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Abstract

:

Coke-making technology utilises two systems for charging the coke oven chambers with coal—a stamp-charged system (stamp-charging) and a gravity charged system (top charging). The presented study examines the impact of selected coal properties on the effectivity of the stamping operation by measuring the bulk density of the obtained stamped coal cake. An empirical mathematical model was developed that allows the forecasting of the coal cake density based on the most frequently assessed coal parameters, such as volatile matter, ash, moisture and particle size parameters, as well as the stamping operation parameter—cumulative stamping energy. The obtained results showed that the density of the stamped coal cake increases with the increase in the stamping energy (53.3 kg/m3 increase, for increase in natural logarithm value of 1), RRSB specific coal particle diameter d′ (6.4 kg/m3 increase, for each 0.1 mm increase in d′), ash content (8.9 kg/m3 increase, for 1% point increase) and moisture content (4 kg/m3 increase, for 1% point increase), and decreases with the increase in volatile matter content (3.82 kg/m3 decrease, for 1% point increase).
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1. Introduction


Despite the development of steelmaking technology, the integrated steelmaking process (BF-BOF) will remain the leading steelmaking process and in the next dozen or so years [1,2,3]. Therefore, the production of coke, which is an essential and necessary raw material for this process, is also of key importance. Currently, coke oven technologies are being developed all over the world to improve the economy and ecology of coke production. The industrial implementation of the coke production process consists of high-temperature degassing of the coal charge without air access in the coke oven batteries. Coke-making technology utilises two systems for charging the coke oven chambers with coal: a stamp-charged system (stamp-charging) and a gravity charged system (top charging). In the top charged system, the coke chambers are filled with the coal blend through gravity. Coal in the tanks located on the charging car is poured into the coking chamber through special openings (charging holes) located in the roof of the battery. In the case of the stamp-charged method, the coal charge (coal cake) is formed in the steel box of the stamping-charging-pushing (SCP) car via a set of stampers and introduced into the coking chamber through a door opening on the machine side of the battery. Due to the increased density of the coal charge in relation to the top charging system (increase by approx. 30–35%), the use of this method enables coke production with enhanced quality of parameters from lower-quality coal blend or obtaining the same quality with an increased amount of inferior coals (sometimes not even coking coals). Additionally, it is vital, due to shortage of the best coking coals on the world market. Therefore, the European Union included coking coal on the list of critical raw materials, due to its importance in the functioning and economic development of the European Union [4].



Hence, effective management of this scarce raw material with the need to maintain the highest possible economic and ecological efficiency of coke production is very important. Therefore, the technological development of the coke-making industry in recent years has been focused on processes that increase the density of the coal charge, including stamp charging technology [5]. Japan, whose coke-making industry is considered to be the most modern in the world, has only recently announced the construction of the first stamp-charged coke oven battery, which will be implemented by JFE Steel Corporation 2025 [6]. A general view of the stamp-charged coke battery is shown in Figure 1.



