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Abstract

:

The ceramic industry is one of the pillars of the Brazilian economy, characterized by making low-cost products and an obsolete manufacturing process from a technological point of view. Among the various stages of production of ceramic materials, drying is one of the most energy-consuming and, in general, causes structural damage to the product, compromising its mechanical performance and final quality. Despite the relevance, studies on the drying of ceramic materials are mostly conducted at the experimental level and limited to some specific operational conditions. In this scenario, this research aims to theoretically study the heat and mass transfers in industrial ceramic blocks during drying. Based on the lumped analysis method, and considering the dimensional variations of the material, new phenomenological mathematical models and their respective analytical solutions are proposed to describe the kinetics of mass loss and heating of the material. The predicted results referring to the thermal and gravimetric behavior of the block during the oven drying process under different conditions are compared with the experimental data, obtaining excellent agreement between the results. Furthermore, the transport coefficients were estimated, proving the dependence of these parameters on the drying air conditions. The convective mass transfer coefficient ranged from 6.69 × 10–7 to 15.97 × 10–7 m/s on the outer surface of the block and from 0.70 × 10–7 to 1.03 × 10–7 m/s on the inner surface of the material when the drying air temperature ranged from 50 to 100 °C. The convective heat transfer coefficient ranged from 4.79 to 2.04 W/(m2.°C) on the outer surface of the block and from 1.00 to 0.94 W/(m2.°C) on the inner surface of the material when air temperature ranged from 50 to 100 °C.
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1. Introduction


Having been used for millennia, ceramics are characterized by their ability to conform when hydrated, which allows them to be molded for different uses, thus making them the main components for both artistic and industrial activities [1]. Considering its use in several activities, the ceramic sector is quite diversified, being divided into numerous segments and with emphasis on the red ceramic segment, which is linked to the civil construction industry, thus occupying a prominent place in the Brazilian economy [2,3] and worldwide.



The red ceramic segment is composed of numerous industries, characterized by different levels of technological development and production potential whose most representative elements are materials for civil construction (roof tiles, blocks, bricks, etc.). It is a sector that encompasses a series of different processes and raw materials, giving rise to several products which can be classified according to their physicochemical properties, chemical compositions, and applications [4,5,6].



Ceramic blocks are essential components for structural masonry, since they are responsible for providing mechanical strength, durability, and thermal comfort to buildings. These materials are characterized by having a low manufacturing cost, encompassing the stages of exploration of deposits, beneficiation, homogenization, conformation, drying, and firing [7,8,9].



As one of the steps in the manufacturing of ceramic materials that presents the most hydric and thermal problems, drying is defined as a thermodynamic phenomenon in which there is an exchange of energy either by conduction, convection, or radiation, as well as a change in the state of water, where it changes from the liquid state to the vapor state and is then dragged by the fluid that surrounds the material, phenomena that occur simultaneously. The purpose of this step is the hygroscopic removal of the moisture inside the product. However, when done incorrectly, it can cause structural damage to the part, thus promoting the loss of the product. Therefore, an in-deep understanding in the moisture and heat transfer mechanisms inside these materials becomes of paramount importance for the ceramic industry [10,11,12,13] and academy.



Despite its importance, studies on the drying of ceramic materials are conducted mostly at an experimental level with specific operating conditions, and there are few studies that involve phenomenological mathematical modeling and numerical simulation. The use of mathematical simulations associated with drying kinetics enables the optimization of the drying process, allowing it to be carried out economically and in a shorter time. In this way, the use of computer codes can promote greater control of the drying process, thus allowing optimization in production so that raw material losses and process costs are reduced, and the productivity of companies in the ceramic sector is increased. In this context, the following research can be cited: (1) at the industrial dryer level [14,15,16], (2) at the ceramic block level using CFD [17,18,19], and (3) at the ceramic block level using a lumped model [20,21,22]. In these works, details about the drying period, drying rate, moisture migration mechanisms, and many others interesting topics in drying process theory can be found. Furthermore, we can be cite the following works: Brown [23], Gualtieri et al. [24], Dogru et al. [25], Ndukwu et al. [26], Karagiannis et al. [27], and Pujari et al. [28].



Although the use of numerical simulations to describe phenomena such as the drying process of a material is of great value, there is a scarcity of mathematical models that describe the simultaneous heat and mass transfer in hollow solids with three-dimensional geometries, mainly for models that consider the external effects of heating and evaporation of the vapor produced on the surface of the solid, including dimensional variations in the material, a frequent phenomenon in this process. Furthermore, we can mention the high computational time spent in simulations with commercial CFD software. Thus, it is necessary to deepen the study with the use of more complete models that incorporate parameters which explain the internal and external phenomena intrinsic to the process, especially when applied to solids with complex geometries, and that provide results in a short computational time, which is of great importance for decision making in the industry.



