
  
Abstract—The Reheating Furnace Walking Hearth Type is 

the key of the different rolling steel process sizes. Steel in the 
furnace is heated to high temperature range from 950 to 1150 
ºC at least 30 minutes. Because of this reason, the system 
requires an optimal controller for control the temperature 
inside each zone of the furnace. If the temperature of the steel is 
not proper to the process, it will affect the quality of the rolling 
steel process such as damage in ironing broad and increase 
electrical energy consumption in rolling process. The factors 
affecting the price of wire rod are electrical power and oil fuel 
consumption. Consequently, the steel production manufacture 
select the time from 10:30 PM to 8:00 AM for steel production 
because it has low cost. In addition, the process will stop during 
the day time. This paper presents the mathematical model of 
Reheating Furnace Walking Hearth Type using Genetic 
Algorithm. This method can estimate the parameters of the 
reheating furnace mathematical model from measuring 
temperature in each zone of the reheating process. The results 
of the research lead to optimal controller design for the 
reheating furnace. Moreover, the temperature responses show 
that the controller can reduce fuel consumption rate of the 
system. 
 

Index Terms—Heat transfer, control theory, system 
identification, genetic algorithm.  
 

I. INTRODUCTION 
The Reheating Furnace Walking Hearth Type, in 

Ratchasima Steel Products Co., Ltd (Nakhon Ratchasima 
Thailand), is installed in 1964. The furnace consists of three 
zones and each zone has different functions. The preheating 
zone heats the billets for moisture removing in the 
temperature range from 750 to 850 ºC. The heating zone 
provides heat directly to the billets in the temperature range 
from 950 to 1150 ºC and the soaking zone maintains the zone 
temperature in the range from 1000 to 1100 ºC. After the 
billets are soft, they are sent out from the furnace. Each zone 
of the furnace is shown in Fig.1. In the wire rod production 
process, the factors affecting the price of wire rod are 
electrical power and oil fuel consumption. Approximately 
from electrical bills, the cost of electrical power is 2.25Baht 
per kWatt in the time range from 10:00 PM to 9:00 AM and 
3.69 Baht per kWatt from 9:00 AM to 10:00 PM. The fuel is 
mixed between fuel oil 70% and LCB 30% and the air fuel 
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ratio is 1:10. Therefore, the process must be planed to run in 
the time range C (10:30 PM to 8:30 AM), stop in the time 
range A (8:30 AM to 19:30 PM) and restart again in the time 
range B (7:30 PM to 10:30 PM). The temperature in each 
zone of the furnace is shown in Fig.2. 

 

 
Fig. 1. Reheating furnace walking hearth type 

 

 
Fig. 2. Temperature profiles in each zone of the furnace 

 
The study of the reheating furnace pays attention to the 

thermal energy consumption and the estimation of the 
reheating furnace mathematical model [1], [2], [3]. This is to 
design suitable input (on-off) burner with the desire heating 
curve up [4]. The system identification method can estimate 
the variables of multivariable system such as reheating 
furnace walking beam type [5], [6]. The predictive control 
and system identification of the reheating furnace can predict 
temperature from all billets by error from predictive value 
and target. They are input of controller and the prediction 
model is call ARX model [7]. The efficiency of the furnace 
can be improved by mathematical equations for completed 
combustion [8], [9]. The mathematical model of the reheating 
furnace is presented by sequence learning on the artificial 
neural network to predict the temperature in each zone of the 
furnace [10], [11]. The various fuels feed conditions to the 
radiative slab heating affect the characteristics and thermal 
efficiency of a reheating furnace [12]. The application of 
genetic algorithm to estimate the parameters of the system is 
popular because it is simple and accurate results [1], [2], [4], 
[13], [14]. The simulation model considers the exact 
geometry of the furnace enclosure, including the geometry of 
the slabs inside the reheating furnace [15]. This paper 
demonstrates the mathematical model of reheating furnace 
walking hearth type between fuel flow rate with temperature 
response of each zone in manufacturing process and the 
open-loop system identification for parameters estimation of 
the mathematical model in range B by using genetic 
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algorithm for control fuel consumption rate. The control 
method based on time and temperature response that is 
considered for energy saving in the next time. 

