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Abstract

:

The conformation of a ceramic piece follows the steps of preparing the raw material, molding, lamination, drying, and firing. Drying is a thermodynamic process of heat and mass transfer, with dimensional variations of the product that requires a large amount of energy. Ceramic materials when exposed to non-uniform drying may suffer cracks and deformations, reducing their post-drying quality. Thus, this work aimed to study the drying of industrial ceramic blocks in an oven with forced air circulation. Experiments were carried out to characterize the clay and drying of the ceramic block at temperatures ranging from 50 °C to 100 °C. Results of the chemical, mineralogical, granulometric, differential thermal, and thermogravimetric analysis of the clay, and heating kinetics, mass loss, and dimensional variation of the industrial ceramic block are presented and analyzed in detail. It was found that the clay is basically composed of silica and alumina (≈ 80.96%), with an average particle diameter of 13.36 μm. The study proved that drying at high temperature and low relative humidity of the air generates high rates of mass loss, heating, and volumetric shrinkage in the ceramic product, and high thermo-hydraulic stresses, which cause the appearance and propagation of cracks, gaps, and cleavages, compromising the final quality of the product.
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1. Introduction


In the wide world, the ceramic sector is highly dependent on energy and raw materials available, both for production and for product transportation. The future of this sector finds several innovative applications in the areas of medicine (dental, oncology), sport (tennis, golf, skate), army (armor), construction (insulation, panels), electronics (iPod, GPS, mobile telephones), among others.



The ceramic sector generally uses clay as the main raw material for obtaining its products. Red clay ceramics are a class of materials that are often used in civil construction, in the form of structural blocks, tiles, solid bricks, rustic floors, pipes for sanitation, fillers (slab), green wall, hollow elements, and also expanded clay. In addition, it is present in household items, such as filters and pots. The name "red" is related to the presence of ferrous compounds, which develop a reddish color in the raw material.



This natural product almost always develops plasticity in a humid environment and hardens after drying and, even more so, after cooked [1]. This raw material appears in all types of rock formation (that commonly contain feldspar), from the oldest to the most recent formations, igneous and sedimentary of all types, consequently, its chemical, mineralogical, and physical characteristics vary widely, even between the layers of the same deposit clay [2,3].



From a chemical and mineralogical point of view, the clay consists essentially of hydrated aluminum silicates, sometimes also of iron and magnesium, usually crystalline, called clay minerals, it can still contain other minerals, organic matter, and soluble salts [4,5]. The properties of the clay are due to its intrinsic characteristics, such as: granulometry (high particle content with granulometry less than 2 μm); chemical and mineralogical composition (clay minerals and impurities present); and cation exchange capacity, resulting from isomorphic substitutions in the crystalline lattice of the clay minerals [6].



The manufacture of a clay ceramic product follows a series of steps that includes the exploration of deposits, pre-treatment of raw materials, homogenization, molding, drying, burning, and dispatch. From an industrial point of view, the drying operation is a delicate, complex, and important stage in the production chain of the ceramic industry. When the ceramic part is dry, it acquires a certain mechanical resistance that allows its manipulation during the manufacturing process. The mechanical resistance is higher or lower depending on parameters such as: the shape and thickness of the ceramic piece, type and content of clay, as well as the size and shape of the particles. During the cooking (firing) phase, the mineral components that make up the ceramic piece, at certain temperatures, undergo structural changes causing retractions or volumetric expansions of the body. The structures often collapse and, for relatively high temperatures, so-called high-temperature phases and glassy phases can be developed. For this reason, cooking provides a great increase in the mechanical resistance of ceramic pieces.



The drying operation is associated with losses of mass and variations in the dimensions of the ceramic piece. The occurrence of thermal and humidity gradients during the water elimination process, can cause thermal and water stresses that generate defects in the products, such as deformations and cracks, rendering useless or reducing the quality of the product. Moisture is responsible for the plasticity of the raw material in its conformation stage. However, for the rest of the process, moisture is harmful, since the piece, after the forming phase, cannot be heated up to the burning temperature without risking fracture [7].



It was experimentally observed that the higher the humidity with which the piece is made, the greater the shrinkage in drying. Considering this, it is clear that the retraction that the red ceramic pieces undergo during the drying step is a parameter of great technological importance, showing the importance of drying under total control, and in an optimized way.



Drying is a process of heat and mass transfer, through which the moisture of the solid is reduced, by supplying it with energy. The transport of moisture from the interior to the surface of the material can occur in the form of liquid and/or steam, depending on the type of product and the moisture present. Control of the dehumidification process and knowledge of the mechanisms of humidity movement are essential, since, with simulation and/or experimental data, optimum conditions can be obtained in the process, minimizing product losses and energy consumption [8,9,10].



When hot air comes in contact with the part, it transfers part of its thermal energy, which is used to raise the temperature of the wet part and transform the liquid inside the part into water steam, which in turn is received by the air that circulates around the piece. Incorporated into the air, the water steam increases its absolute humidity (water mass per unit mass of dry air). The remaining part of the thermal energy of the drying air is divided into two parts: one is transmitted to the product transport equipment, which has its temperature increased between the entrance and the exit of the dryer, and the other is lost to the outside, due to insufficient insulation and the lack of water tightness of the dryer (hot air leaks or cold air inlet). Thus, the useful energy effectively used to transform the liquid into water steam represents only a portion of the total energy provided by the drying air. The remaining is considered wasted energy. This usually results in a total thermal yield of the drying operation by convection of less than 60% [7].



The drying step is one of the most essential in the production process, both from the economic point of view and the final quality of the produced part. Uncontrolled drying can cause irreversible defects in the part produced, decreasing the productivity of the process and increasing operating costs [11]. In this stage, the average humidity found in ceramic products is reduced to values below 1%. The main objectives of this operation are to increase the mechanical resistance of the product, to guarantee the surface thermal uniformity, to distribute the humidity homogeneously in the parts, and to ensure that the discharge temperature remains constant over time [8].



