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Abstract — The paper establishes two finite element models including a main bearing structure component of a type electrostatic 
precipitator and a mathematical optimization design respectively based on the theory of finite element method and optimization 
design mainly by using ANSYS. The experiment obtained the confirmation of load distribution accurately, the calculation on stress 
field by finite element method, the distribution of strain field and the optimization design on parts of electrostatic precipitator 
components. The Calculation plays a guiding role for the structure design and manufacture of the electrostatic precipitator as well 
as saving materials, reducing cost and producing with more remarkable economic benefits. 
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I. INTRODUCTION  

 
On the basis of modern mathematics and modern 

mechanics and the numerical method, the experiment studied 
the structural design optimization and automation theories of 
structure analysis and optimization design by computer. 
Compared with the routine structural design methods, the 
optimized structure design makes the structure design 
scheme more rational, scientific and satisfactory, which 
could achieve the structure the best integration of economic 
and security. Therefore, people began to popularize the 
application of optimization method gradually in structural 
design, for the application of structure optimization design 
method had great practical value and economic benefits. 

Structure analysis is one kind analysis method that takes 
the value of internal force and deformation as the main value 
when the structure is confronted with some outside factors. 
Structural analysis has great significance in engineering 
mechanics. Structure analysis is also an indispensable work 
in the process of structure design, which is tied up with each 
other. It has a big deal to master the correct structure analysis 
method for structure design [1]. The Optimization design 
changed the related parameters of the structure to meet the 
certain objective’s demand under the condition of rules, 
which changed the past passive situation also. In 
optimization design, the standard of design evaluation is 
called objective function; the quantity of structure design is 
called the design variables involved in the form of 
variables； the conditions is called the constraint condition 
that strictly abided by during the design including geometry, 
strength, stiffness and stability conditions; and it is called to 
establish the mathematical model of optimization design 
which consists of choosing the design variables, confirming 
the objective function and listing the constraint conditions. 
Mathematical optimization design model has different forms 
according to solving different practical engineering problems. 

Choose different optimization methods for different 
mathematical model [2]. The general expression of structure 
optimization design problems are as follows: 
Design variable:  

X=[x1 x2 x3……xn] T 

Constraint conditions: 

gi（x）≤0   i=1，2，3……p 

hj（x）=0   j=1，2，3……q 

Objective function: 

F（x）→min（min） 

Electrostatic precipitator has extensive market prospect 
with wide utilization in metallurgy, cement, power plant 
boiler, chemical industry, light industry and other industries, 
for the advantages of high temperature dust removal, high 
efficiency of dust collection, and low energy consumption. 
But because our country’s study on large electrostatic 
precipitator’s steel structure started relatively late on 
optimization design with precise calculation of less attention, 
some enterprises proceeded simple analogy design to similar 
foreign product blindly with too much attention to 
experience. For the reason that the adaptation with too 
conservative design in order to ensure structure strength, 
stiffness and stability requirements, the structure of design 
cost too much materials which influenced the economy and 
ornamental value of the structure[3]. As a result, the 
reasonable design of electrostatic precipitator’s steel 
structure could save materials, reduce cost, improve the 
economic benefits and market competitiveness of the 
enterprises. 

II. ESTABLISHMENT OF THE FINITE 

ELEMENTMODEL 

Electrostatic precipitator is large dust removal equipment 
with its structure commonly consists of shell, frame and 
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accessories. The framework mainly includes columns, 
bottom beam and the support; the shell includes wall plate, 
hot top and cold top; the accessories include import speakers 
and export speakers, and etc. The experiment established the 
finite element model based on the actual size of a certain 
type electrostatic precipitator’s main bearing structure by 
ANSYS [4].  

The main bearing structure mainly includes two parts: 
shell and framework. The shell is box structure welded 
together plates and steel section, in which has plane rigid 
frame structure welded together steel tube and steel section 
that constituted the internal support. And its structure is 
characterized by whose the length of the structure is bigger 
than the width and height of the section while its thickness is 
less than the size of length, width and height. The framework 
is steel structure welded of steel section. Considering the 
specific situation of the whole structure, the experiment 
adopted plate-beam combination model (SHELL63 and 
BEAM188).  If the experiment established a 3-d entity 
model, it will spend a lot of computing resources on the 
calculation and optimization subsequently. By ANSYS, the 
experiment chose SHELL63 of which has 4 nodes (I, J, K, L) 
as unit type [5], and there are six freedom degrees in each 
node that used to simulate the steel plate, as shown in figure 
1. The experiment defined the size of cross section according 
to the actual size of various beam by choosing quadratic 
linear element BEAM188 with three nodes in which also 
have six freedom degrees [6], as shown in figure 2. Unit 
attribute chose Beam188, with 18 custom beam cross 
sections and 3 Shell63 real constant. The steel structure is 
Q235 steel, with young's modulus2.1×1011 Pa and Poisson 
ratio 0.3. 