 

II.   MATHEMATICAL MODEL OF REHEATING FURNACE 
PROCESS 

We consider the function of the furnace and the installation 
of thermocouples for the mathematical model of reheating 
furnace walking hearth type in manufacturing process. Each 
zone has two thermocouples to measure the average 
temperature. Therefore, we can divide the reheating furnace 
into four zones mathematical model as shown in Fig.3. 
Preheating zone is zone 1 and heating zone is zone 2. Soaking 
zone is divided into zone 3 and zone 4. In each zone of the 
furnace has number and size of burner as: 

  1. Zone 1 has 8 burners type NXB-300 
  2. Zone 2 has 8 burners type NXB-300 
  3. Zone 3 has 5 burners type NXB-125 
  4. Zone 4 has 5 burners type NXB-125 
The system that control air to fuel ratio as 10:1 is the 

closed-loop system using PID controller. In the 
manufacturing process, when the burners in the zone 2 to zone 
4 are open, the theory of heat transfer with the basic 
assumption is used for avoid complexity of the mathematical 
model. 

• Consider wall of furnace are insulated 
• Consider mainly on convection heat transfer and mass 

transfer of the furnace 
• Consider air fuel ratio (10:1) is completely control.  
• Not consider heat transfer of residue billets in each 

zone  
 

 
Fig. 3.  Zone of reheating furnace 

A. Zone 1 

 
Fig. 4. Thermal system of zone 1  

 
In the thermal system, we consider the heat transfer 

between the different temperatures of the zone 1 as show in 
Fig. 4. The overall heat transfer of the zone 1 can be written 
as 

1
1 conv21 loss flow21

dTC Q Q Q
dt

= − +      (1) 

( ) ( ) ( )2 11
1 a1 p 1 0 a1 p 2 1 dist2

1

T TdTC m c T T m c T T Q
dt R

−
= − − + − +     (1.1) 

B. Zone 2 

 
Fig. 5. Thermal system of zone 2  

 
The overall heat transfer of the zone 2 is shown in Fig.5 

and the system equation can be written as 
 

2
2 conv21 flow21 conv32 flow32

conv42 flow42 burner2 dist2

dTC Q Q Q Q
dt

              Q Q Q +Q

= − − + +

+ + +

                     (2) 
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2 1 3 22
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1 2

4 2
a3 p 3 2 a4 p 4 2 2 dist2

3

T T T TdTC m c T T
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T T
    m c T T m c T T m LHV Q

R

− −
= − − − +

−
+ − + + − + +

  (2.1) 

C. Zone 3 

 
Fig. 6.  Thermal system of zone 3  

The overall heat transfer of the zone 3 is shown in Fig.6 
and the system equation can be written as 

 3
3 conv32 flow32 conv43 burner3 dist3

dTC Q Q Q +Q Q
dt

= − − + +                     (3) 

( ) ( ) ( )3 2 4 33
3 a3 p 3 2

2 4

f 3 dist3

T T T TdTC m c T T
dt R R

             m LHV Q

− −
= − − − +

+ +

          (3.1) 

D. Zone 4 

 
Fig. 7.  Thermal system of zone 4  

The overall heat transfer of the zone 4 is shown in Fig.7 
and the system equation can be written as 

4
4 conv42 flow42 conv43 burner4 dist4

dTC Q Q Q +Q Q
dt

= − − − +            (4) 
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( ) ( ) ( )4 2 4 33
3 a3 p 4 2

3 4

f 4 dist4

T T T TdTC m c T T
dt R R

              m LHV Q

− −
= − − − −

+ +

           (4.1) 

And the compensation heat transfer is 

( )xt
distx 0x x axQ Q 1 e mα= − + β                          (5) 

where   

 
ax fxm 10m=                                           (6) 

From the mathematical model, we have twenty unknown 
parameters but the thermal resistance depended on Nusselt 
number. The mass flow speed and temperature has an effect 
to Nusselt number. Therefore, assume that the heat resistance 
equation is 

x axV m
x 0xR R T−=          (7) 

The mathematical model of reheating furnace walking 
hearth type in manufacturing process is defined as 
multi-input multi-output (MIMO) system between three fuel 
flow rate and temperature response of the zone 1, 2, 3, 4. 