When the production of ceramic pieces takes place on an industrial scale, a variable that must be taken into account is the consumption of energy spent throughout the production process. The consumption of thermal and electrical energy currently represents a large portion of the total production cost of these industries, being drying among the stages that consume the most energy [11]. To give an idea, in the production of bricks, the costs related to the use of energy represent 30% of the product final cost. Thus, understanding the mechanisms involved in drying allows, for example, better control over defects and how to avoid them [9], as well as guaranteeing a more energy-efficient process.



Several researchers have developed experimental and theoretical works related to the drying of clayey ceramic materials [12,13,14,15]. Unfortunately, the vast majority of works devoted to drying ceramic clay bricks are focused on the product on a small scale, and few are dedicated to products with industrial dimensions [16,17,18,19].



Clay ceramic products have been used for a long time at different applications, mainly as construction material in the shape of bricks, roof tiles, and blocks, among others. There are some reasons for use of these materials in building, including, for example, design variety, energy efficiency that promotes environmental thermal comfort, durability and reduced maintenance, good sound insulation, and can be adequately used for bushveld fire prone areas [20,21,22,23]. Unfortunately, none of these building materials are self-insulating, and certain thermal insulation measures are necessary in order to improve its thermal performance. Furthermore, according to the study in 2016, 39.5% of the worldwide energy was used to control the temperature in buildings, literature [24], and heat loss in buildings reached 60–80% of the total loss [25,26].



The thermal resistance is a parameter well known to quantify the resistance to heat flux through a brick, i.e., it is one stronger indicator of gain or loss of heat. This parameter is dependent on different effects such as shape, composition, porosity, and dimensions of the brick, which are internal effects, and external effects such as heat source supplied, which can see, for example, conduction, convection, or radiation, or yet a combination of them [27,28,29]. Other factors must be taken into consideration such as the fluid or solid on the inside and outside surfaces of all building elements, which provide modifications on the thermal conductivity of these building elements, and contribute or not as an insulating effect. The inverse thermal parameter is also called thermal transmittance and it is a measure of how easily heat will move through a wall. In this sense, several studies, namely done in the Faculty of Engineering, University of Porto—FEUP, Portugal [30], improved the geometry of blocks for masonry in a thermal perspective.



Despite the importance and diversity of clay ceramic products as building materials, no work has been mentioned in the literature related to the drying of structural clay blocks (in an industrial scale), including the analysis of the raw material used in its molding and drying performance in terms of an appropriated transient energy analysis and its use as thermal isolation.



So, this work fundamentally aims to experimentally study the drying of industrial ceramic bricks (compensator 07 (Cincera Ceramics, Santa Rita, Brazil)) in an oven, showing the impact of the drying conditions on the product quality and energy saving on the drying process. Several results of the moisture loss, heating, and volume variations transient behavior, heat transfer, and drying performance are shown. Aspects related to the characterization of the raw material for shaping these products (clay) are also addressed, which gives the research an innovative character. Those blocks can be optimized in terms of thermal performance, which is also a very important topic nowadays where energy savings are one of the first concerns in industry and also in thermal comfort in buildings. The idea is to help industry, specialists, engineers, and other technicians to make correct decisions in projects and design related to this interesting topic.




2. Materials and Methods


2.1. Clay Characterization


Clay is the raw material used in the manufacture of ceramic bricks produced by a company, located in the city of Santa Rita, Paraíba State, Brazil (see Figure 1).



Before characterizing the clay, the material samples were dried in an oven at 100 °C for 24 h, and then fragmented in a hammer mill and separated using an ABNT No. 200 mesh sieve (0.074 mm). Then, the sieved clay samples were packed in plastic bags and placed in closed plastic containers, to avoid “re-humidification”. Immediately after these steps, the clay was characterized, in terms of chemical, mineralogical, granulometric, thermal, and gravimetric analysis.



2.1.1. Chemical Analysis


This test aims to determine the chemical composition of a raw material, providing the oxide present percentages and the fire loss values.



In this research, the clay sample was subjected to chemical analysis by X-ray fluorescence in EDX 720 equipment (Shimadzu Corporation, Tokyo, Japan). The X-ray fluorescence spectrometer semi-quantitatively determines the elements present in a given sample, by applying X-rays to the sample surface and subsequently analyzing the emitted fluorescent X-rays. The generation of X-rays is done through a tube with Rh target.




2.1.2. Mineralogical Analysis (by X-ray Diffraction)


It corresponds to one of the main characterization techniques. Plus, being possible to determine the unit cell parameters and points of symmetry, it enables the identification of the minerals present and their functions, and allows to evaluate the crystallographic characteristics of these minerals.



The X-ray diffraction equipment is basically an X-ray emitting tube, with a circular chamber, where the sample is located (goniometer), and a detector that receives the diffracted rays. The test consists of placing an X-ray beam (of known wavelength), on a thin layer of dust, which rotates in the center of the goniometer. Consequently, the beam diffracts and reflects at angles that are characteristic of the crystalline reticule, obtaining the corresponding diffractogram.



When characterizing clay minerals, the use of the X-ray diffraction technique is even more indicated, since the chemical analysis indicates the chemical elements present in the material, but not the way these elements are connected. Another advantage is that the diffractogram has a large number of peaks, which facilitates identification, especially in the case of mixtures, where some peaks can be overlapped.



With the characterization of the clay and the determination of its properties, it is easy to evaluate the improvements that must be made to change one or more properties of the ceramic body, which can cause substantial improvements in the properties of the final product. The analysis by X-ray diffraction of the clay sample, in dry form, was carried out with XRD 6000 equipment (Shimadzu Corporation, Tokyo, Japan). For this, Kα of Cu radiation (copper), electrical voltage of 40 kV, and electrical current of 30 mA were used. The goniometer speed was 2°/min and a step of 0.02°.




2.1.3. Particle Size Analysis


The granulometric analysis by laser diffraction uses the method of dispersion of particles in liquid phase associated with an optical measurement process through laser diffraction. In this method, the proportional relationship between laser diffraction and particle concentration and size is combined. It is a characterization technique widely used in several industrial sectors due to its operation simplicity, speed, and breadth of reading.



