 3.65%, 7.55% and 10.30% 

after 3 minutes of drying for 5, 10, 20 and 30g as-received coal. The moisture 

fractions became 0.93, 0.71, 0.40 and 0.18 at the same time. The maximum 

drying rates were 0.55, 0.83, 1.14 and 2.07 (mg/cm2sec), respectively. If the 

hydrated coal with a moisture content of 21.26±0.1% was tested at the above 

conditions, the values were as following: percentage mass loss: 2.30%, 9.91%, 

17.06%, and 18.51; moisture fraction: 0.89, 0.53, 0.20 and 0.12; maximum drying 

rate: 0.24, 0.61, 2.22 and 2.33. From the Figures it can be seen that the specific 

drying rate increases with sample mass at a specific time. Additionally, the 

maximum drying rate also increases with sample mass. These phenomena could 

be attributed to the enhanced microwave absorption for larger amounts of mass. 

 Figure 5-18 illustrates a cubic sample within a microwave cavity. In order to 

change the sample mass, it is possible to alter its geometrical size by changing 

one or more of the dimensions in the x, y and z-axes of the sample. Figure 5-19 

shows a schematic electric field distribution (rms of the electric field) in the 

microwave cavity. It can be seen that when the sample geometrical size changes 

in the direction of the x-axis and z-axis, the electric field interacting with the 

sample becomes less uniform. A change in the y-axis does not affect the 

distribution of the electric field when the maximum sample height remains in the 
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electric field. In order to maintain a uniform field distribution, the mass should only 

be changed by increasing the height of the sample in the direction of the y-axis. 

Additionally, if the sample mass is increased by increasing the width and if the 

width is greater than the penetration depth then the interior of the sample will not 

absorb microwaves in an efficient manner. Therefore in the microwave drying 

tests for investigating the sample mass effect, the crucible diameter was fixed and 

the sample mass was changed by varying the height. 

The coal sample height in the crucible increases when a large amount of coal 

is used in the tests. The interactions between the microwaves and the materials 

inside the coal matrix (including water, organic matter, minerals etc) are enhanced, 

so a large amount of coal has an increasing opportunity to absorb more 

microwave energy, and therefore it generates higher temperature and should 

have fast drying kinetics. On the other hand, the improved drying performance for 

larger sample masses can also be explained in terms of heat loss. In microwave 

processing, the heat is generated internally and heat transfer occurs via thermal 

conduction from the inside to the outside of the sample and then by convection 

and/or radiation from the surface. The generated heat inside the coal is difficult to 

dissipate because the coal usually has a relatively low thermal conductivity. The 

larger the coal mass, the longer the distance from the center of the sample to the 

surface, and it is more difficult to dissipate generated heat. Therefore, the internal 

coal temperature can be higher for larger coal masses. Since the coal matrix 

contains some organic matter with a relatively low ignition point, oxidation and 

even combustion can occur under some specific conditions. 
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Figure 5-15 (a) Percentage mass loss versus time for 5g, 10g, 20g and 30g 

as-received coal with a mean particle size of 1435 micron at 560W 
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Figure 5-15 (b) Percentage mass loss versus time for 5g, 10g, 20g and 30g 

hydrated coal (M 21.26%±0.1) with a mean particle size of 1435 micron at 560W 
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Figure 5-16 (a) Moisture fraction versus time for 5g, 10g, 20g and 30g as-received 

coal with a mean average particle size of 1435 micron at 560W 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 5 10 15 20 25

Time (min)

M
oi

st
ur

e 
Fr

ac
tio

n,
 X

5g

10g

20g

30g

 
Figure 5-16 (b) Moisture fraction versus time for 5g, 10g, 20g and 30g hydrated 

coal (M 21.26%±0.1) with a mean particle size of 1435 micron at 560W 
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Figure 5-17 (a) The specific drying rate versus time for 5g, 10g, 20g and 30g 

as-received coal with a mean particle size of 1435 micron at 560W 
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Figure 5-17 (b) The specific drying rate versus time for 5g, 10g, 20g and 30g 

hydrated coal (M 21.26%±0.1) with a mean particle size of 1435 micron at 560W 
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Figure 5-18 A cubic sample in a rectangular microwave cavity with the 

microwaves coming from the waveguide positioned in the center of the right wall 
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Figure 5-19 Electric field distribution in the microwave cavity with increasing 

sample mass in the Z, X and Y-axis 
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5.2.4 Coal sample temperature 

 As described in Section 4.4.1, it is impossible to measure the actual real-time 

sample temperature because of the interference between the microwaves and the 

thermocouple. In order to obtain a measurement, the coal sample and the crucible 

were removed from the oven and the temperature was measured as soon as 

possible. While this method is sufficiently accurate for a single temperature 

measurement, it is not possible for obtain continuous temperature readings during 

the drying process.  

Figure 5-20 shows the relationship between the final sample temperature and 

the controllable variables. It is obvious that the final sample temperature was 

directly proportional to the sample mass irrespective of the initial moisture content 

of the coal and/or the applied power. There is almost a linear relationship at 160W 

while the rate of temperature rise became a little bit slower at 400 and 560W. 

Although the effects of moisture content and power level are not as significant as 

sample mass, it still can be seen that the samples with lower moisture contents or 

higher power levels obtained higher final temperatures. The higher moisture 

content coal absorbs more microwave energy and this results in intense 

evaporation. The evaporated water molecules are those with the highest kinetic 

energy, and some energy should be lost in the evaporation process, so the 

energy of the remaining water molecules is lower and thus the relevant sample 

temperature decreases. The moisture contents increase from the preheated coal 

(M 10.48±0.1%) to the as-received coal (M 12.54±0.1%) and to the hydrated coal 

(M 21.26±0.1%), and these increased water contents can absorb more energy for 
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the same amounts of coal during microwave drying, but evaporating this 

additional water should require more energy because microwave drying becomes 

low efficiency with the decreased moisture contents. Accordingly the samples with 

lower initial moisture contents achieved final higher temperatures. Higher power 

levels cause increased microwave absorption when other conditions are fixed and 

therefore lead to higher final temperatures.  
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Figure 5-20 Final temperature for average 1435 micron coal as a function of 

sample mass for various initial moisture contents and microwave power levels 

 

 Figure 5-21 shows the temperature change for the 10g and 30g as-received 

coal with a mean particle size of 1435 micron at both 200W and 500W as a 

function of drying time. The sample temperature increases rapidly during the first 

5 minutes and then the rate of temperature rise becomes slower for the 10g 

sample at 200W and 500W. Although the temperature increases with higher 
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incident power levels, the generated heat can dissipate if the sample mass is not 

high, so the temperature is not much higher for the 10g coal sample at 560W. A 

similar trend could be observed for the 30g sample at 200W, but the temperature 

jumped almost to 820oC after 10 minute drying at 500W power. “Hot spots” 

appeared inside the sample and the coal showed evidence of combustion.  
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Figure 5-21 Sample temperature versus time for the as-received coal with an 

average particle size of 1435 micron for sample masses of 10g and 30g and 

microwave powers of 200W and 500W 
 

5.3 Possible methods to avoid hot spots and coal combustion 

In microwave drying, the heat is generated internally and transferred from the 

inside to the outside by thermal conduction and is then dissipated by convection 

and/or radiation from the surface. Samples with a relatively low thermal 

conductivity may have difficulty in dissipating the generated heat to the surface 
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particularly at higher power levels and/or larger sample masses. The heat 

accumulates and the temperature continues to rise in the center of the sample 

while the surface temperature remains relatively low. This leads to partial 

overdrying and some “hot spots” and/or visible combustion may be observed.  