The main goal in the industrial process of preparation of stamped coal charges is to obtain the appropriate density of the charge, ensuring its trouble-free loading into the coking chamber. This guarantees the proper productivity of the chamber and obtaining coke of uniform, assumed quality. The necessary condition for the use of the stamped charge method is the appropriate compactness and mechanical strength of the charge (coal cake), preventing it from falling apart while filling the chamber (Figure 2). Damage to the coal cake during filling causes considerable operational and environmental difficulties (fugitive emission) and reduces the productivity of the coking chamber. The weight of damaged coal cake usually ranges from several dozen kilograms to several tons. The stamped coal cake should withstand the loads resulting from its own weight; therefore, its maximum height is closely related to its mechanical strength. This is particularly important in the case of batteries with large-capacity chambers (only such types of batteries have been built in recent years), due to the greater height of the compacted charge, and thus its greater weight. Across the literature, there are several reports that examine the influence of certain factors on the obtained density of the coal cake. The final density of coal cake is primarily determined by the cumulative stamping energy and the properties of the coal blend used (crushing fineness, moisture content, properties of coal raw material). Research on the preparation of stamped charge has been conducted in India, Germany, Turkey and Poland. [7,8,9,10,11,12]. This work led to the identification of relevant factors influencing the density of the coal charge. Kuyumcu and Sander [7] proposed an equation that describes the dependence of the charge density on the cumulative stamping energy, the initial density of the coal sample before stamping and its stampability index K. The introduced K index characterizes coal susceptibility to stamping (compaction). An empirical model of the influence of selected factors on the value of the stampability index K was also proposed (including HGI; parameters of the RRSB (Rosin–Rammler–Sperling–Bennett) equation d‘ and n; moisture content). According to the authors, depending on the properties of stamped coal, under the same conditions of the stamping process, different coal cake density and mechanical strength were obtained. Its strength increases linearly with its density. The authors concluded that there is an optimal moisture content (Wopt) for which the stamped coal cake achieves maximum density.



In work described in ref. [10], it was stated that the moisture content in the coal charge in the range of 6.2–12.6% increased, which increased its density by 5.8% in wet basis and by 3.2% in dry basis. When the crushing fineness of the charge was increased (expressed by the content of the grain class <3.2 mm from 80% to 90%), a decrease in charge density from 1195 to 1145 kg/m3 occurred. As the content of the dust fraction <0.5 mm increased from 20% to 70%, a reduction in charge density by 70 kg/m3—from 1190 to 1120 kg/m3 was observed. At a certain stamping energy, a coal cake with a density varying depending on the properties of the coal was achieved. The obtained results allowed the authors to determine seven regression equations that described the dependence of the density of the coal cake on such properties of coal, including volatile matter, ash content, true density and HGI. The coefficients of determination R2 of the individual equations were within the range of 0.71–0.77. According to the authors, an increase in the specific gravity and ash content caused an increase in the density of the coal cake, while an increase in volatile matter and HGI (Hardgrove Grindability Index) resulted in reduced density.



In work described by ref. [11], the influence of selected parameters (i.e., stamping energy, coal type, moisture content and crushing fineness) on coal cake density and mechanical strength was evaluated. It was observed that an increase in the moisture content positively influenced both the wet and dry bulk density of the coal cake. Additionally, for higher rank coals, greater coal cake density was obtained at constant stamping energy. The level of moisture content in coal charge, which provided the maximum strength of cake, was within the range of 8.5–10%. An increase in the density of the stamped coal cake with an increase in moisture content and a decrease in crushing fineness was also noted in work [13]. A positive effect of increased crushing fineness on shear strength was also noted, with the highest shear strength observed for 11% moisture content (regardless of crushing fineness level).



Knowledge about the achieved coal cake density is crucial for the industrial production of coke in stamp-charged coke oven batteries. The importance of this parameter is also evidenced by attempts to measure the achieved density on an industrial scale with the use of various techniques, such as GPR (Ground Penetrating Radar), ultrasound or force sensors [13,14,15,16]. However, they have yet to be implemented on an industrial scale. Currently, drilling rigs are used for measurement, where a specific volume of coal (cylindrical sample) is cut out (from different places of the compacted charge). A coal sample can also be taken by inserting (punching) a cylindrical steel mould with a calibrated volume [13]. The quotient of the mass of the cut coal and the volume of the drilling rig allows to estimate the density. Another approach is to measure the mass of the total compacted coal cake and the volume of the cartridge. Currently, industrial control of the stamped cake is carried out relatively rarely due to its labour-intensive and time-consuming nature.



To the best of our knowledge, there is minimal information in the literature regarding stamped coal cake preparation that would allow the estimation of the impact of the most frequently assessed parameters of the coal blends (by technologists at the coking plant) on coal cake density with relatively good accuracy.



