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ABSTRACT 

The paper focuses on the analysis of an industrial ceramic kiln in order to improve the 
energy efficiency and thus the fuel consumption as well as the pollutant emissions. A 
lumped and distributed parameter model of the entire system is constructed to simulate 
the performance of the kiln under actual operating conditions. The model is able to predict 
accurately the temperature distribution along the different modules of the kiln and the 
operation of the many natural gas burners employed to provide the required thermal 
power. Furthermore, the temperature of the tiles is also simulated so that the quality of 
the final product can be addressed by the modelling. Numerical results are validated 
against experimental measurements carried out on a real ceramic kiln during regular 
production operations. 
The developed numerical model demonstrates to be an efficient tool for the investigation 
of different design solutions for the kiln’s components. In addition, a number of control 
strategies for the system working conditions can be simulated and compared in order to 
define the best trade off in terms of fuel consumption, emissions and product quality. 
In particular, the paper analyzes the effect of a new burner type characterized by internal 
heat recovery capability aimed at improving the energy efficiency of the ceramic kiln. The 
fuel saving and the relating reduction of carbon dioxide emissions resulted in the order of 
10% when compared to the standard burner. 
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INTRODUCTION 

The ceramic industry is well known to be characterized by energy intense processes. Main 

process where a large amount of energy is employed is the kiln for the firing of the tiles. Recent 

regulations for the energy consumption require a more accurate design of the kiln in order to 

limit the fuel or electricity use [1]. Furthermore, the environmental concerns drive the design 

towards cleaner systems and more stringent limits about the pollutant emissions [2, 3]. 

Different approaches have been adopted for the optimization of the kilns’ performance. In 

particular, a theoretical formulation for the prediction of the kiln operating characteristics has 

been proposed by [4] under regime conditions and many simplifications to the physical 

phenomena had to be made in order to close the mathematical model. Similar approach is 

adopted also in [5] in which the main focus was the assessment of the heat transfer between the 

hot air flow and the kiln walls. The numerical simulation becomes a valuable tool in 

investigating the performance of complex physical systems including different physical 

phenomena. In [6] a numerical model has been proposed and implemented into a Fortran routine 

for evaluating the temperature distribution within the walls, gas and tiles along the kiln under 

steady state assumption. 

Indeed, the processes typical for a ceramic kiln are strongly time dependent and in particular 

the assessment of different control strategies involves the analysis of the transient phase. 

Lumped and distributed numerical analysis has been extensively adopted for the simulation of 

complex systems under time dependent operating conditions. In [7, 8] a novel concept for the 

hydrogen production has been investigated by modelling the entire proposed plant and different 

operations have been compared in order to define the best energy efficiency configuration. The 

modelling approach has been also employed for the validation of integrated waste-to-energy 

systems with low environmental impact and the advantages compared to traditional 

technologies have been outlined [9]. Despite the dimensional approximation, the 0D/1D models 

proved also to be able to account for complex physics involving heat transfer phenomena while 

including the layout of the full system [10]. 

In this paper, the simulation of a whole industrial ceramic kiln has been carried out by 
means of a lumped and distributed parameter approach. The performance of the kiln was 
evaluated under actual operating conditions in order to improve the energy efficiency and 
thus the fuel consumption as well as the pollutant emissions. Particular care was devoted 
in modelling the many burners employed in the real kiln and the heat transfer processes 
between the different elements that encompass the system and effect the final 
temperature of the tiles and therefore the quality of the product. The results of the 
numerical model are validated against experimental measurements carried out on a real 
ceramic kiln during regular production operations. The agreement between the 
calculations and the measured values demonstrated to be very satisfactory; hence, the 
lumped and distributed numerical model can be employed for evaluating different kiln 
configurations and alternatives. 
In particular, the effects of a new burner type characterized by internal heat recovery 
capability has been investigated and the improvement in terms of energy efficiency of the 
ceramic kiln addressed. 
The fuel saving and the relating reduction of carbon dioxide emissions resulted in the 
order of 10% when compared to the standard burner. 
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ANALYZED CERAMIC KILN 

The ceramic kiln simulated in this paper is real production facility located in the ceramic district 

in Emilia Romagna – Italy. It is characterized by a production rate of approximately 5,000 kg/h 

of tiles and it is designed for a continuous working load of about 8,700 hours per year. 

The entire ceramic kiln includes 43 modules with a length of 2.1 m each and it can be subdivided 

into the following 5 sections: pre-heating, firing, fast cooling, slow-cooling and outlet section, 

see Figure 1. 