To perform the granulometric analysis, the clay was subjected to a laser diffraction test in a CILAS 1064 LD (2007) granulometer (Cilas, Orleans, France). The sieved sample was dispersed in 150 ml of distilled water with the deflocating sodium hexametaphosphate in the proportion indicated by the ABNT standard (Brazilian Association of Technical Standards).



The dispersion was prepared using a Hamilton Beach N5000 shaker (Hamilton Beach, Glen Allen, Virginia, USA) operating at a speed of 17,000 rpm for 20 min, followed by a 24-hour rest. After this period, the dispersion was again stirred for 5 min and placed in the CILAS model 1064 equipment, in wet mode, until reaching the ideal concentration of 150 diffraction units/area of incidence.




2.1.4. Differential Thermal (DTA) and Thermogravimetric (TGA) Analysis


It encompasses a series of techniques in which the physical properties of a substance and/or its reaction products are continuously measured as a function of temperature in a controlled thermal cycle. In Brazil, the differential thermal analysis (DTA) is often used in the study of clays, aiming mainly at the identification of the clay minerals present. This technique allows to observe the transformations that generate energy exchanges, due to physical or chemical phenomena. These energy exchanges can be endothermic (when heat absorption occurs) or exothermic (when heat is released). For each energy exchange, a peak appears on the graph and, according to the temperature of these peaks and their direction, the mineral, or the transformation that occurred with the sample, can be identified. Thus, the existence of minerals essential to the clays and which influence the final properties of the piece are identified.



Thermogravimetric analysis (TGA), on the other hand, determines the mass loss or gain that a sample suffers as a function of temperature and/or time. In this technique, the sample is heated in a controlled manner, to a predetermined temperature, with constant speed. This method of analysis complements the differential thermal analysis by distinguishing between reactions where mass loss occurs and reactions where it does not.



The differential thermal (DTA) and thermogravimetric (TGA) analyses of the samples were performed on BP Engenharia Model RB 3000 equipment (BP Engenharia, São Paulo, Brazil), operating at 12.5 °C/min and temperature of 1000 °C. The standard material used in the DTA tests was calcined aluminium oxide (Al2O3).





2.2. Kiln Drying Experiments


In order to verify the influence of temperature and relative humidity, on heating, moisture loss, and product dimensions, oven drying experiments were carried out. The clay ceramic product used in the experiments was compensator 07 (Figure 2). The green materials used in the experiments have average dimensions of 142 mm3 × 301 mm3 × 200 mm3.



Before the samples (compensator 07) were placed in the oven, several product measurements were made, such as: width, length, height, diameter of the hole, and width and height of the rectangular holes (digital calliper with accuracy of 0.01 mm); mass (digital scale with an accuracy of approximately 1 gram); and temperature (infrared thermometer with scale from −50 °C to 1000 °C). In addition, temperature and relative humidity measurements of the drying air and ambient air outside the oven were made (digital thermohygrometer).



Then, the samples were taken inside the oven with mechanical air circulation and a digital temperature controller. In this process, the internal temperature of the stove was fixed at the desired value (50–100 °C) through the temperature controller. At pre-defined intervals, the sample was removed from the oven, making it possible to measure its temperature, mass, and dimensions.



The measurements were carried out at intervals of 5 min, 10 min, and 30 min, with 6 measurements each, for all pre-defined temperatures. Then, with an interval of 60 min until the dough was constant. Immediately after, the sample was subjected to drying for 24 h, at the same drying temperature, to obtain the equilibrium mass, and then for another 24 h at a temperature of 100 °C, to obtain the mass of the product completely dry.



Figure 3 illustrates the specimen model used in the experiments, with 3D and 2D images. Figure 4 illustrates a compensator scheme, indicating the point where the temperature on the compensator surface was measured, and the coding of the dimensions of the ceramic product used in the experiments.




2.3. Auxiliary Parameters


Supplementary calculations were developed, before and after drying all samples, to determine some important parameters, based on the dimensions, mass, and temperature of the ceramic block.



	(a)

	
Mass of water







The amount of water obtained in each compensator (ma) and in each measurement time, was based on the value of the initial mass of the compensator (mo) and the mass of the completely dry compensator (ms), as follows:


   m a  =  m o  −  m s  .  



(1)







	(b)

	
Moisture content







The determination of the moisture content (on a dry basis) of the compensator (M) was carried out based on the value of the mass of each compensator in time (mt), and of the dry mass of the compensator (ms), as follows:


  M =    m t  −  m s     m s    .  



(2)







The determination of the instantaneous dimensionless moisture content of each compensator (M*) was performed based on the value of the moisture content (M), the equilibrium moisture content (Me), and the initial moisture content (Mo), as follows form:


   M *  =   M −  M e     M o  −  M e    .  



(3)







	(c)

	
Dimensional temperature







The determination of the instantaneous compensator temperature (θ*) was performed based on the temperature value as a function of time (θt), equilibrium temperature (θe), and initial temperature (θo), as follows:


   θ *  =    θ o  −  θ t     θ o  −  θ e    .  



(4)







	(d)

	
Volume







The determination of the compensator 07 volume was carried out from the total volume (VT) and the holes’ volume (VF), as described in Equation (5):


  V = VT − VF ,  



(5)




where:


  VT = A × L × C ,  



(6)






  VF = 4 × VFC + 12 × VF 1 + 2 × VF 2 + 4 × VF 3 + VF 4 ,  



(7)






  VFC = C ×  (  π  D 2  / 4  )  ,  



(8)






  VF 1 = C × CF 1 × LF 1 ,  



(9)






  VF 2 = C × CF 2 × LF 2 ,  



(10)






  VF 3 = C × CF 3 × LF 3 ,  



(11)






  VF 4 = C × CF 4 × LF 4 .  



(12)







	(e)

	
Relative humidity of drying air







The determination of the relative humidity (RH) of the drying air at different temperatures was made based on the average temperature and humidity of the ambient air outside the oven using the CATT® computational software (CATT, Gothenburg, Sweden).