This is particularly important nowadays, due to frequent changes in the composition of coal blends for the production of coke (global coal imports of varying parameters), caused by the limited availability of the best coals. In industrial practice of coal cake preparation, the most frequently assessed parameters of coking blends directed to stamping operation are volatile matter, ash, moisture content and crushing fineness. An appropriate mathematical model taking into account the abovementioned factors would help the technological staff of the coking plant in predicting the influence of the aforementioned parameters of coal on the density, as well as selecting the correct stamping energy depending on the coal blend used. The aim of the presented study was to develop an empirical model in order to predict the final density of the stamped coal cake depending on the properties of the coals used for the production of coke in the stamp-charged coke oven batteries.




2. Materials and Methods


2.1. Coking Coal Analysis


The study examined nine coking coals and two blends of the coals for the production of blast furnace and foundry coke at a Polish coking plants. The physicochemical parameters of the coals and blends were analysed, and the results are presented in Table 1. Ash content (Ad) was determined according to PN-ISO 1171:2002; and volatile matter content (Vdaf) was determined according to ISO 562:2010. Carbon content (Cdaf) was determined according to ISO 29541:2010. The petrographic analysis of hard coals, including a maceral group analysis and determination of the mean random vitrinite reflectance R0, was performed according to ISO 7404:2009. Real density (ρt) was measured using an AccuPyc II 1340 helium pycnometer from Micromeritics (Norcross, NA, USA) (accurate to within 0.03% of reading, plus 0.03% of sample capacity). Hardgrove grindability index (HGI) was determined according to ISO 5074:2015.




2.2. Coal Stamping Tests and Coal Cake Density Evaluation


Stamping tests were performed using a mechanical stamping apparatus (Figure 3). The installation was equipped with a digital shift sensor (optoelectronic) that enabled the control of the current coal cake height and the stamper drop height (accuracy: 0.01 mm). A weighted portion of coal was charged into the cylindrical mould (with diameter of 95 mm) and then compacted via a series of stamper dropping. Cumulative stamping energy was calculated from the potential energy of the stamper according to the Equation (1):


  E =    m s  × g ×  h s  ×  n s    /  m c     



(1)




where:




	
E—cumulative stamping energy, J/kg (dry coal)



	
ms—mass of stamper, kg



	
 g —acceleration of gravity, 9.81 m/s2



	
hs—height of stamper drop, m



	
ns—number of stamper drop, -



	
mc—mass of stamped coal, kg










[image: Energies 15 09440 g003 550] 





Figure 3. Mechanical stamping apparatus equipped with a digital shift sensor. 






Figure 3. Mechanical stamping apparatus equipped with a digital shift sensor.
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The volume of the obtained coal cake was determined based on its diameter and height. The bulk density of the coal charge was determined from the quotient of mass and the volume of compacted coal. The dimensions of the stamped coal cakes were determined using a digital caliper (average of three measurements; accuracy: 0.01 mm). The weight of the stamped coal cake was determined using a laboratory balance (accuracy: 0.1 g).



The research was carried out using variable conditions similar to those used in industrial practice. The tests were conducted on each coal and two blends with a variable cumulative stamping energy of c.a. 150–1500 J/kg, moisture content of 8–12%, and crushing fineness of <3.15 mm 89–99% (RRSB d′ 0.46–1.1; n 0.65–0.97). In order to identify the quantitative influence of the coals properties on the coal cake density, statistical analysis was performed using multiple linear regression. Statistica 13.3 software by TIBCO (Palo Alto, NA, USA) was used for the analysis. In order to increase the accuracy of the model, due to the logarithmic nature of the impact of stamping energy known from previous works [10,11], it was decided to log the value of the cumulative stamping energy—the natural logarithm was used. Cumulative stamping energy, grain size distribution parameters of RRSB function (d′ and n), volatile matter content, and moisture and ash content were assumed as the independent variables (predictors), while the coal cake density (dry basis) was the independent variable.