This inverted temperature distribution and non-uniform heating are the 

fundamental characteristics of microwave drying, and the conductivity is an 

inherent property of the sample, so these can not be changed. However, besides 

lowering incident power levels, at least four methods can be used to avoid 

overheating and the associated problems.  

Reducing the processing time can decrease the energy absorption by the coal 

sample, so the temperature inside the sample becomes lower and overdrying can 

be avoided to some extent, but it does not provide a solution to the non-uniform 

drying characteristics. As described in Section 5.2.3, sample mass has significant 

effects on microwave drying. Larger sample mass enhances the interaction with 

the microwaves and thus absorbs more energy if the geometrical size is 

increased in the y-axis direction (Figure 5-19), and therefore it achieves faster 

drying kinetics, but on the other hand, the generated heat inside the coal is 

difficult to dissipate because increased coal height in the crucible lengthens the 

distance from the center of the sample to the surface. If the sample mass is 

increased by increasing the geometrical size in the x and z directions (Figure 

5-19), it results in a more uneven field distribution. The sample side (supposing a 

cubic sample was used) closest to the waveguide has a better opportunity to 

absorb more microwaves and to obtain higher temperatures in comparison to the 
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other sides. Using a turntable can easily solve this particular problem but still does 

not provide a general effective solution for non-uniform drying.  

A pulsing microwave mode can change the power distribution and has been 

shown to improve heating uniformity. Sundaram GunaseKaran and Huai-Wen 

Yang (2007) investigated the temperature distribution of 2% agar gel samples 

under continuous and pulsed microwave radiation. They concluded that pulsed 

microwave drying resulted in a more uniform temperature distribution inside the 

sample than continuous operation at the same average microwave power. It is 

difficult to fully understand the heating mechanisms of these two types of 

microwave drying. When microwave energy is used continuously, heat and mass 

transfer are not adequately balanced, resulting in poor drying efficiency and 

uneven temperature distribution. If microwave energy is used intermittently, the 

sample is heated for a period of time, followed by another interval without 

microwave radiation. Some of the generated heat could transfer from the inside to 

the outside of the sample by conduction during this power-off period. The 

moisture is also removed and therefore areas close to the central zone become 

relatively dry after the first cycle. As described earlier, moist areas should absorb 

more microwave energy than drier ones because water has a higher relative 

imaginary permittivity, which significantly affects microwave drying. The 

temperature distribution tends to be more uniform and the moisture moves 

outwards during this pulsing process. If the right ratio of on-and-off is chosen, the 

coal sample should exhibit a relatively uniform temperature distribution. The 
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optimum power on-and-off time should be determined by an experimental 

research program. 

If the sample was mechanically stirred continuously, then the generated heat 

could be transferred to the surface and then the heat could be dissipated by 

conventional methods such as conduction, convection and radiation. It is easy to 

achieve thermal equilibrium when the generated heat is exactly equal to the 

dissipated heat. This method could solve the uneven temperature distribution 

problem in microwave drying, but unfortunately it is difficult to find a stirrer which 

is strong enough to blend solids and has minimum interactions with the 

microwave radiation.  

Another important method to obtain uniform heating is to change the 

operating frequency of the microwave source during processing. The dielectric 

properties of some materials vary with frequency according to Equations 3-5 to 

3-7, so a change in frequency can produce differences in permittivity and then 

affect the drying performance. With built-in feedback control mechanisms, the 

frequency could be automatically modulated to efficiently couple to a load whose 

dielectric properties change in time, offering another process control mechanism 

that is especially useful for obtaining uniform load temperatures (Hartnett, 1999). 

Recently, variable frequency multi-mode processing systems have been 

developed and have proven to create uniformity in a small cavity by sweeping 

frequencies through a bandwidth, but it is only used for research purposes 

because of the expensive equipment cost. (Thostenson and Chou, 1999) 
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5.4 Comparison of conventional and microwave drying 

5.4.1 Drying kinetics 

The 10g and 30g as-received coal sample with a mean particle size of 1435 

micron at the 560W power level were selected as representative of microwave 

drying, and the same samples at an operating temperature of 150oC were taken 

as examples of conventional drying. Figure 5-22 and 5-23 compare the typical 

percentage mass loss and moisture fraction curves. It can be seen that the 

shapes of these curves are different and microwave drying has relatively fast 

kinetics in general. The drying time to achieve the given percentage mass loss 

and moisture fraction are presented in Table 5-1. 

Table 5-1 The required drying time for achieving preset percentage mass 
loss and moisture fraction under given conditions 

Conditions  
Mass 

Loss % 
Required Time (minute) 

Moisture 

Fraction 
Required Time (minute) 

10g, 560W 2 2.35 3.31 4.46 6.83 0.8 2.5 3.75 6.08 13.5 

30g, 560W 4 0.65 0.84 1.27 1.81 0.6 0.66 1 1.57 2.83 

10g, 150oC 6 11.04 17.1 25.22 38.16 0.4 12.08 21.13 34.17 68.32 

30g, 150oC 8 23.96 39.82 61.99 100.14 0.2 26.03 48.53 88.15 210.4 

  

For the same percentage mass loss or moisture fraction for the 10g 

as-received coal with a mean particle size of 1435 micron, the average 

processing time for microwave drying at 560W was reduced by approximately 4 

times as compared to conventional drying at 150oC. The drying performance in 

terms of reducing processing time becomes even more significant for the 30g 

sample. The processing time would be reduced at least by a factor of 10 times 

based on the data in Table 5-1. This is due to the difference between the drying 
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mechanisms as discussed previously in Sections 5.1 and 5.2. The free water 

inside the coal sample is removed very quickly with microwave drying. Some of 

the evaporated vapor can form internal gas bubbles and generate high pressures. 

These bubbles could either be entrapped water vapor or possible air which comes 

out of the coal matrix during drying. This phenomenon is called “microwave 

pumping” which helps to draw water from the interior to the exterior and thus 

increases the drying kinetics. 
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Figure 5-22 A comparison of the percentage mass loss with time for the 10g and 

30g as-received coal samples (average 1435 micron) for microwave drying at 

560W and for conventional drying at 150oC 
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Figure 5-23 A comparison of the moisture fraction with time for the 10g and 30g 

as-received coal samples (average 1435 micron) for microwave drying at 560W 

and for conventional drying at 150oC 
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5.4.2 Energy efficiency (η) and specific energy consumption (Q) 

Several examples of conventional and microwave drying were chosen to 

compare the energy efficiency (η) and the specific energy consumption (Q) and 

the detailed data at specific times are shown in Tables 5-2 and 5-3, respectively. 

The energy efficiency (η) and the specific energy consumption (Q) were 

calculated according to Equations 4-6 to 4-9 (Section 4.4.3) and the 

corresponding curves are presented in Figures 5-24 to 5-27.  

