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Abstract: - In this research, we analyze the effect of the geometric characteristics of the ceramics as well as the 

effect of their placement at different distances on the temperature distribution of the furnace. The computational 

analysis and simulation aimed at producing results were carried out with the ANSYS-CFX computer package. 

The analysis was based on how these factors affect the backflow and specifically to what extent the temperature 

rises in the preheating zone and how well we can maintain better thermal uniformity. Specifically, reducing the 

height of the stacks as well as increasing their width gives a greater increase in the backflow.  The thermal 

distribution shows great non-uniformity by modifying these parameters. However, these smaller stacking 

widths help in thermal homogeneity. In relation to flow velocity and turbulence, it was observed that we have 

higher values in the center of the oven than on the sides. There is also great sensitivity to the Reynolds number.  
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1  Introduction 
The energy consumption of ceramic processes has 

been a topic of interest recently, resulting in many 

cost-benefit analyses. There are many 

recommendations for improvements [1], [2]. There 

are several mechanisms that recommend 

improvements in processes as well as in air 

circulation with the aim of saving energy and 

reducing the carbon footprint. All studies are based 

on the way heat transfer occurs and are based on 

mathematical and numerical analyses as well as 

statistical energy approaches. Therefore, measures 

must be taken to improve these conditions, and 

policies must also be directed in this direction [3], 

[4], [5], [6], [7]. 

Numerical analyses to examine the furnace 

performance and make suggestions for 

improvements were carried out [8], [9], [10]. These 

analyses particularly focused on the combustion 

zone and how it affects the overall furnace. The 

studies were also based on existing data, and the 

result was to suggest a way to recover heat for better 

energy efficiency [11]. [12] used a mathematical 

model to create the temperature curve according to 

which we would better understand what was 

happening inside the oven. It is a combination of 

mathematical and experimental approaches to study 

the energy consumption in the tunnel kiln. 

[13] created a model to study the temperature 

distribution inside the oven. The results were also 

compared with experimental measurements, 

resulting in the proposal of a way to reduce 

consumption and recover energy inside the oven 

[14], [15]. [16] used CFD to analyze the factors in a 

ceramic kiln and improve energy consumption. The 

factors that affect the heating analysis are many and 

have been analyzed [17], [18], [19]. [20] conducted 

their research in the firing zone. The mathematical 

model focused on the import and export of air, 

parameterizing it, and on the study of different fuels 

[21]. How to improve product quality and minimize 

the energy costs according to new data was analyzed 

[22], [23], [24], [25], [26]. 

[27] developed a model using CFD to study the 

heat transfer inside the kiln. He used validated 

values from experimental results to evaluate the 

tunnel kiln operation and to suggest improvements. 

The results concerned the environmental impact and 

physical impacts inside the kiln based on the 

temperature and air velocity as well. He also 

focused on the geometric positioning of the 

ceramics. [28] used a mathematical model focused 
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mainly on the two zones of the ceramic furnace, 

namely the preheating and combustion zone, where 

the effect of these zones on fuel consumption was 

studied [29], [30]; thus, a connection between 

temperature and energy consumption was made. A 

study focusing on the angle of incidence at which 

the temperature will be transmitted in an oven in 

combination with the heat transfer between the 

products was made. In addition, the stacking of the 

products was studied in combination with the 

Reynolds number [31]. [32] studied with a 

numerical model the different stacking of bricks in 

comparison with the surface roughness of the 

ceramics and how it affects the thermal behavior of 

the kiln. [33] tried to improve the final product by 

performing numerical analyses on the oven while at 

the same time studying the oven's performance from 

an energy perspective [34]. There is also a 

numerical study focusing on the addition of 

materials for better oven performance [35]. 

In the following research using CFD, the ceramic 

kiln was studied. The kiln is a typical square kiln 

consisting of three zones: preheating, combustion, 

and cooling. These zones have a specific length, and 

the air inlet for combustion and ventilation is made 

of circular cross-sections. For the solution, the 

ANSYS-CFX software was used, which, with the 

help of finite volumes and fluid dynamics, solves 

similar problems, while tetrahedral elements were 

chosen for the computing setup. Τhe numerical 

solutions were estimated with the existing literature 

results and the industrial values so as to have a 

better understanding of the results and the chosen 

solution proposal. 