Given the above, the present study aims to analytically describe the convective drying process of structural ceramic blocks based on lumped analysis. The use of mathematical models to describe the phenomena of energy and mass transfer in these blocks aims to control and optimize the drying process, preventing this process from being carried out incorrectly and thus affecting the performance and quality of the final part. The central idea is to reduce the cost of the process, achieved by controlling the drying time, increasing the quality of the final product, and minimizing the waste of raw materials, which directly contributes to the reduction in environmental impact.



As innovative aspects of this research, the following can be highlighted: (a) the use of more complete phenomenological models, which consider several simultaneous physical phenomena such as heat and mass convection, evaporation, and dimensional variations in the product throughout the process, (b) the reduced computational time to obtain the results, allowing the effects of several process variables to be analyzed in a short time, (c) the versatility of the proposed model being applied to different materials and product shapes, (d) the application of the study to a product with industrial dimensions, supplied by the Brazilian industry’s ceramic sector, and (e) the theme of worldwide interest, which will certainly reach the interest of readers. The choice of the structural brick occurred due to its large application in different countries, including Brazil.




2. Methodology


2.1. The Geometry of the Ceramic Block and the Physical Problem


This investigation presents a numerical analysis of the convective drying process (heat and mass transfer) of structural ceramic blocks, as shown in Figure 1. The analysis was carried out from the mathematical modeling and computational simulation of the process where, to describe it, a lumped analysis method was used, considering the energy and mass balances for the ceramic block and drying air.



Table 1 summarizes the values of the characteristic dimensions of the ceramic block under study at the beginning of the drying process.




2.2. Mathematical Modeling


As is well known, the type of analysis chosen to describe a process limits the level of understanding that can be gained from this process [29]. In this research, the method of lumped analysis was chosen. In this method, the rates of heat and mass transfer between the product and air during the drying process neglect the intrinsic resistance of the product to these transfers.



Thus, to mathematically describe the process of energy and mass transfer in ceramic blocks, some hypotheses were considered: (a) The structural ceramic block is isotropic and consists of solid matter and water. (b) The mechanical and thermophysical properties of the material are constant throughout the process. (c) The water contained in the ceramic block, in its liquid state, migrates from the interior of the material, evaporating on its surface. (d) Drying occurs in the falling drying rate period (based on the experimental data of the moisture content throughout the process). (e) Drying occurs by the transport of heat and mass inside the solid, the convection of heat and mass, and evaporation at the surface. (f) Generations of energy and mass inside the material are negligible. Finally, (g) the drying process occurs with dimensional variation of the ceramic block.



2.2.1. Dimensional Analysis


In addition to the previously presented hypotheses, to numerically describe the process of heat and mass transfer in a ceramic block, as described in Figure 1, the dimensional variation models of the block during drying, proposed by Silva et al. [29], were used. The equations governing this model are as follows:


   S 1   ( t )   =     S  10      [     a 1  +  b 1     ×   Exp   (  −    k 1   2   × t   )  ] ,  



(1)






    S 2   ( t )   =     S  20      [     a 2  +  b   2       ×   Exp   (  −    k 2   2     t   )  ] ,   



(2)






   V  ( t )   =     V 0     [     a 3  +  b 3     ×   Exp   (  −    k 3   2   × t   )  ]   ,   



(3)




where t is the time, V0 and Si0 correspond to the volume and surface areas (external, i = 1 and internal, i = 2) at t = 0, respectively, and the variables    a 1   ,    b 1   ,    k 1   ,    a 2   ,    b 2   ,    k 2   ,    a 3   ,    b 3   , and    k 3    are parameters estimated from the non-linear adjustment to the experimental data in each drying condition. These parameters are described in Table 2.



Thus, based on the hypotheses established in the dimensional variation models, and considering the lumped analysis method, a phenomenological mathematical model was developed in order to describe the energy and mass transfers in the material. It is a complex but innovative model, since in the involved parameters, it considers the dimensional variations of the material during the drying process, as well as the phenomena of convective heat and mass transport and evaporation on the surface of the material. Details about the experimental procedure for measuring the dimensions of the brick along the drying process can be found in [14,20]. Details about the non-linear regression of Equations (1)–(3) to the experimental data are reported in [29]. However, we state that the determination coefficient ranged from 0.988 to 0.995, and the explained variance ranged from 97.6% to 99.1%.




2.2.2. Mass Transfer Model


Assuming a convective condition and performing a mass balance on the material, we can write


  V    d      M ¯     dt   = −  h  m 1    S 1   (    M ¯   −    M ¯   e   )  −  h  m 2    S 2   (    M ¯   −    M ¯   e   )  +      M .   V  ,  



(4)




where  V  represents the volume of the block,    h  m 1     and    h  m 2     refer to the convective mass transfer coefficients on the outer and inner surfaces of the block, respectively,    S 1    and    S 2    represent the external and internal surface areas of the material, respectively,  M  and    M e    are the moisture contents at time t and in the hygroscopic equilibrium condition, respectively, t is time, and    M .    refers to mass generation inside the block.