The consumed energy for the conventional drying exhibits a linear 

relationship with the drying time. The Cp, and wλ  values in Equation 4-6 are 

constant; T∆  is the temperature difference, and the sample is heated from room 

temperature to the boiling point (100oC) in these tests, so it should be a constant; 

CVP  is the actual power consumption and it should also be fixed at a specific 

operating temperature. The other two parameters in Equation 4-6 are the 

evaporated water mass (m) and the drying time (t), so the energy efficiency is 

fundamentally determined by the evaporation rate. The coal samples were held in 

the crucible and suspended in the oven cavity as shown in Figure 4-3, so the 

evaporated water should only be removed from the interfacial area between the 

coal and the air. When the sample mass and operating temperatures are fixed, 

this interfacial area determines the evaporation rate. From Figure 5-24(a) it can 

be seen that the energy efficiency (η) did not vary significantly with sample mass 

during the first 20 minutes of conventional drying at 150oC, but it increased with 

sample mass in the subsequent stage. At the beginning of conventional drying, 

the surface coal temperature increased from room temperature to 100 oC, and 
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then the free water began to evaporate from the interfacial area. The 40g, 70g 

and 100g coal samples were held in 4.2 cm diameter crucibles while the 10g, 20g 

and 30g were placed in 3.2cm diameter crucibles. The coal in the 4.2cm diameter 

crucible had a larger interfacial area and therefore should have a higher 

evaporation rate than the samples in the 3.2 diameter crucible, so its energy 

efficiency was slightly higher in the plot. When most of the free water close to the 

interfacial areas was removed after approximately 20 minutes of drying at the 

given operating temperatures, the free water should come from the coal below the 

interfacial area. The larger sample mass contains more free water and has a 

longer height (evaporation path) in the crucible. Since the heat is transferred from 

the outside to the inside via traditional conduction, convection and radiation, the 

temperature should decrease from the outside to the inside. The water in the 

larger mass needs longer time to be removed and the evaporation rate should be 

higher than the smaller mass since most of its free water has already been 

removed quickly. Figure 5-24(b) shows the relationship between the specific 

energy consumption and the time. The consumed power for evaporating a unit 

gram of water is also determined by the evaporation rate. The higher the 

evaporation rate, the lower the specific energy consumption. When most of the 

free water was been removed from the sample, additional energy is needed for 

evaporating the remaining water, and then the specific energy consumption 

gradually increases as a function of time. Conventional drying becomes more 

inefficient for removing the residual water in the coal sample.  
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Figure 5-25 (a) shows the relationship between energy efficiency and the 

drying time for the 10g as-received coal sample at different operating 

temperatures, and Figure 5-25(b) shows the curves of specific energy 

consumption versus time for the same conditions. The plot can be divided into 

three sections. The first section corresponds to the set-up period of the drying 

process, and the sample is continuously heating up and the drying rate increases 

with temperature. The energy efficiency gradually peaks and the specific energy 

consumption achieves the minimum value at the maximum drying rate. The 

required time decreases for achieving this point at higher temperature levels. The 

second section of the plot is from the maximum to the intersection of the curves, 

and in this section the higher energy efficiency and lower specific energy 

consumption increase with the high operating temperature as in section one. The 

third section is from the intersection of the curves to the end, and the relationship 

between the energy efficiency, the specific energy consumption and temperature 

become opposite to that of the other two sections. For the 10g as-received coal 

sample, a large amount of free water should be evaporated before the curve 

intersections at high temperatures. The higher the operating temperature, the 

lower the residual moisture content. A slightly larger energy efficiency and lower 

specific energy consumption occurs at the lower operating temperatures in the 

third section. 
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Figure 5-24 (a) Energy efficiency of conventional drying versus time for the 

as-received coal samples (average 1435 micron) at 150oC 
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Figure 5-24 (b) Specific Energy Consumption of conventional drying versus time 

for the as-received coal samples (average 1435 micron) at 150oC 
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Figure 5-25 (a) Energy efficiency of conventional drying versus time for the 10g 

as-received coal with a mean particle size of 1435 micron at various temperatures 
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Figure 5-25 (b) Specific energy consumption of conventional drying versus time 

for the 10g as-received coal with a mean particle size of 1435 micron at various 

temperatures 
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Figure 5-26 (a) Energy efficiency of microwave drying versus time for 10g 

as-received coal with a mean particle size of 1435 micron at different power levels 
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Figure 5-26 (b) Specific energy consumption of microwave drying versus time for 

10g as-received coal with a mean particle size of 1435 micron at different power 

levels 
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Figure 5-27 (a) Energy efficiency of microwave drying versus time for various 

masses of as-received coal samples (average 1435 micron) at 560W 
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Figure 5-27 (b) Specific Energy Consumption of microwave drying versus time for 

various masses of as-received coal samples (average 1435 micron) at 560W 



 

122 

 

Also as shown in Figure 5-26 (a), the 10g as-received coal with a mean 

particle size of 1435 micron was processed at 160W, 400W and 560W microwave 

powers. The maximum energy efficiencies were very close for these three power 

levels, and their values were 0.66%, 0.57% and 0.66%, respectively. At high 

microwave powers the free water evaporated quickly from the coal and then the 

energy efficiency continuously dropped after most of the free water had been 

removed. If the microwave power was fixed at 560W and different sample masses 

were used as shown in Figure 5-27(a), the maximum energy efficiencies were 

0.66%, 2.54% and 6.98% for the 10g, 20g and 30g coal samples, respectively. It 

could be seen that the maximum energy efficiency increased significantly with the 

increasing sample mass. Figure 5-26(b) and 5-27(b) show the specific energy 

consumption for drying coal at different microwave powers and sample masses. 

The specific energy consumption decreased with increasing microwave power 

and/or sample masses.  

Some of the detailed values are presented in Tables 5-2 and 5-3. If the 10g 

as-received coal sample is taken as an example, the maximum energy 

efficiencies were 0.30%, 0.34% and 0.43% for 130oC, 150oC and 170oC in 

conventional drying, respectively. The numbers became 0.66%, 0.57% and 

0.66% for 160W, 400W and 560W in microwave drying, respectively. The 

difference was not significant in the above situations. The maximum energy 

efficiency was 6.98% for 30g and 560W while it was only 0.45% for 30g and 

150oC in conventional oven drying. The energy efficiency for 560W microwave 

drying was approximately 15 times higher than the 150oC conventional drying for 
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the 30g as-received coal sample. The relevant specific energy consumption was 

581.3 for conventional drying and 14.1 for microwave drying in these two cases. 

The difference of the energy efficiency and the specific energy consumption 

becomes more significant for microwave and conventional drying if larger sample 

masses are used. Clearly microwave drying is more energy efficient for 

processing larger sample masses.   

5.4.3 Comparison in other areas 

Besides the described differences in drying kinetics, energy efficiency and 

specific energy consumption, the characteristics of these two drying techniques 

also vary in the following areas. Microwave drying usually needs a short 

incubation time in comparison to conventional drying for a given coal sample. 

From Figures 5-8 to 5-17, it can be seen that the maximum incubation time in 

these microwave drying tests is less than 2 minutes, but it needs approximately 

10-15 minutes in the conventional drying tests (Figures 5-1 to 5-6) and the drying 

time changed significantly with the operating temperature and the sample mass. 

Dipole rotation occurs almost simultaneously with exposure to the alternating 

electromagnetic fields in microwave drying, but the heat transfer from conduction, 

convection and radiation requires a relatively longer time for conventional drying.  
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Table 5-2 Energy efficiency (η) and specific energy consumption (Q) for conventional drying 