 

 

2 Simulation Method 
 

2.1 Tunnel Kiln Geometry 
Τhe assessment of the resolution of such simulations 

is based on the results of modeling flow in a tunnel 

kiln calculated with Computational Fluid Dynamics 

(CFD) methods. The tunnel kiln is designed as a 

rectangular shape with gas and air inlets and outlets. 

The tunnel kiln is 100 m long with a height of 1,50 

m and a width of 3,24 m. The preheating zone is 

38,40 m, the firing zone with burners is 14,52 m, 

and the cooling zone is 47,08 m, as shown in Figure 

1. In the preheating zone, there are no burners. In 

the firing zone, the burners are at the top of the kiln, 

and there aren’t any side burners.  

 
Fig. 1: A three-dimensional visualization of the 

tunnel kiln  
Source: created by the authors 

 

The first air in is located right at the beginning of 

the oven and has dimensions of 3.04 m * 1.69 m. 

Then follows the first air out with dimensions of 

0.80 m * 3.04 m, and it is located at a distance of 

6.50 m from the beginning. Then, at a distance of 

20.68 m from the beginning, the second air-in 

system begins, consisting of 13 circular air-in and 

air-out with a diameter of 0.87 m each, and the 

distance between them is 1.32 m, as shown in 

Figure 1. The alignment of the circular air in is 

exactly centrally positioned at the top. Operating 

conditions of the air in are T=300 K and p = 1 atm, 

while those of the air conditioners are p=1atm. The 

first gas inlet starts at a distance of 47.08 m from the 

beginning, and the last one is at a distance of 60.28 

m from the beginning. The distance between them is 

1.32 m, their diameter is 0.10 m, and their alignment 

is in the center from the top side of the furnace. The 

inlet temperature is 1200 K (where this is the 

operating temperature), and the gas velocity v = 

0.25 m / s, with which Reynolds numbers between 

31000 and 35000 are achieved, as shown in Figure 

9. Similar simulations have been done [4], [36], 

[37], [38] and same method has been applied in 

other studies [39], [40], [41]. The gas outlet is 

located at the end of the oven with dimensions 3.04 

m * 1.59 m and p=1 atm. 

In the kiln, different distances between the stacks 

have been selected, such as 0.20 m, 0.40 m, 0.60 m, 

and 0.80 m (Figure 7), which gives a number of 

stacks of 89, 75, 64, and 57, respectively. The 

dimensions of the stacks are the same, and only the 

distance between them changes in these cases. The 

dimensions of the stacks and their placement are 

shown in Figure 2 for the case where we have 75 

stacks. Scenarios of reducing the stacking height 

(Figure 4) without reducing the number of stacks 
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were studied, as well as cases of height reduction 

and width increase (Figure 5). Finally, keeping a 

constant height and increasing the width (Figure 6) 

was also studied. 

 

Fig. 2: A three-dimensional visualization of the 

brick stacks  
Source: created by the authors 

 

2.2 Mathematical Model 
This study investigates turbulent flow by employing 

the Reynolds-Averaged Navier-Stokes (RANS) 

equations alongside the k-e turbulence model. The 

approach involves decomposing flow variables, 

including velocity, into their mean (time-averaged) 

and fluctuating parts. This decomposition allows for 

a more accurate representation of turbulence effects 

within the flow field. By using this combined 

method, the research aims to better predict complex 

turbulent behaviors, facilitating improved design 

and analysis in engineering applications involving 

fluid dynamics. Symbolizing 𝑈⃗⃗  the velocity vector 

at a point in the flow field as the sum of the time-

averaged velocity and a time-dependent velocity 

fluctuation 𝑢⃗ , i.e., so arises:  

                           U⃗⃗ = 𝑈̄→+ u⃗                                  (1)  

 

The time-averaged velocity vector is defined as: 

                          𝑈̄→=
1

𝛥𝑡
∫ U⃗⃗ 𝑑𝑡

𝑡+𝑇

𝑡
                          (2) 

 

where T is a time interval much longer than the 

characteristic periods of the turbulence fluctuations. 

