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 Drying is a complex process as it involves a lot of mechanism and material process 

particular heat and mass transfer that evolves concurrently during the process. In a 

simple word drying can be defined as removal of water or moisture from any porous 
substances. Drying may be accomplished by convective heat transfer, conduction from 

heated surfaces, by radiation or by dielectric heating. Different drying technique also 

will result in the different structure and properties of the dried or sinter body since 
moisture removal has strong correlation with shrinkage, packing porous structure as 

well as pore formation. Thus, understanding drying mechanisms under different drying 

techniques can help to control failure of the dried product. This aim of this paper is to 
propose a mathematical model and compare the drying mechanism for both convective 

and microwave-convective drying for nonhygroscopic ceramic materials. This current 
work used a coupled mathematical model of mass, heat and gas transfer that embedded 

with finite element method in two-dimensional domain and numerically computed 

using Skyline solver to capture highly nonlinear transient process. The model variables 
which provide analysis of time evolution of saturation, temperature and gas pressure are 

used to obtain better understanding of the mechanism that occur during the process of 

drying at fundamental level. Validation of the proposed model shows good agreement 
with the experimental data and other model results gained elsewhere. The computed 

results showed effectiveness of the drying process improves drastically in convective-

microwave drying when compared to convective drying corresponding to mass and heat 

fluxes coincide in same direction, where from internal of matrix to the surface material. 

Thus easier removal of moisture is noted with higher temperature, moisture saturation 

and gas pressure accumulated at the bottom center of the material. However, the 
combination of those gradients may also lead to increment in potential internal defects 

on the dried material. Nevertheless, the increase understanding in fundamental 

mechanism that occurs during both drying modes is acknowledged resulted from the 
proposed model. 
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INTRODUCTION 

 

 Various materials undergo drying process in the industries. Drying process involves moisture migration 

from the internal of the porous matrix to the external surrounding environment which occurs through one or 

more mechanism (Haghi, 2006; Harun and Gethin, 2008; Perré, P, et al., 2007). This process is further complex 

via sophisticated as it is highly influences by the material properties and characteristic of the dried material. 

Thus, drying rates are unique between each configurations of drying process in regards to the drying methods 

and dried materials itself. Production efficiency which associate with time, cost, energy consume and quality of 

final product are closely interrelated with the drying rate of the selective drying method (Mujumdar, 2006). 

Hence, in order to optimize all those aforementioned parameter, the combination of drying methods with 

different sources of energy supply are more preferable when compared to traditional convective method.  

 The main aim of this paper is to present a proposed mathematical model of heat and mass transfer for both 

convective and convective-microwave drying and its validation with experimental data and other model results 

gained elsewhere. The proposed heat and mass transfer in this model may show combination of the different 
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methods of drying which expect to bring positive output in shortening the drying duration and better quality of 

the dried products. Convective drying is often use in many material industries such as wood (Perré and Turner, 

1999), fruit (Wang & Chen, 1999), fabric (A K Haghi, 2003) and others. The commonly known advantage of 

the convective drying when compared with others methods is its relative low cost as often associated to ambient 

or natural drying condition. However, the significant drawbacks are longer drying duration and low quality of 

dried products. Thus, new drying methods which can offer better production time and quality are becoming a 

necessity in many related industry. Therefore, large efforts to tackle such problems associated with convective 

drying generate worldwide interest. Lately, studies that involve combination of the drying methods have gained 

increase attention due to many advantages.  

 Recently, the concept of microwave drying has been intensively used for drying a wide variety of materials 

and applications. Internal heating that offers by microwave drying results in lower consumption of energy, better 

structure of dried products of mechanical strength or biological value is seems to the answer of improving the 

efficiency of the convectional convective drying (Turner et al., 1998). Convective-microwave in ceramic drying 

process conducted by Kowalski et al., 2010 has shown a rapid improvement in the effectiveness of the drying 

process via time and quality of the dried material. However also, experimental works conducted by Kowalski et 

al., 2012 on microwave drying using varies microwave power shows material may suffer destruction and shrink 

effect caused by the induced stress works especially of high power configuration. This showed the microwave 

heating is intensively related to the microwave power supplied as the rapid heating cause sudden moisture 

gradient from internal towards the material surface and further towards surrounding. This phenomenal often 

causes internal destruction resulted from internal overpressure and this may cause various gradients effect from 

different evolve variables during the drying process (Kowalski et al., 2012). Therefore, the fundamental analysis 

of heat and mass transfer phenomena involving the gradient that dominant during the different phase of the 

drying process is crucially needed in conducting studies of drying works.      