3. Results and Discussion


The properties of selected coals are presented in Table 1. The selected coals reflected the types of coals used in the coke-making industry and were characterised by a wide range of volatile matter content, i.e., from 16.9% for coal no. 1 to 31.9% for coal no. 5. The ash content ranged from 4.9% (for coal no. 7) to 9.9% (for coal no. 3). The real density of coals was within a relatively narrow range, but it was well correlated with the volatile matter content in coal (Figure 4). A similar correlation was observed for HGI value. The higher the volatile matter content, the lower the grindability (higher structural hardness), which was expressed by the HGI value. These observations were generally consistent with the literature data [17,18,19,20,21,22].



Examples of the results of the influence of the cumulative stamping energy on the obtained coal cake density (dry basis) are presented in Figure 5. In industrial practice, it is assumed that the coal cake density at the level of 1000 kg/m3 (dry basis), in the absence of other operational disturbances (incorrect operation of battery machines, excessive vibrations, etc.), is sufficient to ensure efficient and trouble-free loading of the coking chambers. In the case of Indian coking plants, the coal cake density is usually higher, as these use coal with a high ash content (mineral matter).



In terms of the established technological parameters of the process (moisture content and grain size), the main factor determining the mechanical strength of the coal cake is the stamping energy (the accumulated energy transferred to the coal cake in the stamping operation). Under operational conditions, the change in the stamping energy is primarily associated with the change in the time of the stamping operation, and the function of the increase in density depending on the stamping energy performed is logarithmic. The logarithmic nature of the effect of stamping energy is consistent with the results obtained in other studies [7,10,11].



Coal grains under the influence of energy transmitted by the stamper at the moment of impact moved in relation to each other, successively filling the inter-grain spaces, creating a tightly packed bed. The movement of grains between themselves was facilitated by surface moisture, which minimised the forces of friction between particles. At the beginning of the stamping operation, the observed increase in density was more intense. As the density increased, and hence the degree of filling of the coal bed increased (defined as the ratio of the charge density to the actual coal density), the force (energy) necessary for further reorganization of the coal grain increased, causing a reduction in the intensity of the density growth.



The results showed that depending on the coal used, the achieved coal cake density at a specific level of the stamping energy performed differed significantly. The data on the chart clearly showed that, for some coals, the density at the level of 1000 kg/m3 was achieved at the energy of 350–400 J/kg, whereas in some cases the energy level of 1500 J/kg is insufficient. In practice, this would mean a significant extension of the stamping time and the associated increased energy consumption. In addition, a sufficiently short stamping time is necessary to ensure the proper schedule of servicing the coking chambers. For nominal battery operation, the handling time of a single oven chamber usually does not exceed 20 min (including opening the oven door, operating the ascension pipes of collecting main, pushing out the coke, cleaning the door frames, closing the door or driveway to the coal tower in order to load the coking blend). In industrial applications, single-component coals are rarely used for the production of coke. As a rule, multi-component coal blends are used; therefore, the situation described above would be an extremely rarely event. Nevertheless, the recipes for the production of different types of coke differ significantly. Foundry coke blends are characterised by a higher proportion of coals with a low volatile matters content than blends intended for blast furnace coke. In turn, blends for the production of industrial and heating coke contain a lot of coals with a high content of volatile matters. As a result, in practice, at a certain level of stamping energy, the final density of the coal cake may be different.



Based on the statistical analysis, an empirical model was developed, which facilitated the presentation of the impact of individual factors (parameters of the charge) on the density of the charcoal cake. The developed model is presented in Equation (2).