Considering that there are no reactions that can generate moisture inside the block (   M .    = 0), and that  M  =    M e    at t = 0, when substituting in the mass balance model equations proposed by Silva et al. [29] for    S 1   ,    S 2   , and  V  and solving the resulting ordinary differential equation, the following equation is obtained:


      M ¯     −     M ¯   e        M ¯   o  −      M ¯   e    = Exp  (   A M  +  B M  +  C M  +  D M  +  E M   )  ,  



(5)




or


    M ¯   =  (     M ¯   o  −    M ¯   e   )  Exp  (   A M  +  B M  +  C M  +  D M  +  E M   )  +    M ¯   e  ,  



(6)




where



    A M  =  (   1   a  33    k  11    k  22    k  33      )   [   (  −  b  11    k  22    k  33    )   F    2     1   (  1 ,    k  11      k  33     ,    k  11   +  k  33      k  33     , −    b  33      a  33      )   ]    



    B M  =  b  11   Exp  (   k  11   t  )   k  22    k  33    F    2     1   (  1 ,    k  11      k  33     ,    k  11   +  k  33      k  33     , −    b  33   Exp  (   k  33   t  )     a  33      )    



    C M  =  k  11    [  −  b  22    k  33    F    2     1   (  1 ,    k  22      k  33     ,    k  22   +  k  33      k  33     , −    b  33      a  33      )   ]    



    D M  =  b  22   Exp  (   k  22   t  )   k  33    F    2     1   (  1 ,    k  22      k  33     ,    k  22   +  k  33      k  33     , −    b  33   Exp  (   k  33   t  )     a  33      )    



    E M  =  (   a  11   +  a  22    )   k  22    {   [   k  33   t + ln  (   a  33   +  b  33    )   ]  − ln  [   a  33   +  b  33   Exp  (   k  33   t  )   ]   }    



where    a  11      = h     m 1     S  10    a 1   ,    b  11      = h     m 1     S  10    b 1   ,    k  11      = − k   1    2   ,    a  22      = h     m 2     S  20    a 2   ,    b  22      = h     m 2     S  20    b 2   ,    k  22      = − k   2    2   ,    a  33      = V   0   a 3   ,    b   33         = V   0   b 3   , and    k   33         = − k   3    2   . The term 2F1(a, b, c, z) is the ordinary hypergeometric function or hypergeometric Gauss series. For a better understanding, in the interval of |z| < 1, the hypergeometric function is defined by the following infinite series:


   F    2     1   (  a , b , c , z  )  =   ∑   n = 0  ∞   [       ( a )   n  ×    ( b )   n       ( c )   n    ×    z n    n !    ]  = 1 +   a × b  c  ×  z  1 !   +   a ×  (  a + 1  )  × b ×  (  b + 1  )    c ×  (  c + 1  )    ×    z 2    2 !   + … ,  



(7)




where the term (m)n = m(m + 1)(m + 2)… is the Pochhammer symbol. By definition, the value (m)0 = 1 [30,31].



From Equation (6), it is possible to predict the behavior of mass transfer in a structural ceramic block by considering all the dimensional variations of the block during the drying process.




2.2.3. Heat Transfer Model


Analogous to the mass transfer, in the analysis of the heat transfer, it is assumed that the phenomena of thermal convection, evaporation, and heating of the produced vapor occur simultaneously on the surface of the block. In this way, the energy balance equation will be given by


   ρ u    Vc  p    d  θ ¯    dt   =  h  c 1    S 1   (    θ ¯  ∞  −  θ ¯   )  +  h  c 2    S 2   (    θ ¯  ∞  −  θ ¯   )  +  ρ s  V   d     M ¯     dt    [   h  fg   +  c v   (    θ ¯  ∞  −  θ ¯   )   ]  +     q .    V  ,  



(8)




where    ρ u    is the density of the wet ceramic block,    c p    is the specific heat of the block,    h  c 1     and    h  c 2     correspond to the convective heat transfer coefficients (1 (external) and 2 (internal)),    ρ s    refers to the density of the dry block,    h  fg     is the latent heat of vaporization of the free water,    c v    is the specific heat of the water vapor,     θ ¯  ∞    and   θ ¯   are the temperatures of the external medium and the block at any time t of the process, respectively, and    q .    corresponds to the internal heat generation. The term    ρ s  V    d     M ¯      dt     represents the amount of water evaporated from the surface of the material per unit of time.



