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Abstract: Electric furnace roof is an important device for electric steel making, whose heat preservation 
performance and life-span have a direct impact on the economic benefits of iron and steel enterprise. Considered 
the characteristics of casting process, this paper optimizes the casting material parameters using ANSYS 
optimization module. Research indicates that we can get a better performance of electric furnace roof by using 
appropriate technical means to deploy the ratio of the composition of casting material reasonably. To a certain 
extent, this research provides theoretical support for study of casting material. Copyright © 2014 IFSA 
Publishing, S. L. 
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1. Introduction 

 

Electric furnace roof is an important part of 
electric arc furnace lining, length of life of the 
furnace roof and thermal insulation performance are 
closely connected with the steel output, quality, 
consumption and other technical and economic 
target. Domestic and foreign scholars have taken 
many measures to reduce the production cost of 
furnace roof and enhance the thermal stability, such 
as improving the furnace roof material, increasing 
alumina content, increasing the camber of brick 
furnace roof and the height of the center of furnace 
roof to the molten pool, improving operation, using 
water-cooled furnace roof [2]. Although these 
measures have achieved some results, but still failed 
to solve the problem of difficult installation and short 
service life of refractory brick furnace roof, cannot 
meet the needs of developing electric arc furnace to 

large capacity ultrahigh power and solve the 
problems of water-cooled furnace roof large heat 
loss. Therefore, the installation period, thermal 
insulation performance and the service life of the 
furnace roof is the main factor of restricting steel 
benefit, it has a crucial impact on the iron and steel 
enterprise productivity and economic benefits. 
Therefore, how to shorten the installation period and 
improve its service life has become an important 
measure for electric arc furnace steelmaking 
technology to reduce production costs, enhance  
the competitiveness. 

This paper takes a true model of 30t electric 
furnace roof for geometric basis to build CAD/CAE 
model of furnace roof, using the finite element 
software ANSYS to numerically simulate on the 
stress field of high alumina brick furnace roof and 
precast block furnace roof respectively. Elastic 
modulus, coefficient of thermal expansion and 
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thermal conductivity of the casting material have a 
great influence on temperature and stress level of 
precast block furnace roof, considering the casting is 
a craft to inject liquid monomer or prepolymer into 
the mould through polymerization and curing, if 
changing the quota of components and relationship 
between granularity of prepolymer, the material 
parameters will change after material molding. 
Therefore if the furnace roof condition and the other 
conditions remain unchanged, there must be a set of 
optimal material parameters of casting material to 
make the equivalent stress level of the furnace roof 
lowest. Using the optimization design module of 
ANSYS to optimize material parameters of casting 
material, in order to obtain the optimum parameters 
of casting material, provides the beneficial reference 
for the development of casting material. 

 
 

2. The Establishment of Electric Furnace 
Roof CAD Model 

 
High alumina brick furnace roof is formed by 

high aluminum brick masonry, precast block furnace 
roof is assembled based on the principle of building 
blocks after casting precast block with refractory, 
although the manufacturing process is different, but 
its shape and size are same [1]. So in the CAD 
modeling process, taking real geometry of a 30t 
electric furnace roof as the basis (the 3D effect graph 
as shown in Fig. 1) to establish the furnace roof CAD 
model. Considering the thermal transmission between 
center roof and furnace roof, all the models were 
established completely including the center roof and 
the furnace roof. The main dimensions are: charging 
aperture diameter 150 mm, electrode hole diameter 
250 mm, the circle determined by electrode hole 
center diameter is 900 mm, the center cover on the 
upper end face diameter 1730 mm, the lower end face 
diameter is 1606 mm, the outer end face of the 
furnace roof tactical diameter 3218 mm, inner end 
face tactical diameter 3000 mm. Because of the 
influence of the geometry, casting the whole furnace 
roof is difficult to operate, combined with the project 
requirements, this paper only builds high alumina 
brick furnace roof and three kinds of casting 
solutions roof (eight) CAD model, as shown in Fig. 2. 
 
 

 
 

Fig. 1. Stereogram of electric furnace roof. 