 Comprehensive modeling of convective-microwave drying has been thoroughly treated in the past (Ni et 

al., 1999; Ratanadecho et al., 2001; Sanga et al., 2002). As noted in those works, a very complex heat and mass 

transfer process arises during the drying process due to the nature of the process and complicated structure of 

the porous material itself. These complications result a complex mathematical formulation to represent the 

details of the physical phenomena associated with the process. However, due to its advantages such as increase 

in drying rates and faster drying times that offered by the process has attract many detail investigation in 

improving and extending this drying technique especially when there is limited research in area of convective-

microwave in ceramic membrane preparation.  

 In this present works, the former convective model presented by Z Harun and Gethin, 2008; Z Harun and 

Ong, 2014; Zawati Harun et al., 2014 is modified and extended to suit with the proposed drying method. In this 

proposed model, the work from previous study will be revised to implement the coupled mass, heat and gas 

transfer in two-dimensional domain for nonhygroscopic porous materials using a more rigorous mathematically 

microwave heating model which is embodied after careful studied. The main moisture migration transport 

mechanism are due to liquid flow by capillary action, vapor by diffusion and gas by vapor diffusion and bulk air 

flow in convective-microwave drying phenomena were taken into consideration in this model. The next section 

of this paper will discussed in detail the development of the mathematical model. To instill the confidence in the 

proposed model, the computed results will be validated extensively with experimental data and others models 

gained elsewhere. (Turner et al., 1998; Stanish et al., 1986) 

 

Theoretical Formulation: 

 General mass and energy conservation law are used to define the mechanism of mass and heat transfers 

during the drying process in this model. The hydraulic transports of the drying are represents liquid by 

capillarity action, diffusion by vapor and air. The three measured system variables are water pressure Pl, 

temperature T and gas pressure Pg. 
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 The water velocity, Vl and gas velocity, Vg can be easily derived from Darcy’s law as (A. K. Haghi, 2006): 
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 where,  Kl denotes the hydraulic conductivity of water, Kg is the hydraulic conductivity  of gas and Z is the 

vertical elevation from a datum (positive upward). Also noted from eq. (3), effect of gravity is significant in 

liquid flow but not for gas flow. Meanwhile vapor velocity by diffusion is defined as (Kanno et al., 1996); 
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 where Datm denotes the molecular diffusivity of water vapour through dry air, α is the tortuosity factor, ν is a 

mass flow factor and θa is the volumetric content of the air. In this work, the molecular diffusivity of water 

vapour through dry air is taken from the works of Stanish et al., 1986 as:  
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 The expression used in this study for the mass flow factor ν was introduced by Philip and De Vries, 1957 

and they suggested the use of an expression proposed as: 
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where Pv denotes the partial pressure of vapour and can be calculated from, 

 
TRρP vvv                   (7) 

 The tortuosity factor is set to a fix value of 0.5 for both horizontal and vertical axis in ceramic structure. 

Rearranging the above equation according to the measured variables gives; 
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 By applying a mass balance to the flow of dry air within the pores of the material body dictates that the time 

derivative of the dry air content is equal to the spatial derivative of the dry air flux.   
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 The only effect of microwave towards the material is that they generate heat inside the material. Thus, the 

conduction, latent heat, convection and volumetric heat supply are considered in the energy equation as given as 

below; 
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 where  denotes the volumetric heat supply due to absorption of microwave energy depends on water 

volumetric thermal conductivity and is expressed using a linear dependency of the absorbed microwave energy 

on moisture content by the following Kowalski et al., 2010: 

  
)( ls BXA 

          (11) 

 where A and B express the amount of microwave energy absorbed by the porous matrix and moisture 

respectively. For convective drying, we use similar equations as microwave-convective drying with the 

difference that this time, 0  . 