By neglecting the effects of mass transfer on heat transfer and internal energy generation (i.e., (     d     M ¯      dt   = 0   and      q .   = 0   )), substituting Equations (1–3) into Equation (8), considering the initial condition    θ ¯  =   θ ¯  o    at t = 0, and performing the solution of the resulting ordinary differential equation, the following mathematical equation was obtained:


      θ ¯  ∞  −  θ ¯      θ ¯  ∞  −   θ ¯  o    = Exp  (   A T  +  B T  +  C T  +  D T  +  E T   )  ,  



(9)




or


   θ ¯  =  (    θ ¯  ∞  −   θ ¯  o   )  Exp  (   A T  +  B T  +  C T  +  D T  +  E T   )  +   θ ¯  ∞  ,  



(10)




where



    A T  =  (   1     a ^    33      k ^    11      k ^    22      k ^    33      )   [   (  −    b ^    11      k ^    22      k ^    33    )   F    2     1   (  1 ,      k ^    11        k ^    33     ,      k ^    11   +    k ^    33        k ^    33     , −      b ^    33        a ^    33      )   ]    



    B T  =   b ^   11   Exp  (     k ^    11   t  )     k ^    22      k ^    33    F    2     1   (  1 ,      k ^    11        k ^    33     ,      k ^    11   +    k ^    33        k ^    33     , −     b ^   33   Exp  (     k ^    33   t  )       a ^    33      )    



    C T  =    k ^    11    [  −   b ^   22      k ^    33    F    2     1   (  1 ,      k ^    22        k ^    33     ,      k ^    22   +    k ^    33        k ^    33     , −     b ^   33        a ^    33      )   ]    



    D T  =   b ^   22   Exp  (     k ^    22   t  )    k ^   33    F    2     1   (  1 ,      k ^    22        k ^    33     ,      k ^    22   +    k ^    33        k ^    33     , −     b ^   33   Exp  (     k ^    33   t  )       a ^    33      )    



    E T  =  (     a ^    11   +    a ^    22    )     k ^    22    {   [     k ^    33   t + ln  (     a ^    33   +    b ^    33    )   ]  − ln  [     a ^    33   +    b ^    33   Exp  (     k ^    33   t  )   ]   }    



In Equation (10), the terms      a ^    11      = h     c 1     S  10    a 1   ,      b ^    11      = h     c 1     S  10    b 1   ,      k ^    11      = - k   1    2   ,      a ^    22      = h     c 2     S  20    a 2   ,      b ^    22      = h     c 2     S  20    b 2   ,      k ^    22      = - k   2    2   ,      a ^    33      = ρ   u   C p   V 0   a 3   ,      b ^    33      = ρ   u   C p   V 0   b 3   , and      k ^    33      = - k   3    2   .



From Equation (10), it is possible to predict the behavior of heat transfer in a structural ceramic block while considering all the dimensional variation occurring in the block during the drying process.





2.3. Application to Structural Ceramic Blocks


In this research, emphasis is given to the drying of structural ceramic blocks. In order to determine the convective heat and mass transfer coefficients on the internal and external surfaces of the block, the results of the moisture content and temperature in the block, predicted by the proposed mathematical models, were compared with the experimental data of oven drying, as reported in [14,20].



According to Silva [14] and Silva et al. [20], in the beginning, during (at predetermined time intervals), and at the end of the drying process of the ceramic blocks, measurements of the dimensions, mass, and temperature (upper right vertex of the front face) of the ceramic block and the relative humidity, temperature, and velocity of the drying air inside the oven were made. Six (6) experimental tests were performed with different temperatures. At the end of each experiment, the dimensions, equilibrium mass, equilibrium temperature of the block, and total process time were obtained. Some data obtained by the authors can be found in Table 3 and Table 4. These data were used in the computer simulation stage. Details about the data accuracy can be found in [14,20].



To obtain the simulated results, the computer codes were developed in Mathematica® software. The comparison between the results predicted by the proposed mathematical model with the experimental data of the moisture content and temperature of the ceramic block was performed until a minimum error was reached. The squared deviations between the experimental and calculated values and the variance for the moisture content and temperature were obtained as follows:


    MSE  M  =   ∑   i = 1  n     (     M ¯    i , Num   −    M ¯    i , Exp    )   2  ,  



(11)






      S ¯   M 2  =     ERMQ  M     (  n −   n ^    )    ,    



(12)






     MSE  θ  =   ∑   i = 1  n     (       θ ¯    i , Num   −    θ ¯    i , Exp        θ ¯   ∞  −    θ ¯   0     )   2    ,    



(13)






      S ¯   θ 2  =     ERMQ  θ     (  n −   n ^    )    ,    



(14)




where n is the number of experimental points and    n ^    is the number of fitted parameters (number of degrees of freedom) [32].





3. Results


3.1. Mass Transfer Analysis


As mentioned before, the estimation of the convective mass transfer coefficients on the external and internal surfaces of the ceramic block was made through a comparison between the moisture content data obtained by the proposed mathematical model and the data obtained experimentally by Silva [14] and Silva et al. [20]. The values obtained from these parameters as well as the mean squared error (MSE) are reported in Table 5.