 

 
 

Figure 1. Schematic of the entire ceramic kiln 

 

This study focuses mainly on the first three sections since they demonstrated to be the critical 

ones for the quality of the tiles and the energy consumption. In particular, an accurate 

temperature control is mandatory for achieving the desired product quality and avoiding 

material defects. 

In the pre-heating section, no burners are employed and the heating is due to the hot air flow 

from the burners zone. As far as the energy consumption is concerned, the most important zone 

is the firing where the burners are installed. The burners are fuelled by natural gas and the fuel 

rate is controlled for each group of 8 burners as depicted in Figure 2. One group of burners 

belongs to two modules and there are two groups of burners for each module, one above the 

roller plane and the second below respectively. The different control of the burners above and 

below the rollers is critical in achieving different temperatures in these chambers. 

 

 
 

Figure 2. Burners layout in the firing zone 

 

At the end of the firing section, a fireproof wall is positioned in order to separate the cooling 

zone to the firing zone; main task of this wall is to partition the flow between the firing and 

fast-cooling sections. Its height is adjusted in order to always direct the flow from the cooling 

to the firing section and regulate the temperature at the interface of these two regions. 

An important characteristic of the analyzed kiln is the opposite direction of the hot air flow and 

the tile motion. A mentioned before, the air is inducted from the cooling zone by means of a 

fan located at the beginning of the kiln before the flue gas stack. Therefore, the pressure in the 

cooling zone is higher than the one in the firing section, which is usually characterized by values 
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below the atmospheric pressure. As a consequence, the leakages in the walls of the modules 

allow the cold ambient air to enter the kiln chambers influencing the temperature of the hot air 

flow and thus the energy consumption of the entire system. The remaining portion of air in the 

fast-cooling section exits the kiln through the slow-cooling section and the final outlet stack. 

An important feature of the analyzed kiln is the counter-current heat transfer mode. 

NUMERICAL MODEL 

The lumped and distributed parameters model of the ceramic kiln described in the previous 

sections is constructed using the LMS Imagine.LAB. AMESim® code [11]. In particular, the 

thermo-pneumatic library is used. This library enables to use as a fluid the numerical model of 

the thermo-dynamic properties of the considered gas and the semi-perfect gases approach is 

employed. In the simulation the properties of a mixture including three gases (i.e. the exhaust 

gases from the air/methane combustion) are considered, under the assumption that in every 

volume the mixture is homogeneous. In addition, the thermal library is used for the simulation 

of the solid parts of the kiln and their influence on the whole heat exchange is taken into account. 

The numerical approach employed to study the gas dynamic behavior of the ceramic kiln 

accounts for the following assumptions: 

• the gas efflux through an orifice is mainly 1D, the gas efflux is subsonic, and the influence of 

the most relevant 2D and 3D effects is accounted by introducing proper corrective parameters; 

• all orifices present a constant (and known) maximum metering area, and they have an 

infinitely short axial length; 

• the gas physical, mechanical and thermodynamic characteristics (density, viscosity, pressure, 

velocity, temperature…) can be described by their mean values (in space and time); 

• the gas physical properties variations with pressure and temperature can be described 

following a “semi-perfect” approach [12, 13]. 

The simplifying hypotheses previously mentioned enables to calculate the mass flow-rate as: 

0
q m

0

p
m = A C C

T
             (1) 

Equation 1, which is a function of inlet absolute pressure and temperature only (p0, T0), presents 

two corrective parameters. The first one, Cq, is the efflux coefficient, and it is generally 

addressed to modify the reference area used for calculating the fluid velocity. For the purpose 

of this work, and according to the sensitivity analysis detailed in [14], all the orifices are 

characterized by adopting an efflux coefficient equal to 0.95. The second corrective parameter, 

Cm, is generally indicated as the mass flow-rate coefficient and, with respect to an isentropic 

subsonic efflux, it has to be expressed as:  

 

12 k
k k

1 1
m

0 0

p p2 k
C =

r k -1 p p

          
      

       (2) 

In Equation 2, k represents the isentropic expansion exponent, and it equals the gas specific 

heats ratio, while r is the gas characteristic constant. Thanks to the adoption of the “semi-

perfect” approach, the gas physical properties variations with pressure and temperature are 

modelled considering on one hand the perfect gas Equation of State, on the other hand a 

polynomial correlation to define the specific heat variations with temperature [12]. 

