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Abstract: This study presents an optimization methodology to obtain the uniform 

thermal conditions over the 3-D design body (DB) in 3-D radiant furnaces. For 

uniform thermal conditions on the DB surfaces, optimal temperature of the heater 

and the best location of the DB inside the furnace are obtained by minimizing an 

objective function. The radiative heat transfer problem is solved on the basis of the 

Monte Carlo method (MCM) to calculate the heat fluxes on the DB surfaces. The 

genetic algorithm (GA) is used to minimize the objective function defined based 

on the calculated and desired heat fluxes. The results indicate that thermal 

conditions on the DB surfaces are greatly influenced by the location of the DB and 

heater temperature. It is concluded that the introduced method is well capable to 

achieve the uniform thermal conditions on the DB surfaces by finding the optimal 

values for temperature of the heater and the best location for the DB inside the 

radiant furnace. 
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1 INTRODUCTION 

Radiant furnaces are used in various engineering 

applications such as semiconductor production, thermal 

operation, surface coating and drying processes. 

Among various heating devices, radiant furnaces are 

able to produce desired uniform thermal conditions, 

heat flux and temperature on the design surfaces. 

Providing uniform thermal conditions on the design 

body (DB) surfaces requires considering some system 

parameters including arrangement and powers of the 

heaters, geometry and material properties of the furnace 

and location of the DB inside the furnace. Design of the 

radiant furnaces with the objective of satisfying the 

uniform thermal conditions over the DB surfaces is 

categorized as inverse boundary design problems which 

are known to be ill-posed [1]. A good number of 

studies have been given in literature to design the 

radiant furnaces using special mathematical tools such 

as regularization  and optimization tools [1-3], [4-9]. 

Daun presented a comprehensive review of applying 

regularization methods to the inverse design of thermal 

systems [2].  

Recently, optimization methods have been significantly 

applied in inverse radiative heat transfer problems [8-

14]. In optimization methods, an objective function 

which depends on the design parameters is defined so 

that its minimum point corresponds to the ideal design 

outcome. This objective function which depends on the 

design parameters is minimized by employing the 

specialized numerical algorithm. Therefore, 

optimization methods change the design parameters 

systematically to satisfy the design goals.  

Among the optimization methods, GA has received 

much attention for its flexibility, globality, robustness, 

parallelism and simplicity. Gosselin et al., [15] 

reviewed the utilization of genetic algorithms in heat 

transfer problems. They mentioned that inverse heat 

transfer problems are one of the three main families of 

heat transfer problems which are solved using GA. 

Safavinejad et al. [6] implemented micro-genetic 

algorithm to optimize the number and location of the 

heaters in 2-D radiant enclosures composed of the 

specular and diffuse surfaces. They also studied the 

effects of the refractory surface characteristics (i.e., 

diffuse and/or specular) on the optimal solution. In 

another study, Safavinejad et al. used this method to 

solve the inverse boundary design problem in 2-D 

radiant enclosures with absorbing-emitting media [7]. 

For the uniform thermal conditions, Chopade et al. [13] 

investigated the constraints on the size of a 3-D design 

object that can be placed inside a 3-D radiant furnace. 

They found the constraints on the size of the design 

objects that can have uniform thermal conditions. 

Monte Carlo method (MCM) is one of the most 

efficient commonly used numerical solutions of the 

radiation heat transfer problems. In a good study, 

Howell [16] presented a comprehensive review of 

applying the MCM in radiative heat transfer. The 

MCM simulates the radiation heat transfer by tracing 

the history of a random sample of photons from their 

points of emission until absorbing all of them. 

To the best of the authors knowledge, none of the 

previous works in design of radiant furnaces, has 

employed MCM combined with the GA. Also, the 

effect of location of the 3-D DB on uniformity of the 

heat fluxes over the DB surfaces has not been 

considered before. Hence, in this study, effects of the 

location of the DB as well as the temperature of the 

heater have been considered to produce the desired 

uniform thermal conditions on the surfaces of the 3-D 

DB. The DB is located inside a rectangular radiant 

furnace with transparent medium. To achieve the 

uniform thermal condition, the optimal temperature of 

the heater and the best location of the DB have been 

obtained. The MCM has been used to solve the direct 

radiative heat transfer formulated based on the total 

diffuse-specular radiation distribution factor (RDF). 