When evaluating the physical behavior of the convective mass transfer coefficient (Table 5), an increase in this parameter was observed with the increase in the drying temperature. It is well known that the increase in this thermo-physical parameter increases the drying rates of the ceramic block, causing hygroscopic equilibrium conditions to be reached more quickly. In addition, it is also possible to observe that the convective mass transfer coefficient obtained on the external surface of the ceramic block was greater than the coefficient of the internal surface of this block. This was due to the fact that the external surface area of the block in contact with the drying air was greater than the internal one, favoring the mass exchange between the product and the heated fluid surrounding the block. Additionally, it was noticed that the position of the block inside the oven contributed to the behavior of these parameters in each drying condition.



Regarding the values obtained for the mean squared error, low values of this statistical parameter can be observed, an indication of an excellent fit between the results predicted by the model and the experimental data and that the proposed mathematical model can adequately describe the drying process of ceramic blocks.



Confirming the data presented in Table 5, Figure 2 illustrates the predicted and experimental curves [14,20] of the moisture content of the ceramic block as a function of the drying time for different drying temperatures. When analyzing the behavior of the moisture content as a function of the processing time, it was possible to identify excellent agreement between the values predicted by the mathematical model and the experimental data, with a small deviation in the final process times mainly for low temperatures of drying. This can be attributed to the consideration of a constant mass transfer coefficient throughout the process being imposed on the model.



When analyzing the moisture content curves from a physical point of view, there was a significant reduction in the moisture content in the first minutes of drying (high falling drying rate), as reported in [11,12,14,22].



For the lowest drying temperatures (from 50 °C to 70 °C), it was noted that more intense reduction in the moisture content occurred until the first 500 min (approximately 8.3 h) of the process. For higher temperatures (above 70 °C), this intense reduction occurred in a shorter process time, occurring up to the first 300 min (approximately 5 h). Thus, higher drying temperatures contributed to the material reaching its hygroscopic equilibrium in a shorter process time.



The variation in the moisture removal rate from the ceramic block was influenced by both the drying temperature and geometry of the material. It is well known that hollow ceramic blocks have better air circulation inside, which leads to a faster reduction in moisture. However, although its geometric shape provides a more accentuated reduction in the processing time, abrupt reductions in the moisture content can cause structural defects in the material, such as cracks and deformations, reducing the quality of the product at the end of drying. It is also important to highlight that in the first minutes of the drying stage, there is a large reduction in the dimensions of the solids (higher shrinkage speed), tending to remain constant after a long drying period, which can affect the quality of the product at the end of drying [13,15,17,18,21,24].




3.2. Heat Transfer Analysis


In a similar way to the procedure performed in the analysis of the mass transfer, the obtaining of the convective heat transfer coefficients on the external and internal surfaces of the ceramic block was given through a comparison between the predicted data and the experimental data [14,20] of the temperature at the vertex of the ceramic block until a smaller least square error was obtained. Table 6 summarizes the values of the convective heat transfer coefficients and the least square error for each drying temperature.



When analyzing Table 6, some observations can be made from the values obtained for the temperature and convective heat transfer coefficients. Differences between the predicted and experimental data of the vertex temperature can be attributed to the possible temperature measurement errors which occurred during the collection of experimental data, the fact that the model considered that the temperature of the material was the same throughout its volume at each time, and the neglected effects of the mass transfer on the heat transfer. It was observed that the convective coefficients obtained for the external surface of the ceramic block were higher than the convective coefficients obtained for the internal surface, proving that the block heated up more slowly inside. This is because the external surface of the block is more directly exposed to the drying air, allowing the convective heat flux to act with greater intensity in this region. However, even though the values obtained for the convective coefficients were low, typical of natural convection, it is noted that these coefficients did not assume an increasing behavior with the increase in the drying temperature. The divergence in the behavior of these thermo-physical parameters can be associated with possible temperature measurement errors which occurred during the collection of experimental data and the fact that the model considers that the temperature of the material is the same throughout its volume at each time, which clearly does not occur in practice, particularly for drying at high temperatures and a low relative humidity. Other factors can be listed: drying time, air relative humidity, shrinkage, and the different dimensions and moisture contents of the ceramic block at the beginning of drying.



It is known that higher values of the convective heat transfer coefficients provoke an increase in the heating rates, causing the material to reach the thermal equilibrium condition more quickly. On the other hand, high heating rates cause high temperature variation rates inside the material and, with this, high drying rates and thermal and hydric stresses, which in turn can cause severe drying problems such as cracks, warping, deformations, and ruptures, which considerably reduce the quality of the product in the firing stage [13,15,17,18,21].



Complementing the heat transfer analysis, Figure 3 illustrates the heating curves of the ceramic block for different drying temperatures (from 50 °C to 100 °C).



Although the heat transfer coefficients showed a different behavior than expected, when analyzing the heating curves, a concordance between the values predicted by the model and the experimental data was observed, confirming once again that the proposed modeling was efficient for describing the drying process.



When analyzing the graphs, it was observed that the heating curves presented a behavior similar to that presented by the moisture content curves (Figure 2) since, for the lower drying air temperatures, a significant increase occurred for the temperature of the block until the first 300 min (5 h) of the process, and it then assumed an almost constant behavior once the block had almost completely reached its thermal equilibrium.