Conditions 
Max.η Min.Q 0-10min 0-30min 0-60min 0-90min 0-120min 

% 
KJ/g 
[H2O] η Q η Q η Q η Q η Q 

10g, 130C 0.3041 852.3 0.1522 1702.5 0.3039 853.0 0.2518 1029.2 0.1945 1332.6 0.1557 1665.0 
20g, 130C 0.3243 799.1 0.1356 1911.7 0.3029 855.6 0.3162 819.6 0.2805 924.2 0.2437 1063.7 
30g, 130C 0.3197 810.6 0.1187 2183.1 0.2552 1015.6 0.3195 811.1 0.3051 849.4 0.2796 927.0 
40g, 130C 0.4953 523.3 0.1956 1325.1 0.4008 646.7 0.4953 523.3 0.4751 545.5 0.4367 593.5 
70g, 130C 0.5498 471.4 0.2204 1176.0 0.3606 718.8 0.5277 491.1 0.5487 472.4 0.5334 485.8 
100g,130C 0.6717 385.8 0.2689 964.0 0.4248 610.2 0.6338 408.9 0.6692 387.3 0.6428 403.2 
10g, 150C 0.3436 754.3 0.2545 1018.5 0.3427 756.3 0.3276 791.1 0.2305 1124.5 0.1669 1552.5 
20g, 150C 0.3972 652.6 0.1850 1400.8 0.3956 655.1 0.3502 740.2 0.2838 913.1 0.2322 1116.0 
30g, 150C 0.4458 581.3 0.1662 1559.4 0.4288 604.4 0.4230 612.7 0.3631 713.8 0.3089 839.0 
40g, 150C 0.5839 443.9 0.2884 898.8 0.5603 462.6 0.5618 461.4 0.4953 523.3 0.4293 603.8 
70g, 150C 0.6784 382.0 0.2298 1128.0 0.4997 518.7 0.6783 382.1 0.6474 400.3 0.5939 436.5 
100g,150C 0.8122 319.1 0.2596 998.4 0.5127 505.6 0.8067 321.3 0.7902 328.0 0.7341 353.1 
10g, 170C 0.4337 597.6 0.4142 625.7 0.3608 718.4 0.2235 1159.9 0.1557 1664.9 0.1189 2179.0 
10g, 190C 0.4327 599.0 0.4147 625.1 0.3375 768.1 0.1984 1306.1 0.1361 1904.1 0.1037 2498.4 
10g, 210C 0.5251 493.6 0.5158 502.5 0.3213 806.6 0.1812 1430.8 0.1275 2032.0 0.0939 2760.7 
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Table 5-3 Energy efficiency (η) and specific energy consumption (Q) for microwave drying 

Conditions 
Max.η Min.Q 0-1min 0-3min 0-5min 0-10min 0-20min 

% 
KJ/g 
[H2O] η Q η Q η Q η Q η Q 

5g, 160W 0.4426  221.8  0.2758  355.9  0.1107  886.7  0.1217  806.8  0.1495  656.7  0.1190  824.6  
5g, 400W 0.2660  369.0  0.0776  1264.5  0.0518  1896.2  0.0888  1105.8  0.1243  789.7  0.0999  982.7  
5g, 560W 0.2534  387.3  0.0633  1550.0  0.0739  1327.9  0.1299  755.4  0.1283  764.8  0.0903  1086.9  
10g,160W 0.6646  147.7  0.1661  590.8  0.1661  590.8  0.2658  369.2  0.5317  184.6  0.5234  187.5  
10g, 400W 0.5694  172.4  0.1329  738.5  0.2437  402.8  0.5317  184.6  0.4852  202.3  N/A N/A 
10g, 560W 0.6570  149.4  0.1423  689.8  0.5771  170.1  0.6262  156.7  0.4389  223.7  N/A N/A 
20g, 160W 2.1860  44.9  0.4979  197.1  0.4426  221.8  1.5602  62.9  2.1411  45.8  1.5021  65.3  
20g, 400W 2.6756  36.7  0.4652  211.0  2.6362  37.2  2.2596  43.4  1.4355  68.4  N/A N/A 
20g, 560W 2.5376  38.7  0.9969  98.5  2.3893  41.1  1.8418  53.3  N/A N/A N/A N/A 
30g, 160W 5.8802  16.7  0.4983  197.0  4.8720  20.1  5.7800  17.0  4.5011  21.8  2.7488  35.7  
30g, 400W 7.3454  13.4  5.5142  17.8  5.9128  16.6  4.4114  22.3  N/A N/A N/A N/A 
30g, 560W 6.9758  14.1  6.9758  14.1  4.8878  20.1  3.5686  27.5  N/A N/A N/A N/A 
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The maximum drying rate of microwave drying is usually larger than for 

conventional drying. If the 10g as-received coal sample with a mean particle size 

of 1435 micron was taken as an example, the maximum drying rate was 0.21 

mg/cm2 sec at 160W, and it reached 0.92 mg/cm2 sec at 560W. The maximum 

conventional drying rate was only 0.13 mg/cm2 sec at 210oC, and the value 

deceased with increasing sample mass and/or decreasing temperatures. So the 

maximum drying rate obtained from low power level (160W) and sample mass 

(10g) testing for microwave drying was still larger than the value obtained from the 

highest temperature (210oC) for conventional drying.  

In general microwave drying can achieve higher final temperatures than 

conventional drying. The sample temperature should be equal to or less than the 

control temperature for conventional drying, but it increased to 268oC in 6 minutes 

for the 30g as-received coal sample at 560W microwave power. The processing 

time should be carefully determined for microwave drying; otherwise the 

generated high temperature could cause hot spots or combustion inside the coal.  

If the sample mass is larger (for example 30g of as-received coal), microwave 

drying achieved a lower moisture content for the dried coal in comparison with 

conventional drying. It achieved 0.08 moisture fractions in 25 minutes at 160W 

microwave power, and a moisture fraction value of 0.04 in 4.5 minutes at 560W. 

The final moisture fraction was 0.09 even after 15 hours drying at 150oC. So it is 

easy to achieve relatively low final moisture contents for the final products in 

microwave drying. 
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Non-uniform drying is a common problem of microwave drying. Since the 

water has a larger loss factor ( "ε =10) than the bulk coal ( "ε =0.1), it should be 

preferentially dried according to the mechanisms of microwave drying. 

Furthermore, microwave pumping provides some advantages for drawing the 

water vapor out of the coal samples. The existence of selective drying and 

microwave pumping can improve the drying performance to some extent.    

5.5 Modeling microwave drying 

5.5.1 Mathematical models of drying 

 Mathematical modeling plays an important role in the design and control of 

the process parameters during drying and considerable research has been 

performed in this area (Jebson & Youzhang, 1994; Canellas, Simal & Berna, 1992; 

Chen, Singh, Haghighi & Nelson, 1993; Mulet, 1994). A large number of models 

have been developed either from microscopic or macroscopic levels for various 

samples with different heating sources. For the coal matrix, both conventional and 

microwave drying involve complex heat and mass transfer phenomena, which are 

difficult to describe mathematically at the microscopic scale. The coal drying 

behaviors become relatively easy for studying at the macroscopic scale by 

developing empirical expressions or by fitting existing equations. If the predicted 

results from the given expressions are at acceptable error levels, the 

corresponding empirical models should be sufficient for industrial application.  

The curves of moisture fraction versus time were fitted well with the typical 

mathematical decay equation in both conventional and microwave drying, in 

which the induced variable y has an exponential relationship with the independent 
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variable. So the moisture fraction should change exponentially with the drying 

time and this is relationship can be expressed by the following mathematical 

decay equation. 

           )exp( ktaX −•=                    (5-1) 

Where ‘X’ is the moisture fraction, ‘a’ is the pre-exponential factor and ‘k’ is the 

exponential variable. To determine the most suitable equation for drying a coal 

sample, the calculated moisture fractions were fitted to eleven different models as 

presented in Table 5-4. These equations were fundamentally derived from the 

decay equation but were modified with some coefficients or combinations except 

for the Wang and Singh model which was expressed in polynomial style. These 

models were initially developed for drying thin layer materials and usually had 

good results. Many researchers extended the application to hygroscopic material 

drying in which the temperature distribution inside the sample was not uniform as 

in the ideal thin layer conditions, but they found that the predicted results were still 

at an acceptable level. This study focuses on fitting the moisture fraction to the 

given models and the most suitable one is found by comparing the error levels.  