 Furthermore, in order to get the set of equations for the drying model, a list of assumptions and restrictions 

is necessary. The following list is the assumptions and restrictions that are implemented to the current proposed 

model: 

i. The three phases, solid, liquid and gas phases within the porous structure are always exist in local 

thermodynamic equilibrium. 

ii. The fluid is consists of liquid and vapour phases. 

iii. The temperatures of the liquid and vapour phases in the body are equal at coincident arbitrary points due to 

movement of moisture in the porous skeleton is slow. 

iv. Ideal gas law applied to the gas phase that filled the pores and is a binary mixture of air and vapour.  

v. All dimensional changes that induced during drying are small and negligible. Hence, matrix is non-

deformable.  

vi. Liquid is treated as non-bound water that is held nonhygroscopically within the solid phase. 

vii. The only effect of microwave is they generate volumetric heat source inside the material to be dried. 

viii. The matrix is rigid, homogenous and isotropic. 

ix. Porosity of matrix is uniform. 

x. Darcy’s law applies to gas and liquid phases. 

xi. Stresses induced also insignificant and negligible. 

xii. Finally, hysteresis phenomena are ignored. 

 

Thermodynamic Relationship: 

 The existence of a local equilibrium at any point within the porous is assumed. Kelvin’s law is applied to 

the equation below. 
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 The vapour partial pressure can be defined as a function of local temperature and relative humidity where 

the saturation vapour pressure, ρo is estimated from Mayhew and Rogers, 1976 with saturated vapour density as 

a function of temperature as 
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 The degree of saturation, S is an experimentally determined function of capillary pressure and temperature. 

Sl=  Sl (pc, T)                                      (14) 

 Saturation if expressed as combination of temperature effect [9] as in equation below.  
m

n

rs

r
l

T
S 

















))((1

1





                                     (15) 

 where the parameters α , n and m are dependent of porous material properties and influence the shape of the 

water retention curve. The permeability of water and gas are based on Muelem’s model (Baroghel-Bouny et al., 

1999)as 
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Material Data: 

 Figure 1 shows the meshing of the sample in two-dimensional domain using eight-nodes quadratic 

quadrilateral element. 

 
 

Fig. 1: Meshing of the rectangular sample. 

 

 The sample used is referred as a very thin rectangular slab of length L= 3cm and height H= 3cm. The slab 

was meshed with 36 elements and 133 nodes and is assumed to be a porous medium that is homogeneous, 

isotropic and composed of solid phase, water and vapor phase, gas phase and dry air phase. The initial saturation 

was set to be S0=0.7 and the initial temperature T0=30°C. The material properties and transport parameter used 

as data for simulation are listed in Table 1.  

 
Table 1: Physical properties of ceramic body and transport parameter. 

Density of porous matrix ρs kg/m3 2000 

Porosity Ø 1 0.3 

Intrinsic permeability K m2 10-16 

Thermal conductivity of the porous matrix λ W/m K 1.8 

Specific heat capacity of porous matrix Cp J/kg K 920 

Critical saturation Scri 1 0.3 

Irreducible saturation Sirr 1 0.09 

Constant denotes the absorption of microwave energy 
by skeleton (Eq. 11 ) 

A J/m3s 126 

Constant denotes the absorption of microwave energy 

by moisture (Eq. 11) 
B J/m3s 20 

 

Boundary Condition: 

 To reflect the drying condition in convective-microwave drying chamber, the boundary conditions for mass 

and heat transfer were chosen as follows: 
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 The boundary conditions of both drying modes are applied to the top and side surfaces of the sample while 

the lower bottom surface is impermeable and insulated for heat and moisture flow. Also top and side surfaces 

are assumed to remain under atmospheric condition. The ambient temperature is set at 30 °C with heat and mass 

coefficient of 20 W/m
2
K and 0.00164 ms

-1
. The maximum temperature in whole volume of the slab is set equal 

to the boiling water temperature corresponding to water as the main absorption medium of microwave energy in 

microwave-convective drying. Similar configuration is used for convective drying with the difference that the 

heat flux is pointed from outside to inside. The change of heat flux direction is implemented by multiplying both 

side of Eq. 18 by minus 1. 

 

Solution Of Governing Equations And Numerical Method: 

 The two dimensional transient nonlinear coupled heat and mass transfer equations described above are 

written in the form of a matrix as follows; 
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 where {Φ} = {Pw,T,Pg} is the column of unknowns; [C],[Kcx]and [Kcy]  are 3x3 matrices. Each element of 

the matrix is a coefficient for the unknown{Φ}; ix and iy are the unit direction vectors. In order to discretize this 

simplified second order non-linear coupled partial differential equation, finite element method is used. 