Although high drying temperatures imply a shorter process time, it is necessary to have strict control regarding this drying condition. As mentioned earlier, performing convective drying with high heating rates in an atmosphere with low relative humidity can lead to greater removal of the existing moisture in the solid, causing damage to the ceramic product and thus affecting its mechanical performance and quality when in operation.



In general, a comparison between the transport coefficients reported in the literature is very difficult due to the different parameter estimation methods used, the variation in the chemical composition of the ceramic material, and its physical and chemical structures.



The precision and accuracy of the measurements are important factors to consider when a method is good enough to be used in the estimation of some process parameters. In general, systematic errors around 5% and standard errors around 3% are expected due to, for example, limited instrument precision. Therefore, these errors are directly passed on to the estimation of transport coefficients. Other errors can be attributed to the different nature of the materials and the uncertainty in the experimental measurement, methodology, and geometric consideration of the body.



Despite this, the convective heat and mass transfer coefficients obtained in this study, compared with those reported in the literature and which are listed in Table 7, corroborated the effectiveness of the methodology used.



In all the cases listed in Table 7, lumped models were used. Thus, the highest differences in the convective heat and mass transfer coefficient could mainly be attributed to the following factors:




	(a)

	
The type of lumped model;




	(b)

	
Considerations of the dimensional variations adopted in the model;




	(c)

	
The chemical composition of the product;




	(d)

	
The product’s geometry;




	(e)

	
The equilibrium moisture content (hysteresis phenomenon in the sorption isotherm);




	(f)

	
The drying conditions (relative humidity and air velocity);




	(g)

	
Variations in the physical structure of the product (porosity, tortuosity, and permeability);




	(h)

	
The probable formation of pores by evaporation of water.









The convective heat transfer coefficient is not really a property of a material. It is used to quantify the rate of heat transfer at the surface of the body. It is dependent on the fluid velocity, fluid properties, surface roughness, and body shape, as well as the temperature difference between the surface and the fluid surrounding the body. In practice, the heat flux and surface temperature are very difficult to measure without disturbing the heat transfer and the flow of the heated fluid in the thermal and hydrodynamic boundary layers. In some materials with high moisture contents, heat transfer is accompanied by mass transfer, further complicating the measurement of the convective heat transfer coefficient.



Finally, as already mentioned, the convective heat and mass transfer coefficients are dependent on the velocity of the free air stream, but this effect is not explicitly stated in the model since the air velocity, in all experiments, remained practically constant (natural convection inside the oven). However, the low results of these parameters reflect this experimental condition, mainly inside the holes, where the air is confined, in contrast to what occurs on the external surface, where the air can flow by buoyant forces with no boundaries to impede its movement, which resulted in higher results for this parameter.





4. Conclusions


This study presents a numerical analysis of the drying process of structural ceramic blocks, where through phenomenological mathematical models based on lumped analysis, it was possible to analyze the transient heat and mass transfers that occurred in the ceramic block during the process. Thus, based on the analysis of the obtained results, it was verified that the phenomenological mathematical modeling used was effective for describing the heat and mass transfers of the ceramic block during the drying process. The effectiveness of the proposed models for predicting the heat and mass transfer phenomena, including dimensional variations of the ceramic block, was proven when it was observed that the discrepancies between the predicted and experimental results (reported in the literature) of the moisture content and temperature at the vertex of the ceramic block were small. Thus, it easily becomes possible to estimate the drying times of ceramic products with different shapes in different drying conditions in order to assist academy and industry in the decision making related to this complex physical problem.



From the results obtained, it was possible to estimate the convective mass transfer coefficients involved in the process. It was found that the convective mass transfer coefficient ranged from 6.69 × 10–7 to 15.97 × 10–7 m/s on the outer surface of the block and from 0.70 × 10–7 to 1.03 × 10–7 m/s on the inner surface of the material when the drying air temperature ranged from 50 to 100 °C. The convective heat transfer coefficient ranged from 4.79 to 2.04 W/(m2.°C) on the outer surface of the block and from 1.00 to 0.94 W/(m2.°C) on the inner surface of the material while the temperature of the drying air ranged from 50 to 100 °C. The low values for the convective heat and mass transfer coefficients are a strong indication that the mass removal and heating processes at the block surface occurred by natural convection.
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Nomenclature




	    c p    
	Specific heat of the block
	(J/kgK)



	    c v    
	Specific heat of the water vapor
	(J/kgK)



	    h  c 1     
	Convective heat transfer coefficients (1, external)
	(W/m2K)



	    h  c 2     
	Convective heat transfer coefficients (2, internal)
	(W/m2K)



	    h  fg     
	Latent heat of vaporization of free water
	(J/kgK)



	    h  m 1     
	Convective mass transfer coefficients (1, external)
	(m/s)



	    h  m 2     
	Convective mass transfer coefficients (2, internal)
	(m/s)



	H
	Height
	(mm)



	L
	Length
	(mm)



	  M  
	Moisture content
	(kg/kg, d.b.)