Table 1 presents a summary of the experimental parameters for air and compensator 07. For drying air inside the oven, temperature, relative humidity, and speed are shown. For compensator 07, the initial and final moisture contents, initial and final temperatures, and drying time are presented.




2.4. Drying Performance and Specific Energy Consumption


In order to evaluate the drying performance and specific energy efficiency of the process, some parameters were calculated at each time interval between two measures of mass and temperature of the clay block along the drying process. These include, the latent heat used to water evaporation (QL), the sensible heat used to heat the industrial block (QS), the total energy received by the industrial block (ET), the total heat flux received by the industrial block (QT), the specific moisture removal rate (SMR), the moisture removal rate (MR), and the specific energy consumption (SEC). They are the indicators of the drying process performance, which depend on the drying air conditions, and are given as follows:


   Q S     ( J )  =  m s   c P  Δ T ,  



(13)






   Q L     ( J )  =  m  wev    h  fg   ,  



(14)






   E T     ( J )  =  Q S  +  Q L  ,  



(15)






   Q T     ( W )  =    E T    Δ t   ,  



(16)






  SMR    (    kg   kWh    )  =    m  wev      E T    ,  



(17)






  MR    (    kg  h   )  =    m  wev     Δ t   ,  



(18)






  SEC    (    kJ   kg    )  =    E T     m  wev     .  



(19)




where mwev represents the mass of evaporated water, cp is the specific heat capacity, hfg is the latent heat of water evaporation, and Δt corresponds to the time intervals between two consecutive measures. A robust and comprehensive discussion of SMR, MR, and SEC transient values obtained in the experiments will be provided in the Results and Discussion section.





3. Results and Discussion


3.1. Clay Characterization


3.1.1. Chemical Analysis


After analysis, the chemical composition of the ceramic mass used in the molding of the ceramic blocks showed the following percentages: SiO2, 57.533%, Al2O3, 23.426%, Fe2O3, 8.887%, K2O, 3.211%, MgO, 2.653%, CaO, 2.337%, TiO2, 1.126%, BaO, 0.338%, SO3, 0.222%, MnO, 0.136%, P2O5, 0.700%, SrO, 0.400%, Rb2O, 0.160%, ZnO, 0.014%, and C, 0.000%.



Analyzing the results, it appears that the clay has high levels of silica and alumina, in accordance to the literature. These components are mostly combined, forming aluminosilicates such as muscovite mica and kaolinite. These percentages are typical of kaolinite clay, influencing the clay impurity.



Because of the large amount of silica present in the clay, it can be said that the raw material has a large amount of non-plastic material, increasing the porosity of the compensator. Free silica in clay causes a reduction in plasticity and volumetric shrinkage.



Color is an important property of clay products. Several factors determine this color, but iron is usually its main determinant. The color of a clay product is influenced by the oxidation state of iron, the size of iron mineral particles, such as hematite and goethite, the firing temperature, the degree of vitrification, the proportion of alumina and magnesium in the ceramic, and the composition of the gases that come into contact with the material during burning. Ceramics that turn white after firing contain less than 1% Fe2O3. Ceramics that contain between 1% and 5% of Fe2O3 have rosacea color; the red ceramic contains 5% or more of Fe2O3 in its composition [31].



Calcium and magnesium oxides (MgO and CaO) can act as merges during the firing stage and tend to lower the refractoriness of the clays. They are generally from calcite, dolomite, gypsum, and are rarely found in refractory kaolinite clays. These oxides react with amorphous phases and form crystalline phases that are more stable in the moisture presence [32].




3.1.2. Mineralogical Analysis


The X-ray diffractogram (Figure 5) indicates that the clay consists of the following mineralogical phases: kaolinite (C), quartz (Q), and feldspar (F). Kaolinite is responsible for the development of plasticity when mixed with water. Quartz is responsible for the increase in porosity and the degree of hardness, thus decreasing the volumetric variation, moisture content, and plasticity. Feldspar increases the strength and durability of ceramics. In addition to clay minerals, clay can contain several impurities, such as: micas, iron and aluminum oxides and hydroxides, organic matter, and non-crystalline or amorphous chemical compounds.



Furthermore, quartz is considered the main impurity present in clays and acts as a non-plastic and inert raw material during firing. Gibsite provides increased refractoriness of clays and loss of mass during firing. The material’s refractoriness allows the acquisition of the characteristic of withstanding high temperatures, without deforming or melting. Goethite represents the content of iron present in the clay mass. Muscovite mica is a mineral that presents lamellar morphology and can cause defects in the ceramic [31].




3.1.3. Particle Size Analysis


Table 2 summarizes the values of the particle size distribution of the studied raw material. Analyzing these values, it appears that the clay has in its composition, high levels of silt and sand (81.6%) and a fraction of clay of 18.4%. The average particle diameter was 13.36 μm.



Figure 6 shows the particle size distribution curve for the clay. After analyzing this figure, a large concentration of particles around 2–100 μm can be observed. The graph shows values of D10, D50, and D90 of 1.06 μm, 9.20 μm, and 33.60 μm, respectively.




3.1.4. Thermal and Gravimetric Analysis


Figure 7 illustrates the thermo-differential and thermogravimetric curves of the studied clay, that is, the temperature variation and moisture loss as a function of temperature. Analyzing the curve of the differential thermal analysis (TDA), an endothermic peak is verified at 120 °C, characterized by the loss of free water; an exothermic band between 200 °C and 500 °C, characterized by the loss of organic matter; an endothermic peak at 547 °C characterized by the presence of hydroxyl, and a small variation between 900 °C and 1000 °C, due to the mullite nucleation.



Regarding the thermogravimetric curve (TGA), there is a loss of mass around 2%, corresponding to free water, between 0 and 170 °C; about 4% of organic matter, between 170 °C and 510 °C, and loss of 2% of hydroxyl, approximately, between 510 °C and 1000 °C.