The GA has been employed to find the best location of 

the DB and temperatures of the heaters by minimizing 

the objective function defined based on the sum of the 

square error between calculated and desired heat fluxes 

on the DB.  

2 PROBLEM FORMULATION 

2.1. Optimization Strategy 

Fig. 1 shows the geometry of the problem under 

consideration. The rectangular furnace is equipped with 

a heater on its top wall. The other surfaces of the 

furnace are adiabatic which are assumed to be diffuse-

specular reflectors with a specularity ratio of 0.8 and a 

reflectivity of one. That is, they reflect the entire 

irradiations from other surfaces. The heater and DB 

surfaces are diffuse emitters with emissivity values of 

0.8 and 0.4, respectively. They are also considered to 

be diffuse-specular reflectors with a specularity ratio of 

0.2. The surfaces of the DB and furnace are identified 

with numbers 1 to 6 for the DB and 6 to 12 for the 

furnace.  

The aims of this optimization problem are to find the 

temperature of the heater and the best location of the 

DB to produce a uniform heat flux of 100 kW/m
2
 over 

all surfaces of the DB with specified temperature of 

500
o
K. This is accomplished first by specifying the 

desired temperature over the DB surfaces, then, 

obtaining the heat fluxes on the surfaces of the DB, 
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afterwards, defining the objective function using these 

calculated heat fluxes as follows, 
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Where "

cq and "

dq  are calculated and desired heat 

fluxes over the DB surfaces, respectively. 
dN  is the 

number of the DB surfaces. 

 

Fig. 1   Schematic of the 3-D radiant furnace and  

design body 
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These constraints are according to the limitations of the 

furnace dimensions and power of the heater. Since the 

bottom of the radiant furnace is symmetrical about the 

X and Y axis, to avoid repetitions of locations, the 

problem is solved in a quadrant. To study the effect of 

the location of the DB, some possible locations are 

chosen in a quadrant and their coordinates are given in 

Table 1. 

By minimizing the objective function with respect to 

the unknown parameters using the GA method, the 

desired thermal conditions on the DB surfaces are 

achieved. The radiative heat transfer problem is solved 

using the MCM. A brief formulation for the MCM is 

provided in the following section. Further details of the 

MCM can be found in [17], [18].  

 

Table 1 Some possible locations of the DB inside the furnace 

Case No. Center coordinates of design body 

1 (0.1, 0.1, 0.1) 

2 (0.1, 0.3, 0.1) 

3 (0.1, 0.5, 0.1) 

4 (0.3,0.3,0.1) 

5 (0.3,0.5,0.1) 

6 (0.5,0.5,0.1) 

7 (0.1,0.1,0.3) 

8 (0.1,0.3,0.3) 

9 (0.1,0.5,0.3) 

10 (0.3,0.3,0.3) 

11 (0.3,0.5,0.3) 

12 (0.5,0.5,0.3) 

13 (0.1,0.1,0.5) 

14 (0.1,0.3,0.5) 

15 (0.1,0.5,0.5) 

16 (0.3,0.3,0.5) 

17 (0.3,0.5,0.5) 

18 (0.5,0.5,0.5) 

 

2.2. Direct radiative heat transfer problem 

In this study, the MCM based on the total radiation 

distribution factor (RDF), is applied to model the 

radiative heat transfer. The RDF is the fraction of total 

radiation emitted diffusely from surface i and absorbed 

by surface j, due to direct radiation and to all possible 

diffuse and specular reflections within the enclosure 

[18]. Based on the RDF definition, the net heat flux 

from surface i in a enclosure composed of the 
eN  

surfaces can be written as,  
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Where ,, ii A and 
iT  are emissivity, surface area and 

temperature of the surface i, respectively.  is Stefan-

Boltzman constant and 
ijD  is the RDF. In this equation, 

ij is Kronecker delta defined as follows: 
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In this study, the MCM is employed to calculate the 

RDFs. A logic block diagram that appears in Fig. 2 

shows the procedure of the MCM to obtain the RDF. In 

this method, first, a large number of energy parcels, 

called photons, are emitted from randomly selected 

points on the surface i and in randomly uniform 

directions. Then, these photons are traced through a 

series of reflections until they are finally absorbed by 

one of the enclosure surfaces called j. Subsequently, the 

RDF (
ijD ) is numerically equal to the ratio of the 

number of photons absorbed by surfaces j (
ijn ) to the 
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total number of photons emitted from surface i (
in ). It 

can be well estimated using a large amount of emitted 

photons from surface i.  