In the calculation, the equilibrium moisture content (Me) was assumed to be zero 

for both conventional and microwave drying, so that the moisture fraction X was 

simplified to M/M0 instead of (M-Me)/(M0-Me), which was expressed in Section 4-4.  
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Table 5-4 Mathematical models for the moisture fraction of the coal as a 
function of time 

Model Name Model Equation References 

Newton  ( )ktX −= exp  Ayensu(1997) 

Page  ( )nktX −= exp  Agrawal and Singh (1977) 

Modified Page  ( )( )nktX −= exp  White et al. (1981) 

Henderson and Pabis  ( )ktaX −= exp  Henderson et al. (1961) 

Logarithmic  ( ) cktaX +−= exp  Yaldiz et al. (2001) 

Wang and Singh  
21 btatX ++=  Wang and Singh (1978) 

Diffusion approach  )exp()1()exp( kbtaktaX −−+−=  Togrul et al. (2003) 

Verma  )exp()1()exp( gtaktaX −−+−=  Verma et al. (1985) 

Two-term exponential  )exp()1()exp( kataktaX −−+−=  Shara-Elden et al (1980) 

Simplified Fick diffusion  ))/(exp( 2LtcaX −=  Togrul et al. (2003) 

Midilli-Kucuk  bttkaX n +−= ))(exp(  Sacilik and Elicin (2006) 

 

5.5.2 Statistical analysis 

Statistical and non-linear regression analyses were carried out using 

Sigma-Plot (version 8.02) to estimate the statistical parameters of each equation. 

Regression results include R2, the coefficient of determination; SEE, the standard 

error of estimate; RSS, the residual sum of squares and the F-ratio at five different 

operating temperatures and six coal sample masses for conventional drying and 

three microwave output powers and four sample masses. 

Analysis of the variance (ANOVA) is used to test the “adequacy of fit”. Both 

the correlation coefficient (R) and the coefficient of determination (R2) measure 

how well the regression model describes the data. Values near one indicate the 
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equation is a good description of the relation between the independent variables 

and the response. Other statistical parameters such as the standard error of the 

estimate (SEE), the residual sum of square (RSS) and the F-ratio were also used 

to evaluate the goodness of fit of the models. A higher quality of fit was associated 

with lower values of SEE and RSS and higher values of R2 and the F-ratio. The 

statistical analysis results applied to these models in the drying process under 

various conditions are given in Table 5-5 for conventional drying and Table 5-6 for 

microwave drying.  

 For conventional drying the 10g as-received coal sample at different operating 

temperatures, the Verma model gave the largest R2 and F-ratio and the lowest 

SEE and RSS at 130oC and 150oC. The Midilli-Kucuk gave the best fit at 190oC 

and 210oC, and it was still good equation (second best in error levels) at 170oC. 

The Verma model was the-best-fit for conventional drying at 150oC and various 

masses. For microwave drying the 5, 10, 20, 30g as-received coal samples at 

160W, 400W and 560W, the Diffusion Approach model was the-best-fit for 20g, 

560W; 30g, 400W and 30g, 560W. The Midilli-Kucuk Model gave the second best 

fit in these three cases and it gave the largest R2 and F-ratio and the lowest SEE 

and RSS under other drying conditions. Each model should be used for specific 

conditions. The Diffusion Approach model is the-best-fit one if intense drying 

conditions are used. The Midilli-Kucuk Model is the appropriate one for describing 

microwave drying in general. The Verma model can be used for most of the 

conventional drying conditions. The constants and statistical parameters of 

the-best-fit models are presented in Tables 5-7 and 5-8. 
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As mentioned in Sections 5.2.1 to 5.2.3, the microwave power, the initial 

moisture content and the sample mass all have significant effects on the moisture 

fraction during microwave drying. It is too complicated to incorporate all these 

parameters into the Midilli-Kucuk’s model. Further regressions were undertaken 

to account for the sample mass effect on the Midilli-Kucuk model coefficients. The 

effect of the sample mass on the coefficients ‘a’ and ‘b’, exponent ‘n’ and drying 

coefficient ‘k’ were expressed by the following equations using multiple regression 

analysis.   

( ) ( ) btkta
MM
MM

X n

e

e
bnka +−=

−
−

= exp
0

,,,                  (5-2) 

Where for 160W: 

a=0.9601+0.0042m 

k=0.0385-0.0055m+0.0003m2 

n=0.9316+0.0799m-0.0025m2 

b=0.0113+0.0002m 

For 400W: 

a=0.9586+0.0083m-0.0002m2 

k=0.0088+0.0004m+0.0004m2 

n=1.3204+0.0247m-0.001m2 

b=0.0112+0.001m 
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Table 5-5 Analysis of variance results for drying 10g as-received coal with a mean 
particle size of 1435 micron at different operating temperatures 

Model Name 

10g, 130oc 10g, 150oc 10g, 170oc 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton  0.622 0.102 13.6366 2155.9 0.7849 0.0701 3.2621 2418.8 0.989 0.0207 0.065 13531.8 

Page 0.883 0.0568 4.2226 9875.5 0.88 0.0524 1.8199 4853.7 0.9896 0.0202 0.0613 14262 

Modified Page 0.622 0.1021 13.6364 2154.3 0.7849 0.0702 3.2621 2415.2 0.989 0.0208 0.065 13442.2 

Henderson and Pabis 0.6923 0.0921 11.1016 2945.1 0.7878 0.0697 3.218 2457.4 0.9915 0.0182 0.0499 17531.5 

Logarithmic 0.9909 0.0159 0.3293 71002.9 0.9894 0.0156 0.1608 30834.9 0.9948 0.0144 0.0308 14155.9 

Wang and Singh 0 0.1664 36.243 -5.9 0 0.2084 28.7458 -312.8 0.0938 0.1886 5.3336 15.5 

Diffusion approach 0.9911 0.0157 0.3212 72797.3 0.9909 0.0144 0.1374 36148.9 0.9918 0.0179 0.048 9061.3 

Verma 0.9911 0.0157 0.3212 72797.3 0.9909 0.0144 0.1374 36148.9 0.9918 0.0179 0.048 9061.3 

Two-term exponential 0.7116 0.0892 10.4042 3230.2 0.8171 0.0647 2.7728 2958.3 0.9894 0.0203 0.0621 14066.8 

Simplified Fick 0.6923 0.0921 11.1007 1471.6 0.7878 0.0698 3.2178 1227 0.9915 0.0183 0.0499 8707.3 

Midilli-Kucuk 0.9767 0.0254 0.842 18233.2 0.9695 0.0265 0.4632 6981.5 0.9932 0.0164 0.04 7207 
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Cont’d Table 5-5 Analysis of variance results for drying 10 as-received coal with a 
mean particle size of 1435 micron at different operating temperatures 

Model Name 
10g, 190oc 10g, 210oc 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9852 0.0247 0.2969 32274.4 0.7930 0.0900 3.6341 1719.6 

Page 0.9919 0.0183 0.1623 59335.0 0.8053 0.0873 3.4167 1853.4 

Modified Page 0.9852 0.0247 0.2969 32208.0 0.7930 0.0901 3.6341 1715.8 

Henderson and Pabis 0.9930 0.0170 0.1504 68738.8 0.7991 0.0887 3.5264 1781.8 

Logarithmic 0.9934 0.0165 0.1311 36695.2 0.9910 0.0188 0.1585 24525.0 

Wang and Singh 0.1436 0.1880 17.1404 81.3 0.0000 0.2307 23.8426 -118.2 

Diffusion approach 0.9859 0.0242 0.2826 16895.2 0.8051 0.0875 3.4216 923.0 

Verma 0.9852 0.0248 0.2969 16070.8 0.7930 0.0902 3.6341 856.0 

Two-term exponential 0.9852 0.0247 0.2970 32203.9 0.8048 0.0875 3.4269 1846.5 

Simplified Fick 0.9930 0.0170 0.1402 34298.6 0.7991 0.0888 3.5264 888.9 

Midilli-Kucuk 0.9946 0.0149 0.1073 29861.6 0.9968 0.0098 0.0345 37298.7 
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Cont’d Table 5-5 Analysis of variance results for drying as-received coal with a mean 
particle size of 1435 micron at 150oC and various masses 