 

III. MANUFACTURING PROCESS IDENTIFICATION 
The reheating furnace process is the open-loop control 

process between fuel flow rate and temperature response. 
The mathematical model of the reheating furnace process can 
be estimated from experimental data. The system parameters 
receive from the method called genetic algorithm. In the 
manufacturing process, when the burners in the zone 2 to 
zone 4 are open, the fuel flow is shown in Fig.8, 9, 10. The 
burner of the zone 2 has maximum fuel flow rate about 1200 
liter/hour. The burners of zone 2 and zone 4 have maximum 
fuel flow rate about 350 liter/hour. In the process of opening 
of the burner can be started from zone 4, zone 3 and zone 2, 
respectively. The temperature of the reheating furnace 
increase according to fuel flow pass burner in each zone as 
shown in Fig.11. 
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Fig. 8. Fuel flow in zone 2  
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Fig. 9. Fuel flow in zone 3  
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Fig. 10. Fuel flow in zone 4  
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Fig. 11. Temperature profile in each zone of the furnace  

 

The block diagram of the manufacturing process 
identification is shown in Fig.12. The system identification 
method can estimate system parameters from the responds by 
using the error between temperature of the model and the  
temperature of the reheating furnace.  

 
Fig. 12. Manufacturing process identification diagram  

The logical criterion might be fitted to the function of 
genetic algorithm, the mean sum square error (e) for all 
available data is shown in Eq.8. 

2n

x x
i 1

1e T (i) T (i)
N =

⎡ ⎤= −⎣ ⎦∑                               (8) 

where N is total number of data, 
xT  is the temperature 

response from the mathematical model of the reheating 
furnace and xT is the measuring temperature from reheating 
furnace in manufacturing process. There are four values of 
genetic algorithm population that are 200, 150, 100 and 50, 
respectively. The GA cycles are 50000. The main 
parameters of the genetic algorithm toolbox are given in 
Table I. 

 
TABLE I: PARAMETER GA TOOLBOX 

Parameter Toolbox 

GA cycles 50000 

Population 200 150 100 50 

selection Tournament 

size 4 

Stall Generation inf 
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IV. EXPERIMENTAL AND SIMULATION RESULTS 
In the experimental results, this method with genetic 

algorithm is used to estimate the parameters of the reheating 
furnace process at Ratchasima Steel Products Co.,Ltd. The 
response of temperature from the experiment and simulation 
are shown in Fig.12, 13, 14 and 16. The system parameters 
estimated from the genetic algorithm are shown in Table II. 

 
TABLE II: PARAMETER ESTIMATION OF THE MATHEMATICAL MODEL 

 Parameter Estimation 

  Result1 Result2 Result3 Result4 Mean 

R01 0.0101 0.01031 0.01101 0.01131 0.01068

R02 0.0395 0.03874 0.03923 0.03794 0.03885

R03 0.0499 0.04871 0.04992 0.04831 0.04921

R04 0.02613 0.02575 0.02631 0.02594 0.02603

V1 0.18126 0.17956 0.18213 0.18727 0.18255

V2 0.22543 0.24113 0.24523 0.21953 0.23283

V3 0.1500 0.151 0.17002 0.16101 0.15801

C1 5256×104 5249×104 5257×104 5257×104 5255×104

C2 3217×104 3221×104 3215×104 3216×104 3217×104

C3 1525×104 1525×104 1524×104 1526×104 1525×104

C4 1525×104 1525×104 1524×104 1526×104 1525×104

Q02 0.15632 0.15472 0.16113 0.15191 0.15602

Q03 0.2357 0.23811 0.23621 0.23551 0.236385

Q04 0.21683 0.21513 0.21563 0.21433 0.21548

α2 0.00007 0.00007 0.00007 0.00007 0.00007

α3 0.00047 0.00048 0.00049 0.00046 0.000475

α4 0.00042 0.00043 0.00043 0.00044 0.00043

β2 0.7043 1.2213 1.1543 0.8019 0.97045

β3 1.3799 1.3801 1.3991 1.2598 1.35472

β4 0.8151 0.8211 0.9225 0.9225 0.87030

% 
error 8.19 8.83 8.91 8.36 8.72 
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Fig. 13. Temperature responses in zone 1  
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Fig. 14. Temperature responses in zone 2  

0 20 40 60 80 100 120 140 160 180 200
650

700

750

800

850

900

950

1000

1050

1100

Time (min)

Te
m

pe
ra

tu
re

 (C
)

 

 

result1
result2
result3
result4
mean
experimental

 
Fig. 15. Temperature responses in zone 3  
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Fig. 16. Temperature responses in zone 4  

 
The best result of parameter estimation received form the 

result1 which has 200 populations, 50000 generations and 
8.19 % error. The mean of parameter estimation for the 
mathematical model of reheating furnace has 8.72% error. 
The system identification method can investigate the 
approximately mathematical model of the reheating furnace 
with explicit input and output. The adequate mathematical 
model of the reheating furnace walking hearth type in 
manufacturing process must derived from some experiments, 
accuracy of measuring data, high precision control of air fuel 
ratio (10:1) and heat loss control efficiency of the furnace. 