The use of mean values (in time) in the conservation 

equations leads to the Reynolds-Averaged Navier-

Stokes (RANS) equations: 

                              /t+   (U⃗⃗ )=0                 (3) 

 
𝜕𝜌U⃗⃗ 

𝜕𝑡
+ 𝛻 ⋅ (𝜌U⃗⃗ ⊗ U⃗⃗ ) = 𝛻 ⋅ (𝜏 − ρu⃗ ⊗ u⃗ ̅̅ ̅̅ ̅̅ ̅̅ ̅) + S⃗ 𝑀  (4)                                                             

In Eq. (4), 𝜌𝑢⃗ ⊗ 𝑢⃗ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  are the Reynolds stresses and 

τ denotes the stress tensor due to molecular 

viscosity. 

After introducing the concept of an effective 

viscosity, μeff, the conservation of mass equation is 

unchanged, and the conservation of momentum 

equation is written as: 

   
𝜕(𝜌U⃗⃗ )

𝜕𝑡
+ 𝛻 ⋅ (𝜌U⃗⃗ ⊗ U⃗⃗ ) − 𝛻 ⋅ (𝜇eff𝛻U⃗⃗ ) = −𝛻𝑝′ +

𝛻 ⋅ (𝜇eff𝛻U⃗⃗ )
𝑇
+ 𝐵⃗                                                   (5) 

where 𝐵⃗  the total body force per unit mass, μeff is 

the effective viscosity, and p′ is the modified 

pressure defined as: 

𝑝′ = 𝑝 +
2

3
𝜌𝑘 + 𝛻 ⋅ U⃗⃗ (

2

3
𝜇eff − 𝜁)                        (6)                                 

 

In Eq. (6), ζ is the fluid bulk viscosity, ρ is the 

fluid density, and k denotes the turbulent kinetic 

energy. 

In this study, the k-ε turbulence model is 

employed to determine the spatial distribution of 

turbulent viscosity. This two-equation approach 

defines the effective viscosity (μeff) as the 

cumulative result of both the fluid’s inherent 

molecular viscosity  (μ) and the sum of turbulent 

viscosity (μt), i.e., 

𝜇eff = 𝜇 + 𝜇𝑡                                                          (7) 

 

The spatial distribution of turbulent viscosity is 

determined by coupling the local values of turbulent 

kinetic energy k with the dissipation rate ε. This 

allows the model to calculate the eddy viscosity at 

every coordinate within the flow domain using the 

following relation:  

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

𝜀
                                                            (8)                                                              

 

The required values of k and ε are computed at 

each point of the turbulent flow field by 

concurrently solving the following two partial 

differential equations: 
𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻 ⋅ (𝜌U⃗⃗ 𝑘) = 𝛻 ⋅ [(𝜇 +

𝜇𝑡

𝜎𝑘
) 𝛻𝑘] + 𝑃𝑘 − 𝜌𝜀      

(9)                                  
𝜕(𝜌𝜀)

𝜕𝑡
+ 𝛻 ⋅ (𝜌U⃗⃗ 𝜀) = 𝛻 ⋅ [(𝜇 +

𝜇𝑡

𝜎𝜀
)𝛻𝜀] +

𝜀

𝑘
(𝐶𝜀1𝑃𝑘 − 𝐶𝜀2𝜌𝜀)                                                (10) 

 

where Ce1 = 1,45, Ce2 = 1,90, σk = 1,00, σε = 1,30 

and Pk in Equation 11 is the rate of production of 

turbulence kinetic energy calculated by: 

𝑃𝑘 = 𝜇𝑡𝛻U⃗⃗ ⋅ (𝛻U⃗⃗ + 𝛻U⃗⃗ 𝑇) −
2

3
𝛻 ⋅ U⃗⃗ (3𝜇𝑡𝛻 ⋅ U⃗⃗ + 𝜌𝑘)                                                                        

(11) 
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This work utilizes the ANSYS CFX software 

package to solve the flow field under the assumption 

of constant physical properties (ρ= constant, μ= 

constant) and bulk viscosity ζ=0. Specifically, the 

fluid is assumed to be incompressible, maintaining a 

uniform density and viscosity throughout the 

domain.  