Afterwards, Galerkin method is used to minimize the residual error before the application of Greens theorem, to 

the dispersive term involving second order derivatives; this simplified combined equation set can be expressed 

in the following form. 

}0{)()()(  JCK 
                                                                                    (20) 

 The transient matrix and nonlinear second order differential equations above are then solved by using a 

fully implicit backward time stepping scheme along with a Picard iterative method which is taken into account 

for non-linearity. 

RESULTS AND DISCUSSION 

 

 The first aim of this section is to compare the drying results computed by the proposed model with the 

experimental data and other models results. The validation of current model with the previous experimental data 

and computed results by Turner et al., 1998 for microwave-convective drying and Stanish et al., 1986 for 

convective drying are present in Figure 2. 

 

 
 

Fig. 2: Comparison of drying curve: (a) microwave-convective; (b) convective. 

 

 Figure 2 shows a comparison results between the predicted proposed model, other’s model and 

experimental data. As demonstrated in this figure that all the drying period are present for all times for both 

drying techniques respectively. The good adherence of results generated by the proposed model with 

experimental data and other model results simulates that the computed results presented in this paper are the 

proper ones. 

 

 
 

Fig. 3: Saturation (a) and temperature (b) curve with time for both drying modes.  

 

 Figure 3 depicts the temperature distribution and saturation evolution with time for both drying modes. The 

drying saturation curve is characterized with the straight segments in the constant drying rate periods (denotes 

by A in Figure 3(a)) and nonlinear curve in the falling rate period (denotes by B in Figure 3(a)). For microwave-

convective drying, temperature arises abruptly due to the heat generation from the microwave energy directly 

heated the internal moisture volumetric across the bodies. Then sample temperature begin to rise drastically at 

constant rate period corresponding to volumetric heat as energy is transferred directly to the whole volumetric 
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liquid with homogenous distributed throughout the wet material. This mechanism also very profitable to 

moisture transport as depicted in Figure 3 also saturation decreasing rate is constant. This is mainly generated by 

the interior heat fluxes provide higher fluxes of liquid to surface from the interior of the material. Subsequently, 

when saturation level reaches the critical water content which is 0.3 for ceramic materials, the water rapidly 

changes into vapour phase. Consequences from declining saturation level, the temperature rising profile also 

decrease which water is the main absorption of the heat energy by microwave when reaches the falling rate 

period. Eventually, when saturation decrease gradually to the irreducible value where no water can be dried 

indicating the end of a drying condition. Temperature profiles also show no increment with decreasing of 

moisture content is decreasing as little heat energy is produced. Meanwhile during convective drying, saturation 

curve also illustrated all those aforementioned drying period but with significant slower rates due to colliding 

heat and mass transfer. Also noted, the surface material temperature for microwave-convective drying is less 

than the center of the material due to the volumetric heat generated is proportional with the moisture content and 

this phenomenal is conversed with the convective drying method where minimal temperature difference 

between surface and center of material is noticed. The contour evolution of convective-microwave drying on 

saturation and temperature distribution inside porous matrix will be further discussed and analyzed in detail 

when compare to the convective drying.  

 

 
 

Fig. 4: Contour of saturation and temperature: (a) temperature at 1 hour for microwave-convective drying; (b) 

temperature at 6 hour for microwave-convective drying; (c) temperature at 1 hour for convective drying; 

(d) temperature at 23 hour for convective drying; (e) saturation at 1 hour for microwave-convective 

drying; (f) saturation at 6 hour for microwave-convective drying. 

 

 Heat supplied volumetrically leads to the different distribution of temperature obtained for convective-

microwave drying as shown in Figure 4(a) and 4(b). This temperature distribution is accordance with 

experimental visualized distribution due to infrared camera measurement as presented in Kowalski et al., 2012. 