3.2. Kiln Drying of Industrial Compensators


3.2.1. Drying and Heating Kinetics


Figure 8 illustrates the behavior of the moisture content and dimensionless temperature of the product, throughout the drying process. When analyzing the results, it appears that moisture loss and temperature rise on the surface of the ceramic block are higher in the initial 120 min of the process, and that the reduction in humidity occurs more slowly compared to its heating. The rate of humidity variation is directly influenced by the drying conditions, being directly proportional to the temperature of the drying air and inversely proportional to the process time. It was found that the higher the temperature, the greater the moisture loss and the shorter the total drying time until the sample reaches its hygroscopic equilibrium condition.



However, very high temperature and lower relative humidity can have negative effects on drying. As the temperature in the sample fence is higher than inside the ceramic block, high water and thermal stresses can be generated inside the sample, making the appearance of cracks and deformations. These defects, generated by humidity and temperature gradients, can cause unacceptable tension and compression stresses, which drastically reduce the quality of the product at the end of the process [16,17,18,19,33,34].




3.2.2. Volumetric Variation Kinetics


The geometric shape also influences the drying kinetics. When the material is poured, the drying air has a better circulation inside it. Thus, the water contained within the material migrates to the surface more quickly, and the heat diffuses in the material in the opposite way, from the surface to the center of the material.



Figure 9 illustrates the transient volumetric retraction suffered by the samples in relation to their initial volume, due to the loss of moisture and heating during the drying process. Analyzing the results, there is a strong variation in the dimensions of the solid in the first 50 min of drying, tending to a constant value for long times. In addition, it is possible to observe the non-uniformity in the volumetric shrinkage, due to the pieces’ expansion and contraction, mainly in the final drying stages (t > 100 min). Similar behavior has been reported in the literature [16,34].



Table 3 shows the dimensions of the external parameters of the samples, before and after drying, and the absolute and percentage variations.



The compensator volume varies, on average, 15.4%, with the greatest variation for a temperature of 80 °C (20.7%), due to cracks arising during the process. The width had a greater percentage variation (4.6%) in relation to the length and height, due to the amount of empty spaces (holes). Regarding the moisture content, when the temperature increased, there was an increase in the water removed from the product, reaching 100% of lost water (completely dry ceramic block), when using a drying temperature of 100 °C.



Table 4 presents the samples internal parameters dimensions before and after drying and their variations.



After analyzing this table, a length variation between the holes of 4.33% is observed, having, on average, its greatest variation for a temperature of 60 °C. This variation was caused by the deformations that arose during the drying process for all pre-established temperatures. Its greatest variations occurred in the largest dimensions (holes 2 and 4), with an average variation of 7.06%.



Figure 10 illustrates the industrial ceramic block during the drying process for a temperature of 50 °C, in three different times (at the beginning of the drying process, t = 0 min; in an intermediate stage of the drying process, t = 30 min, and at the end of the drying process, t = 1170 min).



Analyzing the figure, it is noticed that at the beginning of the process, there are no cracks, appearing small cracks during the process and, apparently, disappearing in the final stage of the process. However, as the temperature increases, the cracks become more visible.



Figure 11 illustrates the samples during the drying process (t = 0.30 min and t = 750 min) for a temperature of 100 °C. It is noticed in this test that cracks appear more frequently than in cases where the drying temperature is lower, showing that drying at a constant high temperature results in a defective material.



In general, it is clear that when drying is done very quickly, the water removed from the product is uncontrolled, which can cause structural damage such as cracks, deformations, warping and, consequently, a great loss of the product. In the first minutes of the process, cracks appear for all pre-established temperatures. After a certain amount of time, these fissures start to disappear, apparently, but in practice they only diminished.



The outer and inner layers of the product dry faster than the center, contracting first, producing a reduction in the body dimensions and consequently in its volume. This reduction in volume corresponds, in some cases, exactly to the loss of water by the evaporation process. However, the heat transfer also influences the process, increasing the body volume, thus alternating the value of this parameter for long drying times, where the volumetric contraction of the material, due to the loss of water is practically insignificant.




3.2.3. Drying Performance


In this research, three parameters (SMR, MR, and SEC) were determined from the evaporated water amount and energy received by the clay block during in the experiments, in order to verify drying performance. In essence, the MR parameter is equivalent to the moisture removal rate (drying rate).



Figure 12 illustrates the effects of drying conditions on the SMR (kilograms of evaporated water per kilowatt-hour), MR (kilograms of evaporated water per hour), and SEC (kilojoule per kilograms of evaporated water) parameters during the drying process of the clay ceramic blocks. From the analysis of these figures, it is clear that the drying conditions affect these parameters. It can be seen that the SMR increases in the few minutes of the process and decreases as a function of the time, especially for higher air temperature and lower relative humidity. The highest and lowest SMR obtained were 1.55 kg/kWh (80 °C, 270 min elapsed time) and 0.58 kg/kWh (70 °C, 5 min elapsed time), respectively, as shown in Figure 12a. Similar transient behavior was verified for the MR parameter. The maximum value of the MR parameter achieved in the experiments was 0.444 kg/h (100 °C, 90 min elapsed time) as shown in Figure 12b. Unlike the SMR and MR parameters, the SEC parameter showed an increased behavior as a function of the time, reaching highest value of 6190.24 kJ/kg (70 °C, 5 min elapsed time) and lowest value of 2308.06 kJ/kg (90 °C, 80 min elapsed time), as shown in Figure 12c, during the drying.



Furthermore, by analyzing other thermal parameters, it was verified that the highest instantaneous latent heat used for water evaporation and total energy received by the clay block obtained in the experiments were 195.40 kJ (330 min elapsed time) and 203.89 kJ (120 min elapsed time), respectively, in T = 50 °C, and 243.49 kJ (150 min elapsed time) and 396.32 kJ (120 min elapsed time), respectively, in T = 100 °C. The highest instantaneous heat flux used for water evaporation and heat the clay block were obtained in the few minutes of drying: 0.21 kW (T = 50 °C) and 0.44 kW (T = 100 °C), both at 5 min elapsed time.