	    M .    
	Mass generation inside the block
	(kg/kg/s/m3)



	    M e    
	Hygroscopic equilibrium condition
	(kg/kg, d.b.)



	M0
	Initial moisture content
	(kg/kg, d.b.)



	     MSE  M    
	Squared deviations for the moisture content
	(-)



	     MSE  θ    
	Squared deviations for the temperature
	(-)



	n
	Number of experimental points
	(-)



	    n ^    
	Number of fitted parameters
	(-)



	    q ˙    
	Internal heat generation
	(W/m3)



	RH
	Air relative humidity
	(%)



	  ρ  
	Density of the wet block
	(kg/m3)



	    ρ s    
	Density of the dry block
	(kg/m3)



	    ρ u    
	Density of the wet ceramic block
	(kg/m3)



	S
	Total surface area of the material
	(m2)



	    S 1    
	External surface area of the material
	(m2)



	    S 2    
	Internal surface area of the material
	(m2)



	Si0
	Surface areas (external, i = 1 and internal, i = 2) at t = 0
	(m2)



	      S ¯   M 2    
	Variance for the moisture content
	(-)



	      S ¯   θ 2    
	Variance for the temperature
	(-)



	   θ ¯   
	Temperatures at any time t of the process
	(°C)



	     θ ¯  ∞    
	Temperatures of the external medium
	(°C)



	θe
	Thermal equilibrium temperature
	(°C)



	θo
	Initial temperature
	(°C)



	t
	Time
	(min)



	T
	Air temperature
	(°C)



	v
	Air velocuty
	(m/s)



	V
	Volume
	(m3)



	V0
	Initial volume
	(m3)



	W
	Width
	(mm)
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Figure 1. Structural ceramic block. (a) 3D drawing. (b) Photograph of the wet material. (c) Front view indicating the main dimensions of the material. 
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Figure 2. Transient behavior of predicted and experimental [14] moisture content of the ceramic block for different drying temperatures: (a) T = 50 °C, (b) T = 60 °C, (c) T = 70 °C, (d) T = 80 °C, (e) T = 90 °C, and (f) T = 100 °C. 
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Figure 3. Transient behavior of experimental [14] and predicted temperatures of the ceramic block for different temperatures: (a) T = 50 °C, (b) T = 60 °C, (c) T = 70 °C, (d) T = 80 °C, (e) T = 90 °C, and (f) T = 100 °C. 
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Table 1. Dimensions of the ceramic block before drying at different temperatures [14].
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	T

(°C)
	H

(mm)
	W

(mm)
	L

(mm)
	D

(mm)
	CF1

(mm)
	CF2

(mm)
	LF1

(mm)
	LF2

(mm)
	CF3

(mm)
	LF3

(mm)
	CF4

(mm)
	LF4

(mm)





	50
	143
	199
	303
	14
	15
	73
	33
	75
	38
	24
	31
	62



	60
	140
	200
	302
	15
	15
	72
	33
	78
	37
	28
	30
	64



	70
	142
	200
	300
	15
	33
	74
	15
	75
	36
	26
	31
	62



	80
	144
	200
	300
	15
	15
	74
	33
	74
	35
	26
	31
	63



	90
	143
	199
	300
	15
	15
	73
	34
	75
	36
	26
	30
	63



	100
	142
	201
	301
	14
	15
	73
	31
	75
	36
	26
	30
	63
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Table 2. Statistical parameters of Equations (1–3), obtained after fitting to experimental data of the volume and surface area of the ceramic block throughout drying.
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Parameter

	
T (°C)




	
50

	
60

	
70

	
80

	
90

	
100






	
a1

	
0.901906

	
0.916317

	
0.913417

	
0.906832

	
0.918261

	
0.924380




	
b1

	
0.094942

	
0.089238

	
0.090522

	
0.095390

	
0.081259

	
0.078334




	
k1

	
−0.118153

	
−0.107296

	
−0.136887

	
−0.142611

	
−0.145465

	
−0.144425




	
a2

	
0.934331

	
0.916679

	
0.936533

	
0.933251

	
0.930446

	
0.95068




	
b2

	
0.078248

	
0.092013

	
0.076191

	
0.085057

	
0.077706

	
0.065325




	
k2

	
−0.099675

	
−0.117138

	
−0.092472

	
−0.108381

	
−0.116544

	
−0.106260




	
a3

	
0.827963

	
0.883788

	
0.845889

	
0.836882

	
0.868853

	
0.877361




	
b3

	
0.156506

	
0.118260

	
0.168594

	
0.156642

	
0.127073

	
0.125252




	
k3

	
−0.153099

	
−0.103415

	
−0.193381

	
−0.185467

	
−0.195847

	
−0.202705
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Table 3. Experimental parameters for the air and the ceramic block at the beginning of the drying process [14,20].
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Test

	
Air

	
Ceramic Block




	
T

(°C)

	
RH

(%)

	
v (m/s)

	
M0 (kg/kg, d.b.)