This mechanism generated bulk heating phenomena inside the porous matrix. As can be noticed, the highest 

temperature is generated around the bottom center of the rectangular sample when microwave enter the 

rectangular sample through the lateral and upper surface. This corresponding to the accumulated moisture in the 

bottom center of the slab is due to the gravity effect. The distribution of temperature gained in convective-

microwave drying is very profitable for moisture removal as the heat and mass fluxes coincide, which is 

contradict in convective drying where the fluxes moves in the opposite direction. This also eventually leads to 

easier moisture removal and is purely shown in the Figure 4(e) and (f) which illustrates the distribution of 

saturation content in the sample at early and end stage of drying. As it is visible in this figure, the highest 

saturation is also at the bottom center of the rectangular sample and the lowest one is in the top side corner. This 

indicates the most intensive part of the free mass transfer takes place at the top side corner of the rectangular 

sample. This is due to ability of water to absorb microwave energy provides an advantage compare convectional 

convective drying mode. Conversely to convectional convective drying mode where heat is transfer from the 

ambient to the surface material then to the interior of the material relies mainly on the conduction and 

convection propagation (refer Figure 4(c) and 4(d)), in microwave drying the heat is generated within the 

accumulated liquid inside interior of the material itself. Thus, this leads to more uniform moisture distribution, 

reducing drying time as drying rate increase abruptly from this mechanism. Nevertheless, saturation contours for 

convective drying are similar to microwave-convective drying, thus not is not presented in here.    
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Fig. 5: Gas pressure evolution in time: (a) microwave-convective drying; (b) convective drying . 

 

 Figure 5(a) shows the gas pressure evolution in time at different positions inside the domain for convective-

microwave and convective drying modes. As illustrated, the gas pressure slowly build up at the constant rate 

period of the drying process where moisture content is high inside pores at initial stage and capillary mechanism 

is the main supply of moisture from internal to surface material for evaporation to happen. When the drying 

stage reaches the falling rate period, pressure build up more drastically due to diffusion of vapour cause by 

phase transition change of water to vapor. Subsequently, gas pressure recede to atmosphere condition drop as 

drying is almost accomplished. As noted in figure 5, the surface of material remains constant at atmosphere 

pressure and higher internal pressure buildup within internal of the material. Figure 5 also demonstrated higher 

gas pressure occurs during microwave-convective drying when compared to convective drying. Subsequently 

the gas pressure gradient in the internal is high at the falling rate period which can cause internal damage in 

microwave-convective drying as proven in experiment by Kowalski et al., 2012 that showed microwave tend to 

exhibit internal cracking compare to convective drying. Thus, controlling the drying rate for convective-

microwave drying is vital to avoid failure in dried materials. 

   

Conclusion: 

 The results computed by the proposed model enable the investigation of fundamental mechanism for both 

convective-microwave and convective drying. It is noticed that the drying rates can increase drastically in 

convective-microwave drying compared to convective drying. To illustrate the above point, both heat and mass 

fluxes coincide in the same direction from internally to material surface as moisture removes continuously. 

Thus, both maximum temperature and saturation can be seen accumulated at the center bottom of the sample 

while top side surface exhibit lowest temperature and moisture content as the most profitable moisture 

extraction happen at this position.  Also noted, the gas pressure is gathered at the same position and this could 

lead to overpressure internally. Lastly, this model is considered to be a useful tool for simulating the process of 

convective-microwave and convective drying process due to its reasonable accuracy at all times. 

 

Notations: 

T = Temperature, K   

P = pressure, Pa 

V = velocity, ms
-1

 

ρ = density, kg/m
3
 

S = saturation 

Ø = porosity  

Cp = specific heat capacity, J/(mol K)   

θ = volumetric 

K = intrinsic permeability,  m
2
 

k = relative permeability 

λ = thermal conductivity, W/mK 

t = time , s 

R = gas  constant, J/(mol K) 

 

µ = viscocity, N s m
-2

  

h =relative humidity, % 

L = Latent heat of vaporization, J kg
-1

 

Jm = mass transfer flux 

JT = heat transfer flux 

hm = mass transfer coefficient 

hT = heat transfer coefficient 

Ω
e
 = element domain 

Kij = kinetic coefficients 

Cij = capacity coefficient 

Nr = Shape function of residual error 

Ns = Shape function of system variables 

 

Subscripts: 

a, c, v, g, l, b = air, capillary, vapour, gas, liquid, bound water 

s = saturated 

irr = irreducible 

cri = critical 

r = residual 

∞ = calculated  

f = final 
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