   ρ d  = 623.95 + 53.33 × ln  E  − 3.82 ×  V  daf   + 8.89 ×      A   d  + 63.26 ×    d   ′  − 31.13 × n + 3.99 ×  W t r     



(2)




where:




	
ρd—stamped coal cake density, kg/m3 (dry basis)



	
E—cumulative stamping energy, J/kg (dry coal)



	
Vdaf—volatile matter content (dry ash free basis), %



	
Ad—ash content (dry basis), %



	
d′—specific diameter of coal particle (RRSB), mm



	
n—distribution parameter RRSB, -



	
   W t r   —total moisture content, %.








The statistical significance of the obtained model was verified by the Fisher–Snedecor method. The significance of individual coefficients of the model was verified using the student’s t-test. Detailed data for both analyses are presented in Table 2. The value of the F test of the developed model was F = 670.7, with the critical value of the test FCR (0.05; 6; 378) = 2.12, which proved the statistical significance of the obtained equation at the significance level α = 0.05 (95% confidence level). The statistical significance of individual model coefficients is evidenced by p values significantly below 0.05 (the assumed significance level). The coefficient of correlation and determination of the obtained equation were R = 0.956 and R2 = 0.914, respectively, and the average standard error of density forecasting based on the model was 14.2 kg/m3, which was approx. 1.4% (at a density of 1000 kg/m3). This confirmed that the model was a very good fit. The comparison of the predicted and experimental values is presented in Figure 6.



The developed model was utilised for easier interpretation of the influence of individual variables (parameters of the coal charge) on the density of the stamped coal cake due to the possibility of assuming a specific level of other variables (fixed values) that also influence the density where their mutual interactions could impact each other. Therefore, the data calculated by the model (2) were used to graphically present the impact of individual variables. Figure 7 shows the effect of the volatile matter content on the density of the stamped coal charge at different stamping energy. A decrease in the density of the stamped coal cake was observed with increasing volatile matter content, for a given value of the stamping energy. In general, the discussed relationship was consistent with that described in the literature, in which, for coals differing in the volatile matter, higher density was achieved for coals with a lower content [7,10,11]. Moreover, due to the specific feature of the coefficient of the regression equation, it is possible that for each 1% point of increase in the volatile matter content in coal (coal blend) there was a 3.82 kg/m3 decrease in the density of the compacted charge. In addition, the obtained results show that an increase in the natural logarithm value (of the stamping energy) of 1, resulted in an increase in density by approx. 53.3 kg/m3.



The decrease in density with an increase in the content of volatile parts may be caused by several factors, i.a., a decrease in the actual density of coal grains with increasing volatile parts (confirmed by the data shown in Figure 4), and changes in the mechanical properties of coals expressed, for example, by their lower grinding susceptibility and by surface properties. The effect of the real density was most obvious, where a higher density of the coal particles automatically resulted in a higher density of the coal cake made of these particles. As the degree of coalification increased (decrease in volatile matters), the aromatisation of the carbon structure increased and the number of oxygen and aliphatic cross-linking bonds decreased. The aforementioned phenomenon has an impact on the mechanical properties of the carbonaceous substance (structure flexibility, susceptibility to deformation). Coking coals with a lower degree of coalification (higher volatile matters content) are usually characterised by a lower grindability (HGI), which is related to the aforementioned changes in their structure [16]. The mechanical properties are also influenced by the content and chemical composition of the mineral matter and the petrographic composition [18,23]. Comparable to the grinding process, during the stamping operation, the coal grains are subjected to mechanical impact. At the moment of impact, the coal grains undergo elastoplastic deformation [7]. In the case of coals with greater susceptibility to deformation (coals with lower volatile matter content), the grains of the coal may crumble, thereby gradually filling the inter-grain voids, leading to elevated density of the coal cake. This phenomenon in the case of coals with a lower degree of coalification (higher content of volatile matter) may occur to a lesser extent, resulting in lower density. As a result of a higher content of oxygen groups in coals with a higher content of volatile parts, their wettability is greater [24,25], which may also affect the strength of inter-grain interactions (liquid bridges, capillary forces), and in turn affect the coal grains’ reorganization process.