0 2

2

p p c t tc = c b +b ΔT +b (ΔT)             (3) 

This approach, forcing a physical properties dependency on temperature stronger than on 

pressure, is valid only for low-medium pressure applications, for which the instantaneous 

temperature variations are more affecting the thermodynamic variables than the instantaneous 

pressure variations.  
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In the following, the exhaust gas mixture is considered as fluid medium, and the specific heat 

adopted in Equation 3 is chosen coherently with the specific heat variations with temperature. 

 

Numerical model of the main subsystems 

Figure 3 shows the numerical model of the reference ceramic kiln. The Figure outlines the main 

parts of the system as shown in the functional layout, see Figure 1. In addition to the thermo-

pneumatic and thermal libraries, the signal library is also adopted to control the fan, the throttle 

valves and the burners. This library is as well used to set several boundary conditions, such as 

the external temperature and pressure in the ducts’ model, the equivalence ratio for the burners, 

the initial temperature of the walls and the kiln chambers. 

In the following, the numerical models constructed for the main components of the analyzed 

system are described more in detail. 

 
 

Figure 3 Layout of the numerical model of the reference ceramic kiln 

 

Kiln chambers  Particular care is devoted in the modelling of the heat transfer between the kiln’s 

walls and the hot air flow as well as the tiles and the rollers. Conduction, convection and 

radiation are all taken into account and proper formulations are adopted for the different 

elements of the kiln. Figure 4 shows a schematic of the heat transfer phenomena included in the 

simulation and remarks the mutual exchange between the kiln’s components that are accounted 

for in the numerical layout. 

 

  
 Conductive heat exchange 

 Convective heat exchange 

 Leakages 

 Radiation heat exchange 

 

Figure 4. Schematic of the heat transfer among the different components of the kiln module: a) 

conductive and convective and b) radiation heat exchange 
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The conduction is calculated by means of the following linear formulation: 

 2 1
cond

cond

A
dh T T

th

 
            (4) 

where 𝜆 is the thermal conductivity of the material in which the heat flow rate is propagating, 

Acond is the exchange area, and th is the distance between the two temperature side under 

consideration.  

As far as the convection is concerned, the following correlation is adopted: 

 conv conv f w

Nu
dh A T T

cl


            (5) 

where 
𝑁𝑢⋅𝜆

𝑐𝑙
 is the convective exchange coefficient, Aconv is the exchange area, Tf is the mixing 

temperature of the fluid and Tw is the wall temperature, cl is the characteristic length of the heat 

exchange and Nu is the Nusselt number. 

The mixed convection is calculated by determining the Nusselt number as follows: 

3 33
free forcedNu Nu Nu           (6) 

where Nufree and Nuforced are the Nusselt numbers calculated for the free convection and forced 

convection cases respectively. 
2

1
6

8
9 27

16

0.327
0.825

0.492
1

Pr

free

Ra
Nu

 
 
 

  
 

   
        

       (7) 
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5 30.0296 Re PrforcedNu             (8) 

 

Finally, the radiative heat flow rate contribution is accounted for by using the following 

expression: 

 4 4

11 1

j i

rad
ji

i i i ij j j

T T
dh

A A F A





 





 

         (9) 

where σ is the Stefan-Boltzmann constant = 5.67x10-8 W/m2/K4, Ai,j is the emitting area of body 

i,j, and 𝐹𝑖𝑗 is the shape factor from which 𝐴𝑖j "sees" 𝐴ji. For every component included into the 

kiln chambers model the emitting area and corresponding shape factor is carefully selected as 

a function of the real geometry and the mutual portion of surface influencing the radiation heat 

exchange and enforcing the following relationship: 

i ij j jiA F A F    

The properties of the material are set for each element of the kiln chambers, and insulation is 

also taken into account both in terms of specifications and thickness. Furthermore, leakages 

between the internal volume of the kiln and the ambient are also included in the simulation. 

Main contribution to the leakages is the clearance between the rollers and the module walls; the 

area of the clearance is evaluated and considered in the modelling as a pneumatic connection, 

through which cold air can enter the kiln and decrease the total efficiency of the production 

process.  
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Usually in the real kiln, the clearance is obstructed by means of an insulating material; thus, in 

the numerical model the presence of the insulating material is accounted for using a low 

discharge coefficient for the flow through the leakage connection. 

 

Tiles  Main contributions to the heating process of the tiles are the convection with the hot flow 

rate and the burner flame, the conduction through the contact area to the rollers and the radiative 

exchange with the cambers’ walls and the rollers. The thermal power transferred during these 

processes is evaluated by means of the expressions detailed previously. 