Table 5 summarize all drying performance parameters based on their arithmetic mean. By analyzing the obtained results, it can be seen that, almost all parameters increase with increased temperature, except the SMR parameter, which showed a decreasing behavior as the air temperature is increased. It can be verified that the latent heat ranged from 92.4% (50 °C) to 76.9% (100 °C) of the total energy received by the clay block. Since that a high SMR value indicates that the drying process is efficient (higher energy performance) and has lower energy consumption, a high MR value indicates that the drying process is faster (lower drying time) and can provoke lower product quality (see Figure 11), and high SEC value indicates that the drying process is less efficient (lower energy performance) and has higher energy consumption, it can be noticed as the best drying condition: temperature 80 °C and relative humidity 5.0%, in the range of drying conditions established in this research. The beneficial effect due to the moderated temperature and relative humidity is related to the moderate drying rate and energy saving, thus, resulting in good quality and low cost of the clay product. It obvious that other better drying conditions can be analyzed, for example, high relative humidity and temperature, however, the total drying time is increased.



According to literature, in the brick production, the energy consumption is very high, ranging from 0.54 MJ/kg to 3.14 MJ/kg, depending on the efficiency of the kiln and type of fuel used for heat production. Unfortunately, it is the firing and drying processes which are responsible for the largest part of the energy consumption [3,35]. Then, it is obvious that the results obtained in this research are in concordance with the literature.






4. Block Thermal Behavior for Applications in Buildings


The ceramic sector needs interesting solutions that can be optimized in terms of thermal behavior and mechanical performance. The industrial ceramic block described and studied here is commonly used in construction and particularly in Brazil. Then, innovative research in this area is of paramount importance.



In view of the comments cited in the text, one question can be formulated. Is a good thermal insulator, the brick studied in this research? In general, clay brick has better insulating capabilities than other building materials. In addition to these comments, the building element studied is this research presents good thermal characteristics, which can help to reduce heat transfer through it. For example, it presents good mechanical performance and increased mechanical resistance, and it can help maintain the interior temperature of the building approximately constant in summer or winter days and, thus, increase thermal comfort (better thermal insulation efficiency). Thus, it can be used as an excellent alternative for building construction.



It can be said that the blocks here presented, Figure 2, Figure 3, Figure 4, Figure 10 and Figure 11, display air cavities that will contribute to a better thermal performance. It can be noticed that, despite the need of thermal isolation for accomplishing thermal standards U-values (sometimes referred to as overall heat transfer coefficient or thermal transmittance), in several countries and climates, there are some places where, considering the stable and moderate climate (as an example some places in Brazil), the optimized blocks can be adequate to guarantee a good thermal performance.



In this sense, some technical and economic benefits of the clay block here studied, which means lower building costs, are cited below:




	(a)

	
Low thermal transmittance and high thermal resistance due to the original shape of the brick, which includes different cavities (holes and rectangular prisms). However, we state that results related to these parameters were not effectively obtained and will be subject of new research;




	(b)

	
Low porosity, so, the brick has low water absorbability, thus reducing many troubles due to negative environmental action (for example, rain and wet soil);




	(c)

	
The brick was constructed by extrusion. Because of the shape of the brick, it is possible, for example, to fill the external void space with air or another isolating material, and thus, to reduce thermal transmittance easily.









It is very useful to reduce extreme heat transfer due to action of a thermal sink. When the appropriate procedure is used, the brick slowly releases the stored energy over a long time. The net result is that the temperature within the building remains almost stable within a comfortable thermal condition, so, avoiding the occupant’s desire to turn on the air conditioning system. Adequate designing and constructing of an energy efficient building can substantially minimize the amount of energy consumed. One strategy is to incorporate different isolating materials (especially that lighter weight) into the void space (holes) of the brick. Some isolating materials such as mineral wool or polystyrene beads can be used, however, if the wall has a risk of flooding, polyurethane foam may sometimes be used [24]. Besides, larger cavities are more suitable for moisture drainage and drying as extreme climate conditions are applied, so, the material studied here is in consonance with this issue.



The added thermal materials have as the main characteristic, to absorb thermal energy from the sun during the day and to emit it out as the temperature drops in the night, and it becomes highly effective at regulating temperatures within the building. The idea is to obtain a new brick of higher thermal and mechanical performance. This way, a perfect combination of materials is obtained, which will demonstrate a significant contribution to research and innovation in the building construction sector. As a result of this procedure, we have modern construction (low-energy demand) and passive building, increase in the energy efficiency of the composed material; lower production costs, space savings, increased compression strength of the bricks, and sometimes sound propagation reduction through it. This procedure becomes more useful, especially is situations no brickwork on the outside of the building, as for example, cement plaster.




5. Conclusions


Analyzing the experimental data of clay characterization and drying of industrial ceramic blocks, it can be concluded that:




	(a)

	
Regarding the chemical, mineralogical, granulometric, thermal, and gravimetric clay characterizations, it was found that:




	-

	
The raw material presents characteristic of red clay, prevailing silica (57.53%), alumina (23.43%), and iron oxide III (8.89%), being basically constituted of kaolinite, quartz, and feldspar, with high silt content (80.09%), a percentage of 1.51% sand, and a fraction of clay of 18.4%.




	-

	
Regarding the thermogravimetric curve of the clay, there was a loss of 2% of mass, between 0 and 170 °C, a loss of 4% of organic matter, between 170 °C and 510 °C, and loss of hydroxyl in temperatures above 510 °C.




	-

	
Regarding the thermo-differential curve of the clay, endothermic peaks were detected due to water loss, at 120 °C, and the presence of hydroxyl, at a temperature of 547 °C.










	(b)

	
Regarding the drying of the ceramic blocks in an oven, it was found that:




	-

	
Drying air parameters such as relative humidity and temperature directly affect drying kinetics and the heating of the wet solid. For lower temperatures and higher relative humidity of the drying air, the rates of drying, heating, and dimensional variations are lower, reducing the risk of defects in the product, post-drying.




	-

	
Drying at high temperatures and low relative humidity of the air, generate high rates of water loss, temperature rise, and volumetric retraction of the ceramic block, which can generally cause the propagation of cracks, which can compromise the quality and the product’s ability to resist to compression stresses when in operation.