 

2.3 Boundary Conditions with Mesh Details 
In order to solve the problem, the parameters were 

set as follows. The external wall of the tunnel kiln is 

considered adiabatic with no-slip wall and smooth 

wall conditions, so that there is no temperature 

transfer outside the kiln, and the internal brick 

stacks are also considered as walls but with the 

ability to transfer heat. For gas inlets, the flow 

regime is set as subsonic and the turbulence 

intensity as 5%. Figure 3 displays a three-

dimensional perspective of the mesh created with 

the ANSYS-CFX preprocessor. 

 

 
Fig. 3: A 3-D view of the mesh 
Source: created by the authors 

 

A series of mesh designs was employed in order 

to accomplish grid independence. A maximum edge 

length of 0,25 m and a minimum edge length of 

5·10-2 were generated to effectively resolve solid 

boundary layers in fluid simulation. The 10−7 setting 

for the RMS was selected. Αlthough formally the 

convergence took place much earlier than 2500 

iterations, the solution ran for 10000 iterations. 

Tetrahedra were initially applied to discretize the 

computing domain. Table 1 displays the layout that 

was used for each instance. Assessing the 

approximate convergence of the solutions was made 

easier by sensitivity to global factors, such as mass 

conservation. A well-structured grid is required for 

the results, which should not vary by more than 5% 

throughout the research.  

 

Table 1. Mesh parameters and mean velocity for 

each case 
 Number 

of nodes 

Number of 

tetrahedra 

Mean 

velocity 

m/s 

%difference 

Case 1 62364 199202 0,066119 0,15 

Case 2 64978 214074 0,065122 2,27 

Case 3 68006 230812 0,063643 3,74 

Source: created by the authors 

 

The stabilization of the mean velocity was 

monitored in parallel with the mass conservation, 

ensuring that the flow field was adequate. Also, 

extending the solution to 10.000 iterations 

contributed a boundary against local fluctuations, 

thus ensuring that, as shown in Table 1, the 5% grid-

independence criterion was satisfied.   

  

 

3  Results  
To analyze the results, we focused on the geometric 

characteristics of the stacks as well as the method of 

placement inside the oven. The stack moves from 

the preheating zone to the aeration zone; the 

preheating zone starts at position x=100 m and the 

aeration zone at position x=0 m. In Figure 4, we 

observe the change in temperature if we reduce the 

stacking height while keeping the other parameters 

unchanged. We observe that decreasing the height 

increases the temperature in the preheating zone (for 

x = 80 m, h = 1.28 m, T=950 K and h = 1.38 m, T= 

600 K), while conversely, there is a decrease in the 

cooling zone. This happens because the stack 

volume decreases, resulting in initially having less 

heat absorption, while in the cooling zone we have a 

faster temperature drop for the lower stacking 

heights. Also, the temperature curve has less 

penetration into the cooling zone (for  X=20 m, 

h=1,28 m, T=400 K and h=1,18 m, T= 300 K), as a 

result, at lower stack heights, we have a greater 

backflow and the temperature remains high in the 

preheating zone.  

In Figure 5, we notice that by reducing the 

height and increasing the width, we have greater 

backflow (for  X=80 m, h=1,18 m, w= 1,12 m, 

T=700 K) and less penetration in the cooling zone 

(for  X=20 m, h=1,18 m, w= 1,12 m, T=300 K). Ιn 

the intermediate-width stacking, we have the 

smallest backflow (for  X=80 m, h=1,18 m, w= 1,02 

m, T=400 K)  and greater penetration into the 

aeration zone (for  X=20 m, h=1,18 m, w= 1,02 m, 

T=400 K) compared to the case with the largest 

width. This happens because in this case we have a 
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smaller number of stacking volumes than in the case 

with 1,12 m width. 

 

 
Fig. 4: Brick stack height distribution to temperature 

for constant stack width for height: (h=1,18m, h= 

1,28 m, h= 1,38 m  and width 0,90 m) 
Source: created by the authors 

 

For a width 1,02 m, the brick stacks are 69, while 

for 1,12 m width the brick stacks are 65. The 

number for the other case is known from previous 

cases.  

 

 
Fig. 5: Brick stack width and height changes 

distribution to temperature cases: (h=1,18 m, 

w=1,02 m, h=1,18 m, w= 1,12 m, h=1,38 m, w=0,90 

m)  
Source: created by the authors 

 

In Figure 6, the height was kept constant, and the 

width was increased. The effect of increasing the 

width is to give greater backflow (w=1,02 m, 

T=1000 K, X= 80 m) and (w=1,12 m, T=800 K, X= 

80 m). In this case, we notice that by keeping the 

height the same, the backflow increases for the case 

with more brick stacks. The number of brick stacks 

was analyzed previously.  