 
 

Fig. 2. CAD model of precast block furnace roof (casting 
eight blocks). 

 
 

Using ANSYS to do thermal analysis, must first 
establish a geometric model, and then build the finite 
element model, create CAE model after creating 
CAD model, including the definition of electric 
furnace roof material parameters, analysis of 
selection of element type and mesh control. 
 
 

3. Analysis of Stress Field of Electric 
Furnace Roof 
 
When the temperature changes only, because of 

the external constraints and mutual constraint 
between internal parts, the object cannot be 
completely free expansion and leads to heat stress 
[5]. Thermal shock in the end stage of melting 
furnace roof is very strong, so it will produce thermal 
stress. This chapter takes a furnace roof temperature 
field as the initial condition, does necessary structural 
analysis and boundary treatment at the same time, 
and simulates numerically the stress level and 
distribution of furnace roof [8]. 

For the calculation of the stress field, using the 
sequential coupling method, the temperature field is 
first calculated model, then taking the results of 
temperature field as the body load of stress field 
calculation, calculating stress field of the furnace roof 
[3]. This paper focuses on whether the precast block 
of the furnace roof will be broken with temperature 
shock, so when doing the stress analysis only reading 
the node temperature into the model as the body load, 
considering the place state of furnace roof and the 
furnace body and positioning action of cooling water 
pipe to the bevel at the bottom of the furnace roof, 
boundary conditions and load stress analysis were 
treated as follows: 

1) When using the masonry of refractory brick 
furnace roof, the last brick must be knocked in by 
external force, the center roof and composition 
surface are shrink fit. So applying a very small 
uniform pressure on the cylindrical surface where the 
center roof and furnace roof connect of the high 
aluminum brick furnace roof CAE model to simulate 
this effect, precast block furnace roof CAE models do 
not consider this factor. 
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2) Considering the furnace roof weight, Z 
direction of the acceleration of gravity in all the 
models were applied (input 9800 in MPA unit 
system). 

3) Constraint all the freedom degrees of slope 
node at the bottom of furnace roof in the Cartesian 
coordinate system, and ignore effects of the furnace 
roof driven, lifting and rotating device on the furnace 
roof. 

4) Read in node temperature in the thermal 
analysis, taking it as the body load of the structure 
analysis. 

The size and shape of the furnace roof will be 
changed when it is subjected to thermal shock, the 
stress level should be determined by the fourth 
strength theory, the stress level. The Von Mises 
Stress in ANSYS is calculated by the fourth strength 
theory [4]. Therefore, after the calculation and getting 
the results, drawing the Von mises stress picture of 
furnace roof model in ANSYS universal post 
processor, at the same time in order to show the 
changing stress level of the charging hole section 
(thickness), using the slicing function of ANSYS to 
split the model symmetrically along the feeding hole 
center, get the von mises stress slice cloud picture of 
the furnace roof model, as shown  
in Fig. 3. 

 
 

 
 

Fig. 3. Von mises stress slice cloud picture of precast block 
furnace roof (casting eight blocks). 

 
 

4. The Basic Theory and Method 
 

As a technology to determine optimal design 
scheme, optimal design has been an advanced 
technology of mechanism design theory and method 
research. Optimal design is a scheme to find the 
minimum spending (such as weight, size, volume, 
stress, costs) and meet the requirements of all design. 

For a long time, many scholars have proposed a 
variety of structural optimization theory from 
different angles: such as the maximum entropy 
principle, the simple genetic algorithm, simulated 
annealing [9], but these methods exist defect like 
complex to solve, difficult to achieve. As large scale 
general software to analyze finite element, ANSYS 
has powerful optimization design module, it is able to 

meet the most optimization design requirements and 
fast to solve, easy to control [10]. 

ANSYS supports function approximation method 
and gradient optimization method. The essence of 
function approximation method is solving function 
surface to fitting the solution space and then solving 
the function extremum by using the least square 
approximation, it is a perfect zero order method. This 
is a general optimal method, it is not easy to fall into 
local extreme point, but the accuracy of optimization 
is generally not very high, so it is used for coarse 
optimization; gradient optimal method uses first 
order partial derivative, it is a local optimal method. 
The precision of this method is very high, especially 
the dependent variable and the design space change 
greatly, but it takes more machine time. 