	
θo

(°C)

	
  ρ  

(kg/m3)

	
    c   p    

(J/kgK)






	
1

	
50

	
18.39

	
1.0

	
0.172319

	
31.5

	
1920

	
1673.51




	
2

	
60

	
12.27

	
1.0

	
0.173163

	
32.0

	
1920

	
1673.51




	
3

	
70

	
7.72

	
1.0

	
0.170186

	
29.8

	
1920

	
1673.51




	
4

	
80

	
4.99

	
1.0

	
0.172723

	
30.5

	
1920

	
1673.51




	
5

	
90

	
3.56

	
1.0

	
0.167900

	
27.6

	
1920

	
1673.51




	
6

	
100

	
2.34

	
1.0

	
0.169366

	
27.5

	
1920

	
1673.51
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Table 4. Experimental parameters obtained after drying the ceramic block [14,20].
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	Test
	Me (kg/kg, d.b.)
	θe (°C)
	t (min)





	1
	0.002685
	50.5
	1170



	2
	0.001834
	58.0
	1050



	3
	0.001189
	64.7
	990



	4
	0.000826
	68.6
	930



	5
	0.000511
	76.2
	930



	6
	0.000054
	95.1
	750
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Table 5. External (hm1) and internal (hm2) convective mass transfer coefficients for each drying temperature.
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T (°C)

	
Convective Mass Transfer Coefficient

	
MSEM

(kg/kg)2




	
hm1 (m/s)

	
hm2 (m/s)






	
50

	
6.69 × 10−7

	
0.70 × 10−7

	
0.00174




	
60

	
8.80 × 10−7

	
0.80 × 10−7

	
0.00053




	
70

	
9.28 × 10−7

	
1.00 × 10−7

	
0.00030




	
80

	
11.84 × 10−7

	
1.30 × 10−7

	
0.00119




	
90

	
11.69 × 10−7

	
1.03 × 10−7

	
0.00027




	
100

	
15.97 × 10−7

	
1.03 × 10−7

	
0.00036
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Table 6. Convective heat transfer coefficients for the external (hc1) and internal (hc2) areas for each drying temperature.
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T (°C)

	
Convective Heat Transfer Coefficient

	
MSEθ

(-)




	
hc1 (W/m2.°C)

	
hc2 (W/m2.°C)






	
50

	
4.79

	
1.00

	
1.18412




	
60

	
2.19

	
1.06

	
4.08616




	
70

	
2.72

	
1.00

	
18.1275




	
80

	
2.41

	
0.37

	
4.99504




	
90

	
2.03

	
0.60

	
2.33426




	
100

	
2.04

	
0.94

	
1.12158
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Table 7. Heat and mass transfer coefficients obtained in the drying of ceramic bricks reported in the literature.
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Geometry

	
T

(°C)

	
RH

(%)

	
Convective Mass Transfer Coefficient (m/s)

	
Convective Heat Transfer Coefficient (W/m2.°C)

	
Source




	
hm1

	
hm2

	
hc1

	
hc1
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50

	
20.8

	
2.87 × 10−7

	
0.50

	
Silva et al. [22]




	
20

	
1.67 × 10−7

	
1.59 × 10−7

	
5.34

	
5.11

	
Lima et al. [13]




	
60

	
13.5

	
2.92 × 10−7

	
0.58

	
Silva et al. [22]




	
20

	
2.05 × 10−7

	
1.96 × 10−7

	
5.51

	
5.26

	
Lima et al. [13]




	
70

	
7.6

	
4.95 × 10−7

	
0.98

	
Silva et al. [22]




	
20

	
2.46 × 10−7

	
2.35 × 10−7

	
5.64

	
5.39

	
Lima et al. [13]




	
80

	
4.6

	
6.01 × 10−7

	
0.96

	
Silva et al. [22]




	
20

	
2.91 × 10−7

	
2.78 × 10−7

	
5.75

	
5.49

	
Lima et al. [13]




	
90

	
3.3

	
6.03 × 10−7

	
1.07

	
Silva et al. [22]




	
20

	
3.43 × 10−7

	
3.28 × 10−7

	
5.84

	
5.58

	
Lima et al. [13]




	
100

	
1.8

	
8.17 × 10−7

	
1.74

	
Silva et al. [22]




	
20

	
4.10 × 10−7

	
3.92 × 10−7

	
5.91

	
5.66

	
Lima et al. [13]




	
1.8

	
6.47 × 10−7

	
6.13 × 10−7

	
6.89

	
6.54

	
Lima et al. [21]








Silva et al. [22]: lumped model considering a single heat and mass transfer coefficient estimated by non-linear regression and without dimensional variations. Lima et al. [13] and Lima et al. [21]: lumped model considering the existence of two heat and mass transfer coefficients determined by a proposed formulation and without dimensional variations.
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