 

Figure 1. SHELL63 
 

 

Figure 2. BEAMl88 
 
The experiment simplified the model according to the 

characteristics of the main bearing structure in this model 
electrostatic precipitator. Among them, some components 
that don't carry weight shall be omitted, but their weight shall 
be considered as parts of the overall load of the structure. 
Such simplification had local influence on this part’s stress 
distribution, but had little effect on the stress of the whole 
structure. The shell finite element model after subdivided 
with mesh is shown in figure 3; the finite element model of 
shell internal frame structure as shown in figure 4. 

 

 
Figure 3. Electrostatic precipitator shell finite element model 

 

 

Figure 4. 3-d finite element model of the shell internal framework 
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III.  LOADING AND ANALYSIS OF CALCULATION 

RESULTS 

 
Building structure design should work out load 

combination according to the bearing capacity limit state and 
serviceability limit state respectively, and then take the most 
unfavorable effect combination for the design based on 
possible load on the structure in the process of use. For basic 
combination, load effect combination should be determined 
from the most unfavorable combination of the following 
value: 

(1) Combination controlled by variable load effect: 
S=γGSGK+γQ1SQ1K+∑γQiψciSQik 
(2) Combination controlled by permanent load effect: 
S=γGSGK+∑γQiψciSQik 
In the formula: 
γG：permanent loads subentry coefficient 
γQ1：the ith variable loads subentry coefficient 
SGK：load effect values from calculation on permanent 

load standard values GK 
SQ1K：load effect values from calculation on permanent 

load standard values Qik 
ψci：composite value coefficient of variable load Qi 
The loads subentry coefficient of basic combination, 

adopted by the following terms [7]: 
（1）permanent loads subentry coefficient: 
1）when the effect against structure 
——load of controlled by the variable load effect, should 

take 1.2; 
——load of controlled by the permanent load effect, 

should take 1.35. 
2）when the effect is beneficial to the structure 
——usually take 1.0； 
——capsized，sliding or floating, should take 0.9. 
（2）variable loads subentry coefficient 
——usually take 1.4； 
——For the industry building‘s floor structure with the 

standard values greater than 4KN/m2, the live load shall take 
1.35. 

The load can be transferred into two forms: the 
permanent load and variable load according to mechanical 
characteristics and actual working condition of this type 
electrostatic precipitator. Permanent load includes dust 
catcher self-weight, working pressure, and so on. The 
variable load includes snow load, ash load and so on. Main 
body structure of the electrostatic precipitator and ash hopper 
is connected with the bottom beam, bottom side beam and 
bottom centre beam of the framework. In calculating, the 
experiment took the ash hopper’s weight when it filled with 
ash as the weight of load on the bottom beam, bottom side 
beam and bottom centre beam. In addition, for the 
electrostatic precipitator is a large steel structure with large 
weight, the calculation should consider into its weight as 
load, too. 

The main loads of this type electrostatic precipitator are 
showed in table 1. 
 

 

TABLE1.  MAIN LOADS OF ELECTROSTATIC PRECIPITATOR 

Work pressure         5000Pa 
Snow load 500Pa 
Wind load 600Pa 
Cold top ash load 4000Pa 
Hot top ash load 2000Pa 
transformer 2000Kg 

Anode weight 179264Kg 
Cathode rays weight 64689Kg 

 
A. Calculation and Analysis on Strain Field 

 
When calculating the strain, the partial coefficient of 

permanent load and the partial coefficient of variable load γG 
should take 1.0. The work pressure of cold top load is 
5000Pa; snow load is 500 pa, cold top ash load is 4000 pa, 
the fore nodes on the cold top (node1110、1112、1116、
1118) under the weight of four transformer 
(2000Kg×9.8N/kg=19600N).   

The hot top pressure of work load is 5000 pa, and the hot 
top ash load is 2000Pa. In addition, the node on the hot top 
including node2 and the other 44 nodes bear the anode 
weight, with 39039.72N each, while node2630 and the other 
44 nodes bear the cathode rays weight, with 15847.58N each.  

The work pressure of windward wall load is 5000Pa，
wind load 600pa. 

The work pressure of lee wall load is 5000Pa. 
The work pressure of entrance horn side load is 5000Pa. 
The work pressure of exit horn side load is 5000Pa. 
For 10 nodes including node1706 are linked by pillar and 

ground in the practical work, it is necessary to constrain to 
all their freedom degrees. 

Figure.5 showed the load and constraints on calculating 
the strain for electrostatic precipitator main bearing structure. 