 

Fig. 2   A logic block diagram for the MCRT method 

 

The accuracy of the RDF results is compared against 

the results obtained using the radiation shape factor 

(RSF) approach. The net heat flux of surface i in an 

enclosure composed of 
eN surfaces based on the RSF 

is given by [19] : 
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Where 
ij  is Kronecker delta defined in Eq. (4) and 

ijF is RSF between surfaces i and j. For this validation 

study, all surfaces of the furnace and DB are assumed 

to be diffuse emitters with emissivity values of 0.8 and 

0.4, respectively. They are also diffuse-specular 

reflectors with a specularity ratio of 0.2. With the 

objective of estimating the heat flux distributions, 

temperatures of the furnace and DB surfaces are set to 

2000
o
K and 500

o
K, respectively, and the DB is located 

at (0.5, 0.5, 0.5). Calculated heat fluxes based on the 

RDF and RSF formulations have been compared in Fig. 

3. An excellent agreement between calculated heat 

fluxes using the RDF and RSF methods is observed. 
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Fig. 3   Comparison of the heat fluxes obtained using the 

radiation distribution factor method and radiation shape    

factor method 

  

2.3. Optimization based on the genetic algorithm 

The GA is a search technique that is based on the 

principles of the natural selection and survival of the 

fittest individuals in the nature. Here, a real-valued GA 

[20] is used as an optimization tool shown in Fig. 4. 

Finding a global optimum and speed of convergence 

are greatly influenced by the choices of GA parameters 

including population size, crossover and mutation ratio 

[15]. In this optimization problem, to achieve the 

optimum values, several settings of the GA parameters 

are tried. Initially, the process of the optimization starts 

with generating randomly an initial population in 

appropriate intervals of the optimization variables. 

Here, 100 individuals are considered in the population 

and each individual has 4 variables.  

In GA method, the individuals of the population are 

reproduced by means of crossover and mutation 

operators to obtain a new generation. In this study, the 

probability of crossover has been fixed at 0.8. In order 

to increase the diversity in the population and prevent 

the GA from early convergence to a local optimum 

solution, the mutation operator is used in the GA 

method. In this study, 20% of the population is chosen 

to mutate.  
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Fig. 4   A flowchart for the genetic algorithm method 

 

 

In each iteration, objective function values (costs of the 

individuals) are calculated for all individuals. Then, 

these values are ranked and the weakest individuals are 

discarded in order that the average of the cost values 

decreases in new generation until an acceptable 

solution is found. The number of generations, that is 

one of the most commonly used stop criteria, should be 

defined at the start of the optimization process. The 

best of the individuals in each generation is chosen 

until no improvement in the cost values is observed. 

 

 

3 RESULTS AND DISCUSSION 

This study aims at optimizing the radiant furnace using 

the GA and MCM. During the optimization process, the 

temperature of the heater and the best location of the 

DB are found to provide a uniform heat flux of 100 

kW/m
2
 over all surfaces of the DB with specified 

temperature of 500
o
K. Prior to presenting the results of 

the optimization problem, first the effects of the design 

parameters on the heat fluxes over the DB surfaces are 

discussed. For this purpose, the heat fluxes over the DB 

surfaces at 18 locations demonstrated in Table 1 are 

calculated and the results are illustrated in Fig. 5.  

To study the effect of the DB location on the calculated 

heat flux, the temperature of heater is set to 4000
 o

K. It 

can be observed from Fig. 5 that while the temperature 

of the heater is constant, heat fluxes on the DB surfaces 

vary with changing the location of the DB. It can also 

be understood from Fig. 5 that the uniform thermal 

conditions on the DB surfaces need careful selection of 

the design parameters including the temperature of the 

heater and location of the DB inside the furnace. To 

have a better idea of how the location of the DB 

influence the heat fluxes over the DB surfaces, the 

average heat fluxes on all surfaces of the DB in each 

location are illustrated in Fig. 6. In this investigation, 

heater temperature is set to 4000
 o

K. As it can be 

observed from Fig. 6, with changing the location of the 

DB, the average heat fluxes over the DB surfaces 

changes.  