In order to calculated the temperature gradient within the tile body, the model of the ceramic 

product is subdivided into three layers having the same thickness. The first one represents the 

surface of the tile in contact with the rollers and exchanges heat with them through the 

conduction and radiation processes. The second layer models the inner part of the tile and 

exchanges heat only with the lower and upper layers through conduction. Finally, the upper 

layer simulates the top surface of the tile and is heated manly by the convection heat transfer 

with the hot air flow and the burner flame as well as by the radiation with the high temperature 

kiln’s walls. 

In order to model the tile motion with respect to each module, an ad-hoc procedure is 

implemented into the simulation code. The residence time of the tile in each section of the kiln 

is calculated as a function of the tile velocity and module length; thus, the initial temperature 

of the thermal mass element modelling each layer of the tile is reset to the final temperature of 

the tile layer from the previous module after the residence time is elapsed. Therefore, the effects 

of new ceramic material entering each module are accounted for, and the minimum and 

maximum temperature values reached by the tiles in every section of the kiln are predicted. 

 

Burners  The standard natural gas burner type is simulated by means of the output thermal 

power that the real burner is producing in the considered operating condition. The same control 

strategy for setting the fuel mass flow rate consumed by each burner is implemented in the 

numerical model of the kiln. Thus, as a function of the temperature set point for each chamber 

and the calculated temperature reached in that chamber, the fuel flow to the burners is adjusted 

in order to meet the desired temperature. Therefore, the natural gas consumption is predicted 

by the simulation as a function of the thermal balance of the chamber as in the real kiln. Indeed, 

the burners are not controlled individually, but a group of eight burners is regulated by the same 

controller, see Figure 2. 

Particular attention is devoted to account for the turbulence created by the burner flame, which 

influences the heat exchange of the tile top surface and the chambers’ walls. In fact, due the 

high velocity of the flame jet, the convective heat transfer is much more efficient in the areas 

reached directly by the burner gases. Therefore, for the firing zones of the kiln, the convective 

coefficient is not only calculated as a function of the hot air flow mean velocity, but the burnt 

gases velocity is also accounted for and the value is derived from experimental measurements 

of that regions. 

VALIDATION OF THE NUMERICAL MODEL 

The prediction capabilities of the numerical model described in the previous section are 

validated by comparing the calculated results against the experimental measurements carried 

out on a real ceramic kiln during regular production operations. The tiles produced during the 

tests have dimensions of 300 x 300 mm and height equal to 8 mm and the kiln is run with a 

production rate of approximately 5,000 kg/h. The “firing curve” set by the main the control 

system determines the set point temperature for each chamber of each module for the current 

production. The real temperature reached by the different kiln sections is measured with a PT 

100 thermocouple in a number of points within the volume, in order to have a distribution of 
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the values representing the considered chamber. The temperature in the measured points results 

quite uniform and thus a single value is compared to the calculations. Both the chambers above 

and below the rollers’ plane are considered in the measurements, in order to investigate the 

upper and lower flow of the kiln. 

Furthermore, the temperature of the rollers is measured close to the middle of the module width. 

The experimental values are compared with the numerical calculations in the same section of 

the kiln layout. 

Figures 5 and 6 show the firing curves in the kiln upper and lower chambers and the comparison 

between the measured and calculated values of the temperature. The data are divided by a 

reference temperature value in order to have non-dimensional quantity. The numerical results 

demonstrate to match accurately the experimental measurements and the trend of the 

temperature distribution of the hot air flow along the kiln length is correctly predicted. 

 

 
 

Figure 5. Firing curve and comparison between the measured and calculated values of the 

temperature in the kiln upper chambers 

 

 
 

Figure 6. Firing curve and comparison between the measured and calculated values of the 

temperature in the kiln lower chambers 
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Figure 7 shows the measured and calculated non-dimensional temperature of the rollers. It can 

be noticed that a good agreement between experiments and numerical results can be obtained 

also for the solid components of the kiln and the trend is captured through all its length. 

 

 
 

Figure 7. Comparison between the measured and calculated values of the temperature of the 

kiln rollers 

 

Finally, the real kiln fuel consumption is compared to the predicted values, see Figure 8. The 

real kiln methane consumption is taken as a reference and the calculated value is plotted as a 

ratio to the real amount. The numerical approach demonstrates also in case of the fuel 

consumption to be able to predict accurately the energy efficiency of the system. 