In the optimization process, set Fj, Xj and Fj-1, 
Xj-1 respectively as the results of objective function 
and design variables with j iteration and j-1 iteration 
(Xj vector), Fb and Xb are the current optimal 
objective function and its corresponding design 
variables. If meet 

j 1jF F    or j bX X   ,   is the 

tolerance of objective function, so the iteration is 
convergence, and the iteration stops. If 

j 1jX X    

or j bX X   , it means the design variables search 

has tended to converge, and the iteration stops, also 
means that the optimization has been done. 

In the ANSYS optimization module, it finishes 
the optimization process by changing the design 
variables, state variables and objective function. The 
design variables are argument, the optimal results is 
achieved by changing the value of design variables, 
every design variable has the upper and lower limit, it 
defines the variation range of design variables; state 
variable is the value of constraint design, to reflect 
the boundary condition of optimization, it is a 
function of the design variables, state variables may 
have upper and lower limit, it also may have only a 
unilateral constraint, namely of only the upper or the 
lower limit; the objective function is the target to 
optimize, the objective function is to minimize the 
value, it must be a function of the design variables, 
the value of objective function will change with the 
changing of the value of design variables, and only 
gets its minimal value. 

It musts establish an analysis file to optimize the 
analysis. Analysis file is an input files of ANSYS 
command stream, including a complete analysis 
process (pre-processing, solution, post processing), it 
musts contain a parametric model, define the model 
with parameter and point out the design variables, 
state variables and objective function, the optimal 
circular file can be created automatically by this file, 
and recycle in optimization calculation. The data 
flow is shown in Fig. 4.  

The generation of the analysis file is a pivotal part 
of ANSYS optimization design process. ANSYS 
program uses the circular file structured by analysis 
file to do circular analysis, analysis file may include 
any analysis type provided by ANSYS (structural, 
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thermal, electromagnetic, linear or nonlinear); but the 
model must be parameterized (usually the 
optimization variables are parameters), the results 
must be extracted by parameter (for the state 
variables and objective function). There are two 
methods to establish analysis file, line input by 
system editor and accomplish analysis interactively. 
As the way of generating other batch file by analysis, 
generating analysis file with system editor can 
completely control the parameter definition by the 
command input, have no trouble to delete superfluous 
commands, but it needs higher requirements of 
ANSYS commands and APDL languages; interactive 
method is more intuitive, it is easy to watch operation 
condition at any time and make adjustments to the 
program timely, but the operation is too frequent and 
inefficient. This paper uses APDL language to 
generate optimal analysis file and to do optimization 
calculation [11]. 

 
 

 
 

Fig. 4. Diagram of optimization data flow. 
 
 
5. Establishment of the Optimization 

Model 
 
Using ANSYS to optimize the analysis needs to 

define the optimization variables and generate 
optimal analysis file, in view of the furnace roof 
model, performance parameters of casting material is 
chosen as optimization variables, but the choice of 
objective function and state variables should be 
determined by the results of the calculation. 

Considering the optimization analysis consists of 
iterative calculation, when unit number is large, it 
takes long time; when unit number is small, it affects 
the accuracy. The unit number is moderate in the 
model of furnace roof casting eight precast block, and 
it meets the requirements of precision proved by 
preceding chapters. So in order to not loss of 
generality, the furnace roof casting eight precast 
block is the object to research; because the contact 
belongs to nonlinear computation, it is time-
consuming, and by the analysis above, the contact 
stress has little influence on the service life of the 

furnace roof, it is based on the model of CAD 
creating in the macro file lugai_8_contact.mac to take 
the GLUE operations on all bodies, eliminate the 
contact surface between the precast block, re 
meshing, and the applied loads and constraints 
according to preceding chapters for preliminary 
calculation, define optimization variables, generate 
the file Optimize.inp as the analysis of documents. 