As strain distribution nephogram of the precipitator’s 
main bearing structure, Figure.6 showed: the node 2685 that 
in the middle part of shell’s hot top has the maximum 
displacement, which reached 39.7 mm. compared with 
20.3m the length of the entire model, the maximum 
displacement has small deformation only with ratio 0.19%. 
Because the main precipitator structure are sustained by the 
rigid support on the ground where used a rigid connection, 
the experiment got the result that conforms to the load 
conditions and actual situation. 
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Figure5. The load and constraint diagram on strain calculation 
  

 
Figure6. The nephogram of strain distribution 

 

B. Calculation and Analysis on Stress Field 
 

When calculating the stress, the partial coefficient of 
permanent load γG was taken 1.2; the partial coefficient of 
variable load γQ was taken 1.4, and ψc was taken0.7.  

The work pressure of cold top load is 5000×1.2=6000Pa; 
the snow load is 500×1.4×0.7=490Pa; the four nodes 
(node1110、1112、1116、1118) sustained the weight of 
four transformers 2000Kg×9.8N/kg=19600N.  

The work pressure of hot top load is 5000×1.2=6000Pa; 
the hot top ash load 2000×1.4=2800Pa; the 45 nodes 
including node2 on hot top sustained the weight of anode 
plate, 39039.72N for each node; the 45 nodes including 
node2630 sustained the weight of cathode rays, 15847.58N 
for  each node.  

The working pressure of windward wall load is 
5000×1.2=6000Pa; the wind load is 600×1.4×0.7=588Pa.  

There is only working pressure load to lee wall plate, 
entrance horn surface and exit horn surface, 
5000×1.2=6000Pa. 

The 10 nodes including node1706 is the pillar and ground 

connection in practical work, which should be constrained to 
all freedom degrees.  

Figure.7 showed the loads and constraints of main 
bearing structure in electrostatic precipitator during 
calculating. 

 

 
Figure7. The loads and constraints diagram on calculation 

 

 
Figure8. Equivalent stress distribution nephogram. 

 
Fig.8 showed the equivalent stress distribution of main 

bearing structure in electrostatic precipitator, from where we 
sew that: most of the components ware in blue basically that 
means stress value was small; the biggest stress value 
reached 145 MPa appearing in the middle area of shell’s hot 
top; the stress concentration in small area with the equivalent 
stress at about 64.4 MPa appeared in the joint between the 
entrance horn and two lateral wall plates; the stress change in 
the underside of the entrance horn and the positive side of 
exit horn was obvious big with a color light green and the 
equivalent stress at about 48.3 MPa in small area. Thus it can 
be concluded, the stress distribution of whole structure in 
working is less than the yield limit (σs =185-235MPa) of 
Q235 steel that the materials of the main bearing structure in 
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electrostatic precipitator. Therefore, the structure is in a safe 
state in working. But its safety performance is too high with 
too conservative design, which wastes too much material. So 
the structure has a great deal of optimization space. 

 

 
IV. OPTIMIZATION CALCULATION AND ANALYSIS 

 
ANSYS provides a cycle process of analysis, evaluation, 

and revision to optimize the design scheme [8], which means 
analyzing on initial design, then evaluating the analysis 
results according to the design requirements, and modifying 
the design at last. Repeat the cycle until all design meets the 
requirements, and get the optimal design scheme eventually. 

 
A. Optimization Calculation 

 
When optimizing the main bearing structure of 

electrostatic precipitator, the experiment need parameterize 
the model, mainly in some size could be optimized. And the 
optimization will focus on the cross section size of various 
steel sections in framework, with little change in structure. 

 
TABLE 2. PARAMETERS AND INITIAL VALUE OF EACH STEEL SECTIONS IN 

FRAMEWORK （M） 

Components 
Angle 
steel1 

Angle steel 2 Channel steel 

Parameters 
and 

parameter 
values 

L1=0.1 
L2=0.1 

L3=0.006 

L21=0.075 
L22=0.05 

L23=0.005 

C1=0.16 
C2=0.063 
C3=0.0065 

components I steel 1 I steel 2 
H steel 
section 

Parameters 
and 

parameter 
values 

I1=0.2 
I2=0.1 

I3=0.007 

I21=0.14 
I22=0.08 

I23=0.0055 

H1=0.482 
H2=0.3 

H3=0.015 
H4=0.011

 
 

A1. Definite the Design Variables 
 

Design variables usually choose from those who can 
provide practical optimization, and therefore design variables 
are often geometry parameters including length, thickness, 
diameter or model coordinate, which must be positive. 
Design variables are allowed no more than 60 in ANSYS [9]. 
In this calculation, there are 19 parameters (including L1、
L2) defined as design variables, which represented the size 
of steel section. 