Fig. 7 shows the effect of the heater temperature on the 

objective function values for the DB located at (0.5, 

0.5, 0.5). It is clearly evident from Fig. 7 that as the 

temperature of the heater increases, the objective 

function value decreases until it reaches its minimum 

value. Then the objective function value begins to rise 

with any further increase in temperature. In order to 

evaluate how the location of the DB affects the 

objective function values, heat fluxes on the DB 

surfaces and accordingly the objective function values 

are obtained at 18 locations and the results are shown in 

Fig. 8 in one quadrant of the furnace. In this Figure, 

heater temperature is set to 4000
 o

K. As it can be 

observed from Fig. 8, the objective function values 

vary with changing the location of the DB. Based on 

the above mentioned studies, we come to the 

conclusion that for providing the uniform thermal 

conditions over all surfaces of the 3-D DB in the 3-D 

radiant furnace, temperature of the heater and location 

of the DB must be chosen appropriately through an 

optimization process. 
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Fig. 5   Calculated heat fluxes over the design body surfaces 

at 18 locations (Temperature of the heater is set to 4000oK) 
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Fig. 6   The average heat fluxes on the design body surfaces 

at 18 locations (Heater temperature is set to 4000oK) 
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Fig. 7   Effect of the heater temperature on the objective function 

values when the design body is located at (0.5, 0.5, 0.5) 

 
Optimal results are listed in Table 2. The heat flux 

distribution on the DB surfaces at the optimal point is 

presented in Fig. 9. It can be seen that the calculated 

heat fluxes at the optimal point are well close to the 

desired one (100 kW/m
2
) with an acceptable uniformity 

and a variance of 0.09 kW/m
2
.  

 

Table 2 Optimal values of the design parameters 

TH (K) z c (m) y c (m) x c(m) 
Design 

parameters 

1464 0.1 0.1 0.1 Optimal value 
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(a) Z=0.1 m 

 

(b) Z=0.3 m 

 
(c) Z=0.5 m 

Fig. 8   The objective function values in one quadrant of the 

furnace (Temperature of the heater is set to 4000oK). 
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Fig. 9   Heat flux distribution on the DB surfaces at the 

optimal point 

 

In order to clarify the obtained results, Fig. 10 shows 

the heat fluxes over the top and bottom surfaces of the 

DB at the first 6 locations presented in Table 1 (Z=0.1 

m) when temperature of the heater is set to optimum 

temperature (TH=1464oK). As it can be observed, when 

the DB moves from center to the corner of the furnace, 

the heat flux on bottom surface increases and it 

decreases on the top surface of the DB. Consequently, 

the objective function value decreases until it reaches to 

the minimum point. So, the difference between the heat 

fluxes over bottom and top surfaces and objective 

function value are minimum at (0.1, 0.1, 0.1).  
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Fig. 10   Calculated heat fluxes over the top and bottom 

surfaces of DB at 6 locations (Z= 0.1m) when the heater 

temperature is set to optimum temperature (TH=1464oK) 
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4 CONCLUSION 

This study demonstrates the successful application of 

combination of the MCM and GA for design and 

optimization of the 3-D radiant furnaces to satisfy the 

uniform thermal conditions on the surfaces of the 3-D 

DBs. Effects of different parameters including the 

heater temperature and location of the DB on achieving 

the uniform thermal conditions on the DB surfaces 

were investigated. It was shown that while the 

temperature of the heater is constant, heat fluxes over 

the DB surfaces vary with changing the location of the 

DB. Hence, the GA was used in conjunction with the 

MCM to find the optimal location for the DB as well as 

the temperature of the heater to satisfy the uniform heat 

flux and temperature distributions on the DB surfaces. 

Results showed that the calculated heat fluxes on the 

DB surfaces are in good agreement with the desired 

one. It was concluded that the GA-MCM is an efficient 

combined method to optimize the 3-D radiant furnaces 

which can be used by designers to find a prior 

knowledge about the suitable temperature of the heater 

and the optimal location of a product to provide the 

uniform thermal conditions on its surfaces. 

5 NOMENCLATURE 

ijD Radiation distribution factor 

between surfaces i and j 

ijF Radiation shape factor between 

surfaces i and j 

F Objective function 

dN Number of design body 

surfaces 

eN Number of enclosure surfaces 
"

dq Heat Flux over design surfaces 

"

cq Calculated heat fluxes 

HT Temperature of heater 

Greek symbols
 

 

 Stefan-Boltzman constant 

i Emissivity of surface i 

ij Kronecker delta 
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