Get the initial results file after initial calculations, 
draw the equivalent stress diagram and  
Z displacement components contour diagram in the 
ANSYS post processor, as shown in Fig. 5 and 
Fig. 6. As can be seen from the figure, the contact 
does not consider, the maximum equivalent stress the 
precast block furnace roof is 5.555 MPa, it shows that 
the contact stress has less influence on the service life 
of furnace roof. 

 
 

 
 

Fig. 5. Equivalent stress diagram of precast block furnace 
roof (casting eight block). 

 
 

 
 
Fig. 6. Z displacement components contour diagram 

precast block furnace roof (casting eight block). 
 
 

Stress is produced in the process of resisting 
deformation and damage failure of the material, the 
level directly affects the use of material life, so the 
low stress level is the primary purpose of the 
engineering control. Can be seen from Fig. 5 the 
equivalent stress level of the furnace roof is 
0.144 MPa-5.555 MPa, and the stress is at the same 
direction, it is possible to obtain the summation of 
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equivalent stress by operating unit table to sum the 
element stress. To sum up above factors, the 
optimization objective function is the summation of 
each furnace roof. Specific practices is to use the 
*GET command of APDL language and the 
ETABLE command to sum all unit stress, then 
assigned to the parameters of S_TRESS, part of the 
commands are below. 

As you can see from Fig. 6, the maximum  
Z displacement components of the furnace roof is at 
the top of the center roof, it is 0.027 mm, and the 
displacement of each node increases with the increase 
of coordinate Z. According to the materials science 
knowledge, when material stiffness is constant, if 
strain increases, the stress level of the furnace roof is 
higher, and the strain is caused by the constraint of 
external displacement. So choosing the maximum  
Z displacement components of the furnace roof as 
state variables can be a real physical process 
simulation. Specific practices is to use the *GET 
command of APDL language and the ETABLE 
command to extract maximum Z displacement 
components of the furnace roof and assign it to the 
parameters DMAX, commands are below. 

The commands of finishing the two steps are  
as follows: 

 

!* 
ETABLE,STRESS,S,EQV 
SSUM  
*GET,S_TRESS,SSUM, ITEM,STRESS  
NSORT,U,Z,1  
*GET,DMAX,SORT,MAX  
!* 
 

Choose the thermal conductivity (KX), elastic 
modulus (EX) and thermal expansion coefficient 
(ALPX) of the casting material as the design 
variables; choose the Z the maximum displacement 
of furnace roof (DMAX) as the state variables, and 
combining with the actual situation to determine the 
upper limit for 0.03 mm [6, 7]; because the location 
of maximum stress can be changed, and the 
directions of equivalent stresses of the furnace roof 
the equivalent stress are same (positive), so extract all 
the unit stresses of furnace roof CAE model and 
summation, assigned to the parameter S_TRESS, 
define it as the objective function. 

Optimization model of the furnace roof: 
 

Object function:    S_TRESS→min 
State variable:      DMAX≤0.03 
Design variable:    10≤KX≤40 

1.3E5≤EX≤5.26E5 
3E-9≤ALPX≤14.6E-9 

 

This optimization uses the zero order random 
search method, it do not use the partial derivative of 
the design variables, iteration number and the number 
of infeasible solutions successively  are all set by the 
default values of procedures, tolerance of state 
variables are also set by the default values of 
procedures. The orders are follows: 

!……… 
/INPUT,Optimize,inp 
/OPT 
OPANL,Optimize,inp 
OPVAR,ALPX,DV,3E-9,14.6E-9, , 
OPVAR,EX,DV,1.3E5,5.26E5, , 
OPVAR,KX,DV,10,40, , 
OPVAR,DMAX,SV,,0.03, , 
OPVAR,S_TRESS,OBJ, , , , 
OPTYPE,RAND  
OPRAND,30,0, 
!……… 
 
 

6. The Optimization Results 
 

Optimization analysis generates two files: 
Optimize.inp and Optcircle.inp. The whole process of 
analysis and extraction of data are included in the 
Optimize.inp file, it is analysis file; optimization 
variables and control process are includes in the 
Optcircle.inp file, it is the loop control file. 