It should be noted that with the fixed moisture content of the charge and fixed stamping energy, the density of the coal cake increased with an increasing in the specific diameter d′ value. i.e., with a decrease in the crushing fineness of coal (Figure 8). This phenomenon was probably caused by a decrease in the outer surface of coal grains (with increasing d′), which consequently promoted a decrease in the number of inter-particle contacts, as well as in the resistance of grains to move between themselves. This resulted in easier reorganisation of the coal grains and in increased density. According to the results, for every 0.1 mm increase in the specific diameter d′ value, there was approx. 6.4 kg/m3 increase in density.



Figure 9 shows the effect of the total moisture content on the obtained density of the stamped coal cake. Water in the coal charge acts as a “lubricant” reducing the forces of friction between coal particles during the process of its densification process and the “binder”—i.e., it ensures adequate mechanical strength of the compacted coal cake [7,13,22]. This is due to the occurrence of water bridges between the moistened grains of the coal cake. The increase in total moisture content in the studied range resulted in a slight increase in the density of the stamped coal cake (dry basis). For each 1% point of increase in moisture, an approx. 4 kg/m3 increase in the density of the stamped cake was observed. However, excessive addition of moisture should not be a viable method of increasing the density due to its negative impact on the thermal balance of the process, which requires greater energy consumption for the evaporation of moisture. Additionally, excess moisture could negatively affect the refractory lining of coke oven battery chambers, causing their excessive cooling in the first phase of the coking cycle, directly after loading the coking chamber with coal blend. This could result in the formation of cracks and micro-cracks, which could lead to premature wear of the battery’s refractory lining, generation of additional operating costs (repairs) and, consequently, a shortened lifetime of the coke oven battery. From a practical point of view, an appropriate moisture content level should be kept to ensure the proper mechanical strength of the stamped coal cake. The optimal level depends on the recipe of the coal blends used, but in general it is considered that the value of 8–10% is sufficient [11,12].



Figure 10 presents the effect of ash content on the stamped coal cake density at various cumulative stamping energy levels. In general, the ash content of the coal is some kind of reflection of the mineral matter content. However, the values of both parameters are not similar, as some components of the mineral substance (e.g., sulphides and carbonates) undergo thermal decomposition or transformations. However, as a rule, a higher ash yield means a higher mineral matter content. According to the data presented in Figure 10, for constant stamping energy, the higher ash yield was associated with the obtainment of higher density of the compacted coal cake. For each 1% point of increase in ash content, there was an approx. 8.9 kg/m3 increase in the density of the stamped cake. Hence, the procurement of the desired batch density (e.g., 1000 kg/m3—dry state) using an industrial SCP machine requires less energy, i.e., a shorter amount of time. This resulted mainly from the much higher density of the components of the mineral substance rather than from the organic matter of coal. The final effect on the achieved density of the compacted charge could depend not only on the amount of the mineral substance, but also on its composition, where different components could be characterized by different densities. For example, the real density of calcite is approx. 2.6–2.8 g/cm3, quartz’s is approx. 2.65 g/cm3, pyrite’s approx. 5–5.2 g/cm3, hematite’s approx. 5.2–5.3 g/cm3 and dolomite’s approx. 3.7–3.9 g/cm3 [22]. The real density of the organic matter of coal is approx. 1.3 g/cm3, which is a value several times lower. Optimisation of the density of the compacted charge (and thus the coke yield) through adjustment of the ash content in the coke blend can carry a considerable risk. Some of mineral matter compounds (mainly alkaline) exhibit a catalytic effect on the Boudouard reactions [26,27,28], which may result in an increase in the reactivity of coke towards carbon dioxide (CRI) and a decrease in its CSR strength. Moreover, the higher density of the stamped coal cake due to the higher ash content does not always mean a higher degree of compaction of the stamped cake (relative density, RD), defined as the ratio of the obtained density to the real density. Consequently, it may also affect both the mechanical strength of the compacted charge and the quality of the coke. In the work described in ref. [29], despite the increase in density caused by a higher ash content, reduction in the relative density occurred; hence, the mineral substance was harder to compress than pure coal. In our case, however, an inverse relationship was observed (Figure 11), which proved a higher degree of packing of coal grains.