Model Name 
10g, 150oc 20g, 150oc 30g, 150oc 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.7849 0.0701 3.2621 2418.8 0.8033 0.0798 2.2421 1437.2 0.7890 0.0835 3.0953 1660.0 

Page 0.8800 0.0524 1.8199 4853.7 0.9177 0.0517 0.9384 3912.0 0.9318 0.0475 1.0001 6054.5 

Modified Page 0.7849 0.0702 3.2621 2415.2 0.8033 0.0799 2.2421 1433.2 0.7890 0.0836 3.0953 1656.2 

Henderson and Pabis 0.7878 0.0697 3.2180 2457.4 0.8183 0.0768 2.0710 1580.5 0.8225 0.0767 2.6033 2053.0 

Logarithmic 0.9894 0.0156 0.1608 30834.9 0.9935 0.0146 0.0744 26644.6 0.9916 0.0167 0.1226 26214.5 

Wang and Singh 0.0000 0.2084 28.7458 -312.8 0.1960 0.1616 9.1633 85.5 0.3246 0.1495 9.9071 212.9 

Diffusion approach 0.9909 0.0144 0.1374 36148.9 0.9934 0.0146 0.0750 26402.6 0.9949 0.0130 0.0747 43164.5 

Verma 0.9909 0.0144 0.1374 36148.9 0.9934 0.0146 0.0750 26402.6 0.9949 0.0130 0.0747 43164.5 

Two-term exponential 0.8171 0.0647 2.7728 2958.3 0.8542 0.0688 1.6619 2056.0 0.8544 0.0694 2.1355 2599.8 

Simplified Fick 0.7878 0.0698 3.2178 1227.0 0.8183 0.0769 2.0710 788.0 0.8225 0.0767 2.6032 1024.2 

Midilli-Kucuk 0.9695 0.0265 0.4632 6981.5 0.9835 0.0232 0.1877 6947.7 0.9866 0.0211 0.1966 10823.0 
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Cont’d Table 5-5 Analysis of variance results for drying as-received coal with a mean 
particle size of 1435 micron at 150oC and various masses 

Model Name 40g, 150oc 70g, 150oc 100g, 150oc 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9355 0.0420 1.2425 10216.7 0.9532 0.0427 1.2418 13850.8 0.9283 1.4149 2.0021 8486.1 

Page 0.9536 0.0357 0.8944 14446.0 0.9726 0.0327 0.7279 24074.9 0.9757 0.0322 0.6789 26262.9 

Modified Page 0.9355 0.0420 1.2425 10202.1 0.9532 0.0428 1.2418 13830.3 0.9283 1.4149 2.0021 8473.1 

Henderson and Pabis 0.9361 0.0419 1.2320 10295.5 0.9544 0.0422 1.2089 14225.4 0.9387 0.0512 1.7115 10022.9 

Logarithmic 0.9930 0.0139 0.1349 49791.9 0.9942 0.0151 0.1538 58139.0 0.9922 0.0183 0.2185 41420.0 

Wang and Singh 0.0000 0.1991 27.8757 -216.9 0.4188 0.1507 15.4235 489.2 0.6483 0.1226 9.8280 1205.3 

Diffusion approach 0.9963 0.0101 0.0716 94145.9 0.9961 0.0124 0.1037 86408.2 0.9967 0.0119 0.0926 98236.9 

Verma 0.9963 0.0101 0.0716 94145.9 0.9961 0.0124 0.1037 86408.2 0.9967 0.0119 0.0926 98236.9 

Two-term exponential 0.9508 0.0367 0.9487 13579.9 0.9714 0.0335 0.7600 23028.4 0.9636 0.0395 1.0181 17294.6 

Simplified Fick 0.9361 0.0419 1.2320 5140.4 0.9544 0.0422 1.2089 7102.2 0.9387 0.0512 1.7116 5003.3 

Midilli-Kucuk 0.9879 0.0182 0.2327 19121.7 0.9937 0.0157 0.1671 35621.1 0.9945 0.0153 0.1534 39356.6 
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Table 5-6 Analysis of variance results for drying 5g as-received coal with a mean 
particle size of 1435 micron at 160W, 400W and 560W 

Model Name 
5g, 160W 5g, 400W 5g, 560W 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9661 0.0158 0.0902 10269.5 0.9666 0.0317 0.3628 10416.1 0.9668 0.0369 0.3754 8046.54 

Page 0.9810 0.0119 0.0507 18511.4 0.9709 0.0297 0.3165 11959.3 0.9678 0.0364 0.3643 8272.08 

Modified Page 0.9038 0.0267 0.2562 3373.65 0.9666 0.0318 0.3628 10387.2 0.9668 0.0369 0.3754 8017.39 

Henderson and Pabis 0.9759 0.0134 0.0643 14516.6 0.9666 0.0318 0.3624 10399.5 0.9675 0.0366 0.3676 8194.63 

Logarithmic 0.9837 0.0110 0.0434 10816.3 0.9884 0.0188 0.1260 15248.3 0.9858 0.0242 0.1608 9509.26 

Wang and Singh 0.9849 0.0106 0.0401 23491.5 0.9865 0.0202 0.1462 26318.9 0.9827 0.0267 0.1955 15651.2 

Diffusion approach 0.9837 0.0110 0.0434 10804.9 0.9797 0.0248 0.2210 8620.11 0.9746 0.0324 0.2879 5250.66 

Verma 0.8746 0.0305 0.3339 248.991 0.9797 0.0248 0.2210 8620.12 0.9745 0.0324 0.2879 5250.66 

Two-term exponential 0.9822 0.0115 0.0474 19796.7 0.9760 0.0269 0.2607 14598.0 0.9718 0.0341 0.3191 9480.60 

Simplified Fick 0.9759 0.0134 0.0643 7238.07 0.9666 0.0318 0.3624 5185.28 0.9675 0.0366 0.3676 4082.41 

Midilli-Kucuk 0.9860 0.0102 0.0373 8374.92 0.9968 0.0098 0.0345 37298.7 0.9961 0.0127 0.0440 23318.7 
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Cont’d Table 5-6 Analysis of variance results for drying 10g as-received coal with a 
mean particle size of 1435 micron at 160W, 400W and 560W 

Model No. 
10g, 160W 10g, 400W 10g, 560W 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9537  0.0432  0.6707  7407.93 0.9464 0.0545 0.5349 3176.13 0.9635 0.0508 0.4645 4751.71 

Page 0.9603  0.0400  0.5740  8692.06 0.9608 0.0467 0.3912 4385.03 0.9658 0.0493 0.4354 5053.09 

Modified Page 0.9537  0.0432  0.6707  7387.36 0.9464 0.0547 0.5349 3158.48 0.9635 0.0509 0.4645 4725.31 

Henderson and Pabis 0.9688  0.0355  0.4516  11145.8 0.9700  0.0409 0.2993 5785.87 0.9737 0.0433 0.3351 6619.06 

Logarithmic 0.9740  0.0324  0.3769  6693.35 0.9719 0.0397 0.2799 3082.8 0.9826 0.0353 0.2215 5024.25 

Wang and Singh 0.9579  0.0412  0.6091  8169.86 0.9532 0.0511 0.4670  3643.54 0.9736 0.0433 0.3358 6604.65 

Diffusion approach 0.9566  0.0419  0.6286  3941.66 0.9763 0.0364 0.2362 3668.98 0.9642 0.0506 0.4561 2394.2 

Verma 0.9537  0.0433  0.6707  3683.39 0.9464 0.0548 0.5349 1570.41 0.9642 0.0506 0.4561 2394.2 

Two-term exponential 0.9537  0.0432  0.6707  7387.33 0.9464 0.0547 0.5349 3158.48 0.9636 0.0509 0.4639 4732.13 