Copy these two files to the ANSYS directory, 
start ANSYS, in the command window input: 

 
/INPUTE,Optcircle,inp  
 
Press Enter to operate optimization program. 
The optimization program automatically stop 

after 30 cycles, and preserve the furnace roof 
temperature field when the design variables are 
optimal solution and stress field data, plus the initial 
value, get 31 groups of data including 8 groups of 
feasible solutions and 23 groups of infeasible 
solutions. The results are in Table 1 (* is specified 
optimal solution in ANSYS). Changes in the 
objective function as shown in Fig. 7 (a) is the 
changing process of objective function with changing 
of thermal expansion coefficient (ALPX), Fig. 7 (b) 
is the changing process of objective function with 
changing of elastic modulus (EX), Fig. 7 (c) is the 
changing process of objective function with changing 
of thermal conductivity (KX), Fig. 7 (d) is the 
changing process of objective function with changing 
of iteration number; the furnace roof equivalent stress 
when the design variables are optimal solution is 
shown in Fig. 8.  

From Table 1 and Fig. 7 (d) can be seen, the value 
of the objective function is minimum when in 
seventeenth optimization times (first times in the 
initial data), it is 3232 MPa, namely the total stress of 
the furnace roof is 3232 MPa; the value of the state 
variables is 0.011 mm, the material parameters of 
design variables respectively are: thermal expansion 
coefficient ~3.4E-9 1K ; elastic modulus ~1.5E5 MPa, 
thermal conductivity ~28.974  W m K  ; from 

Fig. 7 (a), Fig. 7 (b), Fig. 7 (c) can be seen, the 
furnace roof total equivalent stress increases with the 
increasing of thermal conductivity, thermal 
expansion coefficient and elastic modulus. 
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Table 1. Optimal results of variables and objective function. 
 

No. Variables SET1 SET2 .. *SET17* .. SET31 
1 ALPX (DV) 0.73E-8 0.13E-7 .. 0.34E-8 .. 0.42E-8 
2 EX (DV) 0.26E6 0.3E6 .. 0.15E6 .. 0.38E6 
3 KX (DV) 20 21.640 .. 28.974 .. 26.488 

4 
DMAX 

(SV) 
0.027 0.05 .. 0.011 .. 0.017 

5 
S_TRESS 

(OBJ) 
10323 22183 .. 3232 .. 9571.3 

feasibility － feasible infeasible .. optimal .. feasible 
 

Notes: DV - design variable; SV - state variable; OBJ - object function. 
 
 

 
(a) 
 

 
(b) 

 

 
(c) 
 

 
(d) 

 
Fig. 7. Chang process of objective function with design variable and iteration number. 

 
 

 
 

Fig. 8. Equivalent stress diagram of furnace roof when the design variables are optimal solution 
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When the design variables are optimal, the 
equivalent stress of furnace roof is shown in Fig. 8. 
As can be seen from the graph, although the charging 
hole circumference of furnace cover inside wall are 
stress concentration, but the maximum equivalent 
stress decreased from 5.555 MPa to 1.689 MPa, most 
stress levels of furnace roof are below 0.8 MPa. 
According to the fourth strength theory, the 
equivalent material in material life is inversely 
proportional to the level of equivalent stress, so when 
the material parameters of casting material is the 
optimal solution, it can significantly extend the life 
of furnace roof. 

 
 

7. Conclusions 
 
Take the eight prefabricated block furnace roof 

casting model as the carrier, using ANSYS 
optimization design module to discuss the 
performance of optimization method is discussed on 
properties of casting material. The results show that: 
adjust properly the quota proportion of components 
of the casting material and the composition of 
particle size, shape, binder, additive, water reducing 
agent and so on, makes the thermal expansion 
coefficient reached 3.4E-9 1K , elastic modulus 
reached 1.5E5 MPa, thermal conductivity reached 
28.974  W m K  , it can significantly reduce the 

stress level of the furnace roof, extend the life of 
furnace roof. To a certain extent, this research 
provides theoretical support for study of casting 
material. 
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