The difference in results may stem from variation in the composition of the mineral substance of the coals compared to the coals tested in ref. [29], which may be related to their different compression susceptibility and the resistance of the coal to mechanical impact, expressed, for example, by the HGI value. Reported studies on the effect of ash content revealed positive [23,30], negative [31] and neutral impact [18] of its content on the HGI value. This proved that depending on the tested coal population, which differs in the content and composition of the mineral substance (ash), its impact on the mechanical properties may be different.



Summing up, the developed model is a helpful tool for the technological staff of coking plants to forecast the impact of the basic, most frequently assessed coal properties on the density of the compacted charge. On its basis, the energy necessary to achieve the desired density of the coal cake can be determined, and determination of technical parameters of the stamping devices (weight and number of stampers, drop height) allows the exact stamping time to be assessed. In order for the model to be used, for example, as an element of the algorithm controlling the operation of the stamping device, the model must be properly scaled to industrial conditions because the density obtained under laboratory conditions may differ from that obtained under industrial conditions. Differences in the density of the coal cake obtained under both conditions may result primarily from a physical and mechanical nature, i.e., different propagation of mechanical stresses (arising during the stamping operation) in the full volume of the coal cake, and lower rigidity of the industrial stamping steel box compared to the steel laboratory mould, causing its deformation and, consequently, a change in volume. It would also be beneficial to validate the model for the coals used in a given coking plant.



Industrial optimisation of coking blend preparation is a complex process. On the one hand, it is necessary to ensure the proper coal cake density, its mechanical strength and quality of the coke obtained. On the other hand, it is also necessary to ensure effective and trouble-free operation of all technological nodes of the coking plant. Therefore, during optimisation works related to coal coking blend parameters, all the aforementioned factors should be taken into account.




4. Conclusions


The aim of the presented study was to develop an empirical model for the purpose of forecasting the final density of the stamped coal cake depending on the properties of the coals used for the production of coke in the stamp-charged coke oven batteries. Based on the research carried out, the following conclusions were drawn:




	
the developed model allowed the identification of the size of the influence of changes in basic coal parameters (volatiles, moisture, ash and particle size parameters) and stamping operation (cumulative stamping energy) on the density of the obtained stamped coal cake;



	
the density of the stamped coal cake increased with the increasing of the stamping energy, where the increase was logarithmic in nature: an increase in the natural logarithm value (of the stamping energy) of 1 resulted in an increase in density by approx. 53.3 kg/m3;