 

V. CONCLUSION 
The application of thermal principles in convection heat 

transfer and mass transfer for estimation of reheating furnace 
walking hearth type mathematical model, the system 
identification method comparing with measuring temperature 
data in each zone of the furnace, has high efficiency in 
parameter estimation. The paper demonstrates the estimation 
method for approximation of reheating furnace mathematical 
model parameters. The open-loop system identification with 
genetic algorithm is used to estimate the system parameters 
of the reheating furnace from fuel flow rate and temperature 
response. The simulation and experimental results show 
suitable process to get the temperature response related to 
fuel flow rate in each zone.  The model can be used to design 
the optimal controller for economical reheating process 
because the fuel consumption rate will be reduced.  

NOMENCLATURES: 
T1 – Temperature of  a zone 1 (°C) 
T2 – Temperature of  a zone 2 (°C) 
T3 – Temperature of  a zone 3 (°C) 
T4 – Temperature of  a zone 4 (°C) 
T0 – Ambient temperature ( 30°C) 
R1 - Thermal  resistance between zone 1 and  zone 2 (°C•sec/J) 
R2 - Thermal  resistance between zone 2 and  zone 3 (°C•sec/J) 
R3 - Thermal resistance between zone 2 and  zone 4  (°C•sec/J) 
R4 - Thermal  resistance between zone 3 and  zone 4 (°C•sec/J) 
C1 - Thermal capacitance of  a zone 1(J/°C) 
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C2 - Thermal capacitance of  a zone 2(J/°C) 
C3 - Thermal capacitance of  a zone 3(J/°C) 
C4 - Thermal capacitance of  a zone 4(J/°C) 
Qconv21 – Convection heat transfer from zone 2 to zone 1 (J/sec) 
Qconv32 – Convection heat transfer from zone 3 to zone 2 (J/sec) 
Qconv42 – Convection heat transfer from zone 4 to zone 2(J/sec) 
Qconv43 – Convection heat transfer from zone 4 to zone 3(J/sec) 
Qflow21 – Mass transfer from zone 2 to zone 1  (J/sec) 
Qflow32 – Mass transfer from zone 3 to zone 2 (J/sec) 
Qflow42  - Mass transfer from zone 4 to zone 2 (J/sec) 
Qflow43 – Mass transfer from zone 4 to zone 3 (J/sec) 
Qdist2  - Compensate heat transfer  of  a zone 2  (J/sec) 
Qdist3  - Compensate heat transfer  of  a zone 3  (J/sec) 
Qdist4  - Compensate heat transfer  of  a zone 4  (J/sec) 
Qloss  - Heat loss  from  zone  1 to ambient  (J/sec) 
Qburner2  - Heat flow  rate  from  burner at zone  2  (J/sec) 
Qburner3  - Heat flow  rate  from  burner at zone  3  (J/sec) 
Qburner4  - Heat flow  rate  from  burner at zone  4  (J/sec) 

a2m - Air flow rate of  a zone 2 (m3/sec) 

a3m - Air flow rate of  a zone 3 (m3/sec) 

a4m - Air flow rate of  a zone 4 (m3/sec) 

f 2m - Fuel flow rate of  a zone 2 (m3/sec) 

f 3m - Fuel flow rate of  a zone 3 (m3/sec) 

f 4m - Fuel flow rate of  a zone 4 (m3/sec) 

α2 – Coefficient of  Qdist2 relate with heat transfer 
α3 – Coefficient of  Qdist3 relate with heat transfer 
α4 – Coefficient of  Qdist4 relate with heat transfer 
β2 – Coefficient of  Qdist2 relate with air flow rate 
β3– Coefficient of  Qdist3 relate with air flow rate 
β4– Coefficient of  Qdist4 relate with air flow rate 
V1 – Coefficient of  thermal resistance R1 

V2 – Coefficient of  thermal resistance R2 

V3 – Coefficient of  thermal resistance R3 

V4 – Coefficient of thermal resistance R4 

LHV  - Low  heating  value ( 41 MJ/kg)       
Cp - Thermal capacitance at constant pressure (1130 J/kg.°C) 
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