	-

	
The product showed an almost linear shrinkage in the first 60 min in all drying conditions, with oscillations for long times, due to the successive heating and cooling of the product, during measurements.




	-

	
The industrial compensator presented a volumetric variation of 15.37%, with a temperature of 80 °C being the greatest variation (20.7%). On average, its moisture content has decreased by more than 99%.










	(c)

	
Regarding the drying performance, it was found that:




	-

	
The major portion of the energy received by the clay block is related to latent heat for water evaporation.




	-

	
The total energy received by the wet clay block increases as the air temperature is increased.




	-

	
Instantaneous SMR and MR parameters have shown decreasing behavior as a function of the time, opposite to the SEC parameter, which increased along the process, in all drying conditions.




	-

	
When the temperature ranged from 50 °C to 100 °C, the average values of the SMR, MR, and SEC parameters ranged from 1.408 kg/kWh, 0.096 kg/h, and 2576.905 kJ/kg to 1.212 kg/kWh, 0172 kg/h, and 3172.534 kJ/kg, respectively.




	-

	
Based on the visual analysis of the brick at different moments of drying, and the SMR, MR, and SEC performance parameters, the best drying conditions recommended are air temperature 80 °C and relative humidity 5.0%.
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Figure 1. “In natura” clay. 
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Figure 2. View of the sealing block used in the test: (a) side; (b) top. 
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Figure 3. Compensator 07 images: (a) 2D; (b) 3D. 
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Figure 4. Scheme of compensator 07 showing its dimensions. 
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Figure 5. Mineralogical analysis of the sample used in the experiment via X-ray diffractogram, kaolinite (C), quartz (Q), and feldspar (F). 
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Figure 6. Clay particle size distribution. 
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Figure 7. Thermogravimetric (TGA) and thermo-differential (DTA) curves of the ceramic mass as a function of temperature. 
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Figure 8. Dimensional moisture content and temperature of the ceramic block as a function of drying time at different drying conditions: (a) T = 50 °C; (b) T = 60 °C; (c) T = 70 °C; (d) T = 80 °C; (e) T = 90 °C; (f) T = 100 °C. 
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Figure 9. Dimensional volume of the ceramic block as a function of drying time, at different drying conditions: (a) T = 50 °C; (b) T = 60 °C; (c) T = 70 °C; (d) T = 80 °C; (e) T = 90 °C; (f) T = 100 °C. 
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Figure 10. Compensator 07 during the drying process at 50 °C: (a) t = 0 min; (b) t = 30 min; (c) t = 1170 min. 
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Figure 11. Images of compensator 07 during the drying process at 100 °C: (a) t = 0 min; (b) t = 30 min; (c) t = 750 min. 
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Figure 12. Transient behavior of the drying performance parameters for different air conditions: (a) SMR; (b) MR; (c) SEC. 
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Table 1. Air and compensator experimental parameters on drying.
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Test

	
Air

	
Compensator 07




	
T

(°C)

	
RH

(%)

	
v

(m/s)

	
M0

(d.b.)

	
Me

(d.b.)

	
θ0

(°C)

	
θe

(°C)

	
t

(min)






	
1

	
50

	
18.39

	
1.0

	
0.1723191

	
0.002685

	
31.5

	
49.5

	
1170




	
2

	
60

	
12.27

	
1.0

	
0.173163

	
0.001834

	
32.0

	
58.0

	
1050




	
3

	
70

	
7.72

	
1.0

	
0.170186

	
0.001189

	
29.8

	
64.7

	
990




	
4

	
80

	
4.99

	
1.0

	
0.172723

	
0.000826

	
30.5

	
68.6

	
930




	
5

	
90

	
3.56

	
1.0

	
0.167900

	
0.000511

	
27.6

	
76.2

	
930




	
6

	
100

	
2.34

	
1.0

	
0.169366

	
0.000054

	
27.5

	
95.1

	
750
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Table 2. Air and compensator experimental parameters on drying.
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	Sample
	Clay

(<2 µm)
	Silt

(2 ≤ X ≤ 50 µm)
	Sand

(50 ≤ X ≤ 100 µm)
	Average Diameter (µm)





	Clay
	18.4%
	80.09%
	1.51%
	13.36
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Table 3. External geometric and gravimetric parameters of the ceramic block, before and after drying, at different temperatures.
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V

(mm3)

	
A

(mm)

	
C

(mm)

	
L

(mm)

	
M

(kg/kg)

	
V

(mm3)

	
A

(mm)

	
C

(mm)

	
L

(mm)

	
M

(kg/kg)






	

	
T= 50 °C

	
T= 60 °C




	
Before drying

	
3,956,538

	
143

	
303

	
199

	
0.172319

	
3,538,313

	
140

	
302

	
200

	
0.173163




	
After drying

	
3,224,142

	
136

	
289

	
190

	
0.002685

	
3,099,442

	
135

	
289

	
190

	
0.001834




	
Abs. variation

	
732,396

	
7

	
14

	
9

	
0.169634

	
438,871

	
5

	
13

	
10

	
0.171329




	
Variation (%)

	
18.5%

	
4.9%

	
4.6%

	
4.5%

	
98.4%

	
12.4%

	
3.6%

	
4.3%

	
5%

	
98.9%




	

	
T= 70 °C

	
T= 80 °C




	
Before drying

	
3,682,082

	
142

	
300

	
200

	
0.170186

	
3,842,866

	
144

	
300

	
200

	
0.172723




	
After drying

	
3,109,589

	
137

	
288

	
191

	
0.001189

	
3,049,143

	
138

	
287

	
191

	
0.000826




	
Abs. variation

	
572,493

	
5

	
12

	
9

	
0.168997

	
793,723

	
6

	
13

	
9

	
0.171897




	
Variation (%)

	
15.6%

	
3.5%

	
4%

	
4.5%

	
99.3%

	
20.7%

	
4.2%

	
4.3%

	
4.5%

	
99.5%




	