 

 
 

Figure 8. Comparison between the measured and calculated values of the kiln fuel consumption 

 

Once the numerical model is validated against experimental measurements, simulation can be 

employed to widen the analysis of the kiln operation by investigating quantities that are difficult 

to be measured. For instance, Figure 9 shows the non-dimensional methane consumption during 

the production phase for each group of 16 burners that correspond to 2 modules. It can be 

outlined that burners in the initial and final regions of the kiln are characterized by the larger 
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fuel consumption, since they are influenced by the cold zones at the beginning of the kiln and 

before the fast-cooling section. 

 

 
 

Figure 9. Methane consumption during the production phase for each group of burners 

 

In addition, the numerical model can also evaluate the temperature of the ceramic material and 

its trend along the kiln length can be compared to the hot air temperature profile, see Figure 10. 

The non-dimensional temperatures of the three layers of the tile model are very similar, and 

their difference can be visible in the graph only at the beginning of the kiln, where the surface 

temperature is significantly larger than the ones for the other two layers. This result can also be 

explained by the small thickness of the ceramic tile considered in the test (i.e. 8 mm). 

Furthermore, the firing process is tuned in order to keep this temperature difference as low as 

possible, in order to minimize the residual internal stresses that many form within the tile in 

case of a remarkable thermal gradient. When comparing the hot air and tile temperatures, it can 

be noticed that after the entrance in the firing zone, module # 6, the tiles reach the air flow 

temperature quite quickly, and in module # 10 the ceramic material is at the same temperature 

as the air. 

 

 
 

Figure 10. Comparison of the non-dimensional temperature of the tile with the hot air 

temperature of the upper and lower chamber 
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OPTIMIZATION OF THE KILN PERFORMANCE 

The proposed numerical model is employed for investigating the effects on the kiln energy 

efficiency of a new heat-recovery burner type. The new burner concept exploits the main hot 

air flow to preheat the oxidizing air used in the burner for the fuel combustion. Figure 11 shows 

the main functioning of the new burner; the oxidizing air and the fuel flow through two separate 

channels up to the burner nozzle. The combustion air flows in the outer duct and is heated up 

by the hot air drawn from the main kiln chamber in the opposite direction. The hot air does not 

enter again the kiln but exits from a separate piping where a valve regulates the flow rate on the 

basis of the air temperature at the burner outlet section. Main advantages of the heat-recovery 

burner are the stability of temperature and pressure in every production conditions, the 

simplification of the chamber of the ceramic kiln and the optimization of the control of the 

firing curve. Furthermore, the new burner is expected to reduce to fuel consumption holding 

constant the firing curve and the product quality. 

 
Figure 11. Schematic of the new heat-recovery burner 

 

A detailed lumped and distributed parameter model of the regenerative burned is created using 

the LMS Imagine Lab. code, see Figure 12. Particular care is devoted in constructing the 

channels for the flows of the three fluids involved: the methane, the oxidizing air and the hot 

air from the kiln chamber. The heat transfer process among the considered fluids and the solid 

parts that constitute the burner pipes and heat recovery system is accounted for using the 

formulation detailed in the previous section. The effects of the valve regulating the regenerative 

flow are also accounted for in the modelling, thus the position of the valve that optimizes the 

operation of the new burner is determined as a result of the numerical approach. 

 
Figure 12. Layout of the numerical model of the new heat-recovery burner 
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The 0D/1D model of the regenerative burner is then employed to replace the standard burner 

used in the numerical layout depicted in Figure 3 in the last 12 modules of the ceramic kiln. 

Hence, the simulation of the whole kiln equipped with the new burners is calculated under the 

same operating conditions adopted in the previous analysis and the results of the advanced 

configuration are addressed. Figures 13 and 14 compare the temperature obtained in the kiln 

upper and lower chambers using the standard and the heat-recovery burners. It can be noticed 

that the temperature profiles are very similar, thus the overall behavior of the kiln can be 

assumed as unvaried. This consideration is confirmed also by the temperature profile of the 

ceramic tile along the kiln length, see Figure 15. Therefore, it can be concluded that the two 

analyzed kiln configurations operate in the same way and produce tiles with the same quality; 

thus, the fuel consumptions can be compared holding constant the output of the kiln. 