Simplified Fick 0.9688  0.0355  0.4516  5557.36 0.9700  0.0410  0.2993 2876.77 0.9737 0.0434 0.3351 3291.04 

Midilli-Kucuk 0.9966  0.0117  0.0486  35286.6 0.9933 0.0194 0.0668 8748.59 0.9917 0.0244 0.1058 7040.05 
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Cont’d Table 5-6 Analysis of variance results for drying 20g as-received coal with a 
mean particle size of 1435 micron at 160W, 400W and 560W 

Model No. 
20g, 160W 20g, 400W 20g, 560W 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9496  0.0583  1.2233  6785.26 0.9640  0.0549 0.4345 3860.81 0.9621 0.0583 0.3667 2739.95 

Page 0.9505  0.0579  1.2028  6888.01 0.9729 0.0478 0.3270  5142.32 0.9772 0.0454 0.2206 4583.03 

Modified Page 0.9496  0.0584  1.2233  6766.41 0.9640  0.0551 0.4345 3834.00  0.9621 0.0585 0.3667 2714.58 

Henderson and Pabis 0.9595  0.0524  0.9844  8495.21 0.9812 0.0399 0.2277 7445.46 0.9831 0.0391 0.1636 6216.9 

Logarithmic 0.9772  0.0393  0.5524  7688.85 0.9834 0.0376 0.2004 4209.4 0.9833 0.0390  0.1612 3126.81 

Wang and Singh 0.9669  0.0473  0.8038  10485.5 0.9711 0.0494 0.3491 4807.37 0.9712 0.0510  0.2788 3603.89 

Diffusion approach 0.9529  0.0565  1.1443  3619.05 0.9862 0.0343 0.1669 5070.56 0.9905 0.0294 0.0919 5526.11 

Verma 0.9529  0.0565  1.1443  3619.05 0.9640  0.0553 0.4345 1903.59 0.9621 0.0588 0.3667 1344.61 

Two-term exponential 0.9507  0.0578  1.1975  6919.99 0.9726 0.0481 0.3309 5079.48 0.9621 0.0585 0.3667 2714.58 

Simplified Fick 0.9595  0.0524  0.9844  4235.77 0.9812 0.0400  0.2277 3696.7 0.9831 0.0393 0.1636 3079.4 

Midilli-Kucuk 0.9921  0.0232  0.1923  14909.0  0.9897 0.0297 0.1246 4510.4 0.9898 0.0306 0.0985 3400.31 
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Cont’d Table 5-6 Analysis of variance results for drying 30g as-received coal with a 
mean particle size of 1435 micron at 160W, 400W and 560W 

Model No. 
30g, 160W 30g, 400W 30g, 560W 

R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio R2 SEE(±) RSS F-ratio 

Newton 0.9716  0.0466  0.6521  10257.7 0.9638 0.0595 0.2970  2233.63 0.9655 0.0582 0.2032 1681.14 

Page 0.9728  0.0457  0.6240  10697.3 0.9884 0.0339 0.0954 7042.87 0.9892 0.0329 0.0639 5383.31 

Modified Page 0.9716  0.0467  0.6521  10223.5 0.9638 0.0598 0.2970  2207.04 0.9655 0.0587 0.2032 1653.12 

Henderson and Pabis 0.9803  0.0389  0.4518  14887.7 0.9859 0.0373 0.1157 5793.81 0.9861 0.0373 0.0822 4171.37 

Logarithmic 0.9890  0.0291  0.2517  13436.9 0.9887 0.0337 0.0930  3572.13 0.9892 0.0331 0.0635 2661.97 

Wang and Singh 0.9687  0.0490  0.7181  9255.91 0.9791 0.0454 0.1708 3898.29 0.9804 0.0443 0.1157 2947.07 

Diffusion approach 0.9730  0.0456  0.6196  5369.55 0.9955 0.0213 0.0371 9005.17 0.9958 0.0207 0.0249 6843.72 

Verma 0.9730  0.0456  0.6196  5369.55 0.9638 0.0602 0.2970  1090.23 0.9655 0.0592 0.2032 812.552 

Two-term exponential 0.9719  0.0464  0.6450  10338.5 0.9909 0.0300  0.0746 9032.3 0.9913 0.0294 0.0512 6741.07 

Simplified Fick 0.9803  0.0389  0.4518  7418.94 0.9859 0.0376 0.1157 2862.00  0.9861 0.0377 0.0822 2050.33 

Midilli-Kucuk 0.9908  0.0266  0.2107  10686.3 0.9917 0.0290  0.0683 3213.26 0.9921 0.0286 0.0467 2377.87 
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Table 5-7 Non-linear regression analysis results of the-best-fit model for 
as-received coal (average particle size of 1435 micron) at different operating 
temperatures and various masses 

Model 
Control Parameters 

Constants R2 SEE(±) RSS Mass 
(g) 

Temperature 
(oC) 

Ve
rm

a 

10 130 a=-0.833 b=0.021 d=0.00062  0.9911 0.0157 0.3213 

10 150 a=-0.888 b=0.031 d=0.00095  0.9909 0.0144 0.1374 

20 150 a=-0.860 b=0.018 d=0.00071  0.9934 0.0146 0.0750 

30 150 a=-0.828 b=0.013 d=0.00075  0.9949 0.0130 0.0747 

40 150 a=-0.908 b=0.012 d=0.00084  0.9963 0.0101 0.0716 

70 150 a=-0.833 b=0.080 d=0.00093  0.9961 0.0124 0.1037 

100 150 a=-0.791 b=0.072 d=0.00102  0.9967 0.0119 0.0926 

M
id

ill
i-K

uc
uk

 10 170 a=1.07 b=0.0448 c=0.00005 n=0.992 0.9932 0.0164 0.0400 

10 190 a=1.09 b=0.0422 c=-0.00004 n=1.08 0.9955 0.0213 0.0371 

10 210 a=1.02 b=0.0401 c=-0.00061 n=1.23 0.9968 0.0098 0.0345 

 
 
Table 5-8 Non-linear regression analysis results of the-best-fit model for 
as-received coal (average particle size of 1435 micron) at 160W, 400W and 
560W and various masses 

Model 
Control Parameters 

Constants R2 SEE(±) RSS Mass 
(g) 

Power 
(W) 

M
id

illi
-K

uc
uk

 

5 
160 a=0.9822 k=0.0172 n=1.1812 b=0.0111 0.9860  0.0102  0.0373  

400 a=1.0016 k=0.0256 n=1.3166 b=0.0123 0.9968  0.0098  0.0345  

560 a=1.0066 k=0.0376 n=1.3671 b=0.0144 0.9961  0.0127  0.0440  

10 
160 a=1.0009 k=0.0109 n=1.6499 b=0.0135 0.9966  0.0117  0.0486  

400 a=1.0168 k=0.0370 n=1.6651 b=0.0221 0.9933  0.0194  0.0668  

560 a=1.0480 k=0.0995 n=1.3535 b=0.0130 0.9917  0.0244  0.1058  

20 160 a=1.0478 k=0.0332 n=1.4329 b=0.0082 0.9921  0.0232  0.1923  

560 a=1.0711 k=0.2335 n=1.3189 b=0.0104 0.9898  0.0306  0.0985  
30 160 a=1.0915 k=0.1102 n=1.1423 b=0.0040 0.9908  0.0266  0.2107  

D
iff

us
io

n 
Ap

pr
oa

ch
 20 560 a=-0.237 b=3.47 d=0.100  0.9905  0.0294  0.0919  

30 400 a=-0.297 b=3.67 d=0.138  0.9955  0.0213  0.0371  
30 560 a=-0.289 b=5.18 d=0.135  0.9958  0.0249  0.0207  



 

141 

 

For 560W: 

a=0.9669+0.0096m-0.0002m2 

k=0.0323+0.0005m2 

n=1.3569+0.0026m-0.0002m2 

b=0.0131+0.003m 

The consistency of the Midilli-Kucuk model and the relationship between the 

coefficients and the sample mass is demonstrated by the ANOVA results shown 

in Table 5-9. 