	
T= 90 °C

	
T= 100 °C




	
Before drying

	
3,732,089

	
143

	
300

	
199

	
0.167900

	
3,869,290

	
142

	
301

	
201

	
0.169366




	
After drying

	
3,264,174

	
139

	
288

	
190

	
0.000511

	
3,385,790

	
138

	
291

	
192

	
0.000054




	
Abs. variation

	
467,915

	
4

	
12

	
9

	
0.167389

	
483,500

	
4

	
10

	
9

	
0.169312




	
Variation (%)

	
12.5%

	
2.8%

	
4%

	
4.5%

	
99.7%

	
12.5%

	
2.8%

	
3.3%

	
4.5%

	
100.0%
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Table 4. Internal geometric parameters of the ceramic block, before and after drying, at different temperatures.
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D

(mm)

	
CF1

(mm)

	
LF1 (mm)

	
CF2 (mm)

	
LF2 (mm)

	
CF3 (mm)

	
LF3 (mm)

	
CF4 (mm)

	
LF4 (mm)






	

	
T = 50 °C




	
Before drying

	
14.32

	
15.21

	
33.03

	
73.08

	
75.90

	
37.89

	
24.65

	
30.92

	
62.90




	
After drying

	
14.03

	
15.54

	
33.00

	
70.11

	
73.04

	
36.02

	
24.44

	
29.81

	
60.38




	
Absolute variation

	
0.29

	
0.33

	
0.03

	
2.97

	
2.86

	
1.87

	
0.21

	
1.11

	
2.52




	
Percentage variation

	
2.0%

	
2.2%

	
0.1%

	
4.1%

	
3.8%

	
4.9%

	
0.9%

	
3.6%

	
4.0%




	

	
T= 60 °C




	
Before drying

	
15.77

	
15.20

	
33.75

	
72.94

	
78.00

	
37.26

	
28.91

	
30.58

	
64.23




	
After drying

	
15.67

	
14.62

	
32.77

	
69.99

	
75.17

	
35.50

	
27.45

	
28.60

	
61.60




	
Absolute variation

	
0.10

	
0.60

	
0.98

	
2.95

	
2.83

	
1.76

	
1.46

	
1.98

	
2.63




	
Percentage variation

	
0.6%

	
4.0%

	
2.9%

	
4.0%

	
3.6%

	
4.7%

	
5.1%

	
6.5%

	
4.1%




	

	
T= 70 °C




	
Before drying

	
15.40

	
15.97

	
33.41

	
74.00

	
75.61

	
36.75

	
26.54

	
31.04

	
62.84




	
After drying

	
15.57

	
16.29

	
32.72

	
71.32

	
73.33

	
35.78

	
25.85

	
30.45

	
61.04




	
Absolute variation

	
0.17

	
0.32

	
0.69

	
2.68

	
2.28

	
0.97

	
0.69

	
0.59

	
1.8




	
Percentage variation

	
1.1%

	
2.0%

	
2.1%

	
3.6%

	
3.0%

	
2.6%

	
2.6%

	
1.9%

	
2.9%




	

	
T= 80 °C




	
Before drying

	
15.19

	
15.52

	
33.91

	
74.38

	
74.91

	
35.89

	
26.54

	
31.57

	
63.10




	
After drying

	
15.13

	
15.27

	
33.04

	
71.64

	
71.85

	
35.58

	
25.77

	
30.09

	
61.24




	
Absolute variation

	
0.06

	
0.25

	
0.87

	
2.74

	
3.06

	
0.31

	
0.77

	
1.48

	
1.86




	
Percentage variation

	
0.4%

	
1.6%

	
2.6%

	
3.7%

	
4.1%

	
0.9%

	
2.9%

	
4.7%

	
3.0%




	

	
T= 90 °C




	
Before drying

	
15.27

	
15.57

	
34.82

	
73.94

	
75.13

	
36.81

	
26.17

	
30.77

	
63.19




	
After drying

	
14.97

	
15.30

	
33.64

	
71.28

	
72.77

	
36.17

	
25.77

	
30.60

	
61.10




	
Absolute variation

	
0.30

	
0.27

	
1.18

	
2.66

	
2.36

	
0.64

	
0.40

	
0.17

	
2.09




	
Percentage variation

	
2.0%

	
1.7%

	
3.4%

	
3.6%

	
3.1%

	
1.7%

	
1.5%

	
0.6%

	
3.3%




	

	
T= 100 °C




	
Before drying

	
14.49

	
15.35

	
31.70

	
73.85

	
75.67

	
36.16

	
26.86

	
30.29

	
63.78




	
After drying

	
14.47

	
15.29

	
32.78

	
71.25

	
71.98

	
35.39

	
26.21

	
30.12

	
62.56




	
Absolute variation

	
0.02

	
0.06

	
1.08

	
2.6

	
3.69

	
0.77

	
0.65

	
0.17

	
1.22




	
Percentage variation

	
0.1%

	
0.4%

	
3.4%

	
3.5%

	
4.9%

	
2.1%

	
2.4%

	
0.6%

	
1.9%
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Table 5. Average values of the drying performance parameters for different air conditions.






Table 5. Average values of the drying performance parameters for different air conditions.





	Test
	T

(°C)
	t

(min)
	QS

(J)
	QL

(J)
	QT

(J)
	SMR

(kg/kWh)
	MR

(kg/h)
	SEC

(kJ/kg)





	1
	50
	1170
	5514.759
	67,211.797
	72,726.556
	1.408
	0.096
	2576.905



	2
	60
	1050
	8492.932
	73,992.917
	82,485.850
	1.388
	0.112
	2619.426



	3
	70
	990
	12,737.089
	75,943.850
	88,680.938
	1.300
	0.120
	2891.546



	4
	80
	930
	15,049.773
	79,920.573
	94,970.345
	1.313
	0.137
	2819.680



	5
	90
	930
	18,863.588
	77,187.028
	96,050.616
	1.276
	0.130
	2915.302



	6
	100
	750
	26,155.155
	87,008.158
	113,163.313
	1.212
	0.172
	3172.534
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