	
the stamped coal cake density increased with the increasing specific grain diameter d′ RRSB, ash content and total moisture content, and decreased the with increasing volatile matter content: for each 0.1 mm decrease in the specific diameter d′ value, there was an approx. 6.4 kg/m3 increase in density; for each 1% point of increase in the ash content, there was an approx. 8.9 kg/m3 increase in the density; for each 1% point of increase in moisture, an approx. 4 kg/m3 increase in the density; for each 1% point of increased in the volatile matter content in coal (coal blend) there was a 3.82 kg/m3 decrease in the density; for each 1% point of increase in moisture, an approx. 4 kg/m3 increase in the density of the stamped coal cake.
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Figure 1. Stamp-charged coke oven battery at Coking Plant Czestochowa Nowa (Poland). 
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Figure 2. Example of coal cake failure during the introduction to the coke oven chamber: (1) coal tower; (2) SCP machine; (3) stamped coal cake; (4) roof car; (5) ceramic coking chamber wall; (6) quenching tower; (7) guide and quenching car. 
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Figure 4. Influence of volatile matter content values on real density values (left) and HGI values (right)—the dashed line is a polynomial trend line. 
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Figure 5. Influence of cumulative stamping energy on coal cake density for different coals (10% moisture). 
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Figure 6. Predicted vs. obtained values of stamped coal cake bulk density. 
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Figure 7. Influence of volatile matter of coal on coal cake bulk density at different cumulative stamping energy (600; 900 and 1200 J/kg) at constant moisture content (10%) and RRSB parameters (d′ = 0.8 mm, n = 0.8). 
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Figure 8. Influence of specific diameter d′RRSB of coal on coal cake bulk density at different cumulative stamping energy (600; 900 and 1200 J/kg) at constant moisture content (10%), constant volatiles content (Vdaf = 28%) and RRSB parameter (n = 0.8). 
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Figure 9. Influence of total moisture content of coal on coal cake bulk density at different cumulative stamping energy (600; 900 and 1200 J/kg) at constant volatiles content (Vdaf = 28%) and RRSB parameter (d′ = 0.8, n = 0.8). 
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Figure 10. Influence of total ash content of coal on coal cake bulk density at different cumulative stamping energy (600; 900 and 1200 J/kg) at constant volatiles content (Vdaf = 28%) and RRSB parameter (d′ = 0.8, n = 0.8). 
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Figure 11. Influence of total ash content of coal on coal cake bulk relative density at different cumulative stamping energy (600; 900 and 1200 J/kg) at constant volatiles content (Vdaf = 28%) and RRSB parameter (d′ = 0.8, n = 0.8). 
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Table 1. Properties of used coking coals (d–dry basis; daf—dry ash free basis).
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	Coal
	1
	2
	3
	4
	5
	6
	7
	8
	9





	Ash content Ad, %
	6.6
	7.4
	9.9
	7.0
	6.7
	7.0
	4.9
	7.1
	8.7



	Volatile matter content Vdaf, %
	16.9
	21.9
	21.5
	28.3
	31.9
	28.4
	30.5
	23.5
	23.1



	Carbon content Cdaf, %
	92.1
	92.0
	92.1
	90.9
	90.4
	90.3
	88.3
	92.5
	90.3



	Vitrinite reflectance R0
	1.61
	1.26
	1.29
	1.01
	0.97
	1.04
	0.96
	1.17
	1.22



	Vitrinite content V, % v/v
	73
	61
	53
	74
	63
	59
	45
	61
	70



	Liptinite content L, % v/v
	0
	1
	0
	4
	6
	5
	7
	4
	2



	Inetrinite content I, % v/v
	24
	36
	45
	20
	27
	33
	45
	31
	22



	Real density ρt, kg/m3
	1.378
	1.368
	1.386
	1.340
	1.333
	1.348
	1.337
	1.356
	1.376



	HGI, -
	90
	81
	80
	71
	57
	72
	48
	81
	78
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Table 2. Data of statistical analysis.
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	Analysis of Variances
	DF
	SS
	MS
	F





	Regression
	6
	816,502.5
	136,083.7
	670.7



	Residual
	378
	76,699.0
	202.9
	



	Total
	384
	893,201.5
	
	



	
	Coefficients
	standard error
	t Stat
	p-value



	Intercept
	623.95
	14.88
	41.92
	3.3 × 10−144



	ln (cumulative stamping energy)
	53.33
	1.02
	52.45
	1.5 × 10−175



	Volatile matter content (daf)
	−3.82
	0.29
	−13.13
	1.05 × 10−32



	Ash content (d)
	8.89
	0.86
	10.35
	2.79 × 10−22



	RRSB specific diameter d′
	63.26
	3.51
	18.00
	9.39 × 10−53



	RRSB distribution parameter n
	−31.13
	13.97
	−2.23
	2.64 × 10−2



	Total moisture content
	3.99
	0.62
	6.46
	3.15 × 10−10
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