Table 5-9 Effect of sample mass on Midilli-Kucuk’s model and results 

Power(W) Coefficients Constants R2 SEE(±) RSS 

160 

a a1=0.0042 b1=0 y0=0.9601 0.9992  0.0024  0.0000  
k a1=-0.0055 b1=0.0003 y0=0.0385 0.9998  0.0012  0.0000  
n a1=0.00799 b1=-0.0025 y0=0.9316 0.7116  0.2204  0.0486  
b a1=0.0002 b1=0 y0=0.0113 0.9043  0.0022  0.0000  

400 

a a1=0.0083 b1=-0.0002 y0=0.9586 0.9565  0.0130  0.0002  
k a1=0.0004 b1=0.0004 y0=0.0088 0.9965  0.0150  0.0002  
n a1=0.0247 b1=-0.001 y0=1.3204 0.4137  0.2578  0.0664  
b a1=0.001 b1=0 y0=0.0112 0.7640  0.0071  0.0001  

560 

a a1=0.0096 b1=-0.0002 y0=0.9669 0.9763  0.0079  0.0001  

k a1=0 b1=0.0005 y0=0.0323 0.9971  0.0194  0.0004  

n a1=0.0026 b1=-0.0002 y0=1.3569 0.9952  0.0078  0.0001  

b a1=0.0003 b1=0 y0=0.0131 0.9902  0.0010  0.0000  
 

 It can be seen that the quadratic model was fitted in the coefficients of 

Midilli-Kucuk’s model in general, but the results for exponent n and the coefficient 

b were not satisfactory since the R2 was relatively low for both160W and 400W for 

a sample mass of 20g. The source population was taken from 4 points (5g, 10g, 
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20g and 30g) for multiple regression analysis, so it was difficult to obtain a smooth 

curve. These expressions are only valid for sample masses of 5g, 10g, 20g and 

30g and can be successfully used to predict the moisture fraction of an 

as-received coal sample with a mean particle size of 1435 micron at 160W, 400W 

and 560W power levels.
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Chapter 6 
Conclusions and Recommendations 

 

6.1 Conclusions 

6.1.1 Conventional drying 

a) In conventional drying, larger coal samples need longer drying times to 

achieve the same moisture fraction as the small coal samples at a constant 

operating temperature. Higher operating temperatures provide faster drying 

kinetics for a fixed mass of coal sample. The percentage mass loss and the 

maximum drying rate decreased with time after most of the free water was 

removed. The higher the operating temperature, and the smaller the sample 

mass, the lower the final moisture fraction. 

b) Lower operating temperatures (<170oC) can not completely remove all the 

free water from the coal samples, especially for larger sample masses. Higher 

operating temperatures (190 and 210 oC) and/or smaller coal samples cause 

coal oxidation, volatilization and potential chemical reactions. Mass loss 

continues with time and the obtained final moisture content is less than the 

proximate analysis results. 

c) There were no obvious constant drying rate periods for the typical 

conventional drying tests. The specific drying rate increased to a maximum 

value after a short heating period and then decreased in the following two 

falling rate periods. The drying curves of percentage mass loss, moisture 
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fraction and specific drying rate become horizontal after most of the free water 

had been removed, and their corresponding values were very low and did not 

change significantly with time. As a result, the energy efficiency was low 

during these periods. 

d) A shorter drying time was required for removing the same amount of free 

water from the finer particle size coal sample (average 63.5 micron) than from 

the coarser coal sample (average 1435 micron). The drying kinetics increased 

with decreasing average particle size.  

e) The percentage mass loss increased and the moisture fraction decreased 

when using a 4.2cm diameter crucible in comparison with a 3.2cm diameter 

one for the conventional drying tests when other conditions were fixed. The 

curves intersected for the 30g sample in a 3.2cm crucible and the 40g in a 

4.2cm crucible because of different evaporation rates. The specific drying rate 

was independent of crucible diameter since the effects of interfacial area had 

been taken into account. 

6.1.2 Microwave drying 

f) Higher microwave power reduced the drying time to the same sample 

moisture content if other experimental conditions were fixed. The percentage 

mass loss and the maximum drying rate had a linear relationship with the 

microwave power, but the moisture fraction decreased with increasing 

microwave power.   

g) The percentage mass loss and the maximum drying rate increased when the 

moisture fraction decreased from the hydrated coal (M 21.26±0.1%) to the 
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as-received coal (M 12.54±0.1%) to the preheated coal (M 10.48±0.1%) if 

other operating parameters were fixed. The maximum drying rate was more 

readily achieved with larger moisture contents.  

h) The drying kinetics were increased significantly for the larger sample masses 

when other controllable variables were fixed. The drying time should be 

carefully set according to preliminary test results to avoid hot spots and 

possible combustion in the center of the coal when a large sample mass is 

used because of the non-uniform drying and reverse temperature gradient in 

microwave drying. Selective drying and microwave pumping phenomena 

could relieve the non-uniform drying to some extent, but it was difficult to 

completely solve this problem in microwave drying. 

i) The temperature distribution is uneven, and the inside temperature was much 

higher than the surface temperature. The drying kinetics exhibits a linear 

relationship with the final sample temperature. 

j) Microwave drying usually provides faster drying kinetics than conventional 

drying. The average drying time of microwave drying at 560W was 

approximately four times less than conventional drying at 150oC for the 10g 

as-received coal sample with a mean particle size of 1435 micron. For the 30g 

coal sample, the drying time was 10 times smaller.  

k) The maximum energy efficiency and the minimum specific energy 

consumption were close for the 10g coal sample at 210oC in conventional 

drying and at 160W in microwave drying, but the difference increased 

significantly if larger sample masses were used. Microwave drying of the 30g 
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as-received coal sample at 560W resulted in 15 times the energy efficiency or 

40 times the specific energy consumption than for the 30g coal sample at 

150oC in conventional drying. Clearly microwave drying had significant 

advantages in terms of energy efficiency in comparison to conventional 

drying. The energy efficiency decreased with the moisture fraction, and it 

became extremely low after most of the free water was removed.  

l) It was difficult to find the best fit model for the conventional or microwave 

drying tests. Smaller coal masses and higher operating temperatures 

evaporated most of the free water in short time, and the Midilli-Kucuk model 

had the best fit, but the Verma model was suitable for the rest of the drying 

conditions. In general, the Midilli-Kucuk model was the-best-fit for microwave 

drying unless larger masses and higher microwave powers were applied 

simultaneously, and in that case, the Diffusion Approach model had the best 

fit. The effect of sample mass was incorporated into the coefficients of the 

Midilli-Kucuk model by using the multi-regression analysis technique. The 

equation and the model can only be used for microwave drying at the 

described conditions.  

6.2 Recommendations 

a) The temperature measurement method needs to be improved. Immediately 

taking the sample out after turning off the power has obvious random errors 

for each trial.  
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b) Pulsed microwaves, optimizing the power-on and the power-off periods for 

microwave drying, and the mode stirred microwave oven should be used. 

Also varying the frequency is worth investigating. 

c) Higher power levels for shorter times should improve the drying efficiency. 

d) Microwave drying has an inverse temperature gradient in comparison to 

conventional drying. Combing these two drying styles will improve the drying 

kinetics greatly and should be tried in the future. 

e) The microwave drying model should be optimized from the microscopic scale 

to incorporate all controllable variables into one equation.  
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