 

 
 

Figure 13. Comparison of the temperature obtained in the kiln upper chambers using the 

standard and the heat-recovery burner 

 

 
 

Figure 14. Comparison of the temperature obtained in the kiln lower chambers using the 

standard and the heat-recovery burner 
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Figure 15. Comparison of the ceramic tile temperatures obtained using the standard and the 

heat-recovery burner 

 

Figure 16 plots the methane consumption during the production phase for each group of burners 

and the results obtained using the standard and the heat-recovery burners are compared. The 

simulation outlines that in the modules where the new burners are employed the consumption 

of methane is lower, while the sections still equipped with the standard version of the burner 

are characterized by a larger fuel consumption. Therefore, the heat recovered from the main hot 

air flow to pre-heat the oxidizing air determines an advantage in the global heat transfer process. 

Conversely, in the initial modules, where the standard burners are employed, the consumption 

results slightly larger than in the old configuration, since the thermal power from the subsequent 

regions of the kiln is lower due to a smaller hot air flow rate and more fuel must be burned to 

reach the set point. Nevertheless, the balance between these two opposite behaviors result 

advantageous in terms of global energy efficiency of the kiln, since the total fuel consumption 

of the configuration equipped with the heat-recovery burners result lower by approximately the 

10%, see Figure 17. The fuel saving determines also a direct benefit in terms of lower 
carbon dioxide emissions. 
 

 
 

Figure 16. Comparison of the methane consumption during the production phase for each 

group of burners obtained using the standard and the heat-recovery burner 
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Figure 17. Measured and calculated values of the kiln fuel consumption and comparison with 

the fuel consumption of the configuration equipped with the heat-recovery burner 

CONCLUSION 

An industrial ceramic kiln has been analyzed and its thermo-fluid-dynamics behavior was 
investigated by means of a lumped and distributed parameter approach. 
First, the numerical model of a real ceramic kiln has been constructed paying careful 
attention to include the complete heat transfer processes among the tiles, the hot air flow, 
the burner and the solid elements of the kiln. Leakages between the kiln chambers and 
the ambient were also accounted for as well as the control strategy of the burners was 
implemented into the numerical model. 
The simulation results were validated by comparing the numerical prediction with the 
experimental measurements carried out on the real kiln under standard production 
operations. A good agreement between calculated values and measurements were found 
in terms of temperature of the hot air flow along the kiln length, the rollers’ temperature 
and the ceramic tile temperature. 
Finally, the numerical model of the kiln was employed to evaluate the effects of a new 
heat-recovery burner on the total fuel consumption at the same operating conditions. The 
lumped and distributed parameter model of the new burner was constructed and adopted 
to replace the standard version in the final modules of the kiln. The heat-recovery burners 
were then operated in order to obtained the same tile temperature and thus the total kiln 
fuel consumption of the old and new configurations were compared holding constant the 
product quality. 
The simulation proved that the new heat-recovery burner enables to save up to 10% of 
fuel; hence, also the carbon dioxide emissions can be reduced of the same amount. 
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NOMENCLATURE 

ṁ 

A  

Cq  

Cm  

p0  

T0  

k  

r  

p1  

cp  

cp0 

bc  

bt 

bt2  

ΔT  

dhcond  

λ  

Acond  

th  

T1  

T2  

dhconv  

Nu  

cl  

Aconv  

Tf   

Tw  

Nufree  

Nuforce  

Ra  

Pr  

Re  

dhrad  

σ  

εi  

εj  

Ai  

Aj  

Fij  

Fji  

Mass Flow Rate 

Restriction area 

Efflux coefficient 

Mass flow rate parameter 

Inlet absolute pressure 

Inlet temperature 

Isentropic expansion exponent 

Gas characteristic constant 

Outlet absolute pressure 

Specific heat 

Specific heat at reference temperature 

Constant coefficient for specific heat 

Specific heat coefficient for temperature term 

Specific heat coefficient for squared temperature term 

Variation of the temperature 

Conduction heat flow 

Thermal conductivity of the material 

Conduction Exchange Area 

Distance between the two temperature side under consideration 

Temperature at side 1 

Temperature at side 2 

Convection heat flow 

Nussuelt number 

Characteristic length of the heat exchange 

Convection Exchange Area 

Temperature of the fluid 

Temperature of the wall 

Nussuelt number for free convection 

Nussuelt number for force convection 

Rayleigh number 

Prandtl number 

Reynolds number 

Radiative heat flow 

Stefan-Boltzmann constant 

Emitting coefficient of body i 

Emitting coefficient of body j 

Emitting area of body i 

Emitting area of body j 

Shape factor from which 𝐴𝑖j "sees" 𝐴ji 

Shape factor from which 𝐴ji  "sees" 𝐴𝑖j 
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