 

 
Fig. 6: Brick stack width distribution to temperature 

by keeping height constant, cases: (h=1,38 m, 

w=1,02 m, h=1,38 m, w= 1,12 m, h=1,38 m, w=0,90 

m)  
Source: created by the authors 

 

In Figure 7, the height and width were kept 

constant, and the distance between the stacks 

changed. The effect of increasing the distance 

between the stacks is to give greater backflow and 

less penetration into the cooling zone. By reducing 

the distance to 0,20 m, we notice that we have more 

penetration into the cooling zone (X=20 m, T=600 

K) and the backflow also increases in the zone 

(X=80 m, T=860 K) but in a smoother way, which is 

acceptable for experimental results till 80 m, then 

the backflow continues to be maintained at high 

levels (X=100 m, T=550 K). Analytically, we 

observe that for widths of 0.60 m and 0.80 m, as the 

distance increases, there is greater air circulation 

inside the oven, resulting in greater backflow (X=80 

m, d=0,80 m, T=900 K) on the contrary, at shorter 

distances between stacks (d=0,20m and d=0,40 m) 

due to less air circulation, we have greater 

penetration into the cooling zone (X=20 m, d=0,40 

m, T=600 K)  and less backflow backflow (X=80 m, 

d=0,40 m, T=650 K). These last two scenarios are 

the most acceptable for ideal conditions in the kiln 

(Figure 8).  

In Figure 8, by analyzing all the previous results 

and considering all the aspects- height, width, and 

stacking distance we compared the most acceptable 

scenarios with the ideal curve for a tunnel kiln 

according to [5]. 
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Fig. 7: Brick stack distance distribution to 

temperature by keeping constant height and width 

cases: (d=0,60 m, h=1,38 m, w=0,90 m, d=0,40 m, 

h=1,38 m, w=0,90 m, d=0,20 m, h=1,38 m, w=0,90 

m,  d=0,80 m, h=1,38 m, w=0,90 m)  
Source: created by the authors       

 

The results show which geometric design and 

ceramic placement are more acceptable. At a 

distance between 20 and 80 meters, there are no 

significant deviations, while larger deviations 

appear both at the beginning of the preheating part 

of the kiln and towards the end of the aeration zone. 

In these two cases, the temperatures in the 

combustion zone are close to the ideal curve, while 

in the cooling zone there is no significant 

penetration, as has been mentioned (Figure 7). 

Finally, in the preheating zone, the ideal curve is 

between these two curves. Specifically, for d=0.40 

m the curve is below, while for d=0.20 m the curve 

is above, with the prevailing scenario being d=0.40 

m, while in the other case (d=0,20 m) the backflow 

continues, as previously mentioned (Figure 7). 

 

 
Fig. 8: Scenarios compared with ideal curve 
Source: created by the authors 

 

In Figure 9, we tried to create the ideal 

temperature curve based on all the data. We focused 

on the desired Reynolds number that would include 

the airflow within the oven and found an 

approximate area to focus on. [4] conducted 

research on heat transfer for different kinds of 

configurations in a tunnel ceramic kiln. We 

observed that there is a significant degree of 

sensitivity to the Reynolds number we choose, and 

it is also affected by the internal geometric 

characteristics. The ideal Reynolds numbers that 

approximate the ideal curve in combination with the 

positioning and geometric characteristics of the 

stacking are 31000-35000. The most likely scenario 

is this for 33700, and numerically, between 33000-

34000 there is the ideal solution for this 

combination (Figure 9). 

 

Fig. 9: Averaged Reynolds compared with ideal 

curve, stacking distance 0,40 m, height 1,38 m and 

width 0,90 m. 
Source: created by the authors 

 

In Figure 10, we observe the temperature 

distribution in the furnace along the preheating, 

combustion, and cooling zones. We see that at the 

beginning of the combustion zone, we have lower 

temperatures than in the rest of the zone, while in 

the cooling zone, the temperature decreases rapidly. 

Temperature variations across the different regions 

of the oven can be visually identified, as illustrated 

in the Legend. In Figure 11, we observe that in the 

lower layers (y=0,10 m and y=0,40 m), we have 

greater temperature homogeneity, while in the 

higher layers (y=1,00 m and y=1,30 m), we have 

higher temperatures and greater homogeneity. 
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Fig. 10: Temperature distribution throughout the 

kiln (stacking dis=0,40 m, h=1,38 m and w=0,90 

m). 
Source: created by the authors 

 

 
Fig. 11: Temperature distribution at different 

heights within the kiln 
Source: created by the authors 

 

 
Fig. 12: Temperature distribution in the center and 

the sides of the kiln 
Source: created by the authors 

 
Fig. 13: Local temperature cross-sections in areas of 

interest (X=50 m, X=60 m, X=70 m)   
Source: created by the authors 

 

 

 
Fig. 14: Eddy Viscosity contours on plane a) 

z=0,10m (left side), b) z=3,10m (right side), c) 

z=1,62 m (center) 
Source: created by the authors 

 

 
Fig. 15: Turbulence Kinetic Energy contours on 

plane a) z=0,10m (left side), b) z=3,10m (right side), 

c) z=1,62 m (center) 
Source: created by the authors 
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Fig. 16: Velocity contours on plane a) z=0,10m (left 

side), b) z=3,10m (right side), c) z=1,62 m (center) 
Source: created by the authors 

 

It can also be concluded that the temperature 

increases in the upper regions of the oven. In Figure 

12, we observe that the temperatures are higher in 

the center of the oven (z=1,62 m, T=1200 K) than at 

the sides (z=0,10 m, T=1164 K and z= 3,10 m, T= 

1163 K). This means that we do not have the same 

heat transfer to the sides of the oven as we do in the 

center. It is also observed that the temperatures at 

both edges of the oven are similar. Similar studies 

focusing on the presentation of temperature and 

velocity effects using CFD for other applications 

have been conducted [42], [43], [44]. 

In Figure 13, in the characteristic sections, we 

observe that in the center and slightly to the left of 

the combustion zone (X=60 m), we have a better 

temperature distribution than in the rightmost part of 

the combustion zone and also near the preheating 

zone where greater temperature deviations are 

observed (X=70 m), while in the center we have 

better thermal performance (X=50 m, temperature 

between 1143-1147 K). Finally, in Figure 14, Figure 

15, and Figure 16, the Eddy Viscosity, Turbulence 

kinetic energy, and velocity have higher values in 

the center of the furnace than at its sides. Also, their 

values are significantly higher among the stacks. 

 

 

4  Conclusions  
In conclusion, we developed a model to study the 

heat transfer within a tunnel ceramic kiln, taking 

into account the factors that influence it. Decreasing 

the stack height or increasing the width increases 

backflow and decreases temperature penetration into 

the cooling zone. This higher backflow effectively 

maintains a higher temperature in the preheating 

zone. The effect of width is complex. An 

intermediate width produced the smallest backflow 

and greatest penetration compared to the largest 

width, suggesting a non-linear relationship where 

optimal flow depends on the combination of height 

and width. It is important to understand the 

importance of stack placement and specifically the 

distances between them. It was observed that 

increasing the distance between them increases the 

backflow and reduces the temperature in the cooling 

zone. This creates, as a consequence, heterogeneity 

in the smoothness of the temperature curve. Also, 

the temperature presents higher values at the top 

than at the bottom, as well as differences between 

the central and the side regions of the kiln. This 

differentiation in the temperature curve affects the 

final product and shows fluctuations in the three 

zones of the oven, both due to the geometric 

characteristics and the placement inside the oven, 

thereby creating the need for additional design 

improvements. What also shows great sensitivity to 

the temperature curve and its smoothness is the 

Reynolds number, with the help of which we control 

the flow of air inside the oven.  Τhe distances 

between the stacks that provide better performance 

are between 0.20 m and 0.40 m, with a stack height 

of 1.34 m, which is 0.12 m lower than the oven 

ceiling. However, in the case of the 0.20 m distance 

between the stacks, we have greater flow, which 

should be studied in combination with the 

improvement of the cooling zone, as it significantly 

affects the backflow. All these parameters create a 

dynamic environment through which we can control 

the operation and optimization to create better 

products but also save energy within it.  
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