A2. Definite the State Variables 

The state variable is the value to constrain design, which 
is a function of design variables and belongs to dependent 
variable. The state variable may have upper limit and lower 
limit, and may have one unilateral limitation that means 
upper limit or lower limit only. In this experiment, two state 
variables were set:  the maximum equivalent stress SMAX 
and the maximum displacement (deformation) DMAX, 
which was defined the upper limit, no lower limit.  The yield 
limit of steel Q235 is 185-235 MPa. According to the results 
of a large number of test and engineering practice, the safety 

coefficient of plastic material was taken  1.2-1.5 under the 
condition of static load in general mechanical design and 
manufacture [10], and so we took ns = 1.3 in experiment. 
The maximum equivalent stress SMAX was taken: 
SMAX=[σ]=σs/ns≈180MPa, as upper limit. If the component 
deformation is large in work, it would affect the performance 
of each components and the stability of the whole structure. 
As a result, the upper limit of the greatest resultant 
displacement DMAX should not be set in very large, in 
DMAX=50mm on this calculation. 

A3. Definition on the Objective Function 

The objective function is the value of design to minimize 
or maximize, and there is only one objective function in 
ANSYS. The experiment set WT (component’s minimum 
total weight) as objective function in calculation. The 
experiment set VOLU as the objective function because WT 
(the total weight of component) and VOLU (the total 
volume) is in direct proportion and to set VOLU as the 
objective function is relatively straightforward than WT.   

 
TABLE 3 NUMERICAL CONTRAST BEFORE AND AFTER OPTIMIZATION (M) 

 
The initial 

value
The optimized 

value 
Roundness 

value
C1 0.18 0.1569 0.157
C2 0.068 0.0612 0.062
C3 0.007 0.0055 0.0055
H1 0.482 0.12769 0.128
H2 0.3 0.22601 0.227
H3 0.015 0.013472 0.014
H4 0.011 0.01069 0.011
L1 0.14 0.08903 0.09
L2 0.01 0.005938 0.006
L21 0.09 0.06844 0.059
L22 0.056 0.047927 0.048
L23 0.008 0.005164 0.006
I1 0.22 0.1939 0.194
I2 0.112 0.08884 0.089
I3 0.0095 0.006347 0.007

I21 0.18 0.1045 0.105
I22 0.094 0.074357 0.075
I23 0.0065 0.006495 0.0065

 
After setting up all the control options, the experiment 

begun to optimize the calculation, which was done in 
ANSYS OTP processor. Table 3 showed the contrast result 
of parameter values between the optimization design before 
and after. 

Seen from the table, the optimization effect is obvious. 
The total weight of electrostatic precipitator’s main bearing 
structure is 698642.15kg， while it reduced to 560311.43 kg 
after optimization.  The objective function decreased 19.8% 
compared with the initial value, and the optimal value 
reduced by 17.5% to the total weight of the actual structure 
after rounding with obvious optimization effect. 
 
B. Finite Element Analysis After Optimization Calculation 

 
The experiment updated the variable size of model 

according to optimization result by ANSYS. Compared with 
the original load, we added the load to verify the reliability 
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of the optimization results that each load multiplied by sub-
coefficient 1.2 and then calculated the finite element analysis 
again. On updating the model, the load was multiplied by 
sub-coefficient in the order of the load size, then carry on the 
finite element analysis and calculation, and at last the 
experiment obtained the new calculation results. Table 4 
showed the comparison results between the calculation 
before and after optimization. 

 
TAB.4 THE COMPARISON RESULTS BETWEEN THE CALCULATION BEFORE 

AND AFTER OPTIMIZATION. 

The Results 
Before 

Optimization 
After 

Optimization
The maximum stress 

along X 
102MPa 126MPa 

The maximum stress 
along Y 

140MPa 165MPa 

The maximum stress 
along Z 

45.1MPa 63.3MPa 

The maximum 
equivalent stress 

145MPa 167MPa 

The maximum 
displacement 

39.7mm `43.07mm 

 
By the comparison of calculation results before and after 

optimization, the biggest displacement deformation 
increased to 43.07 mm from 39.7 mm, which was less than 
the allowable displacement of the whole structure.  

 

 

Figure 9. The equivalent stress nephogram. 

 
The obtained stress values on all directions had a 

corresponding increase but no more than 180 MPa (the 
allowable limit stress value), and the maximum equivalent 
stress was 167 MPa which was less than the allowable limit 
stress value 180 MPa, too. As a result, the whole structure is 
safe and the optimization result is completely reliable. 
Figure.9 showed the equivalent stress nephogram for the 
updated model, and Figure.10 showed the equivalent strain 
nephogram. 

 
 

 

Figure10. The equivalent strain nephogram. 

 
V. CONCLUSIONS 

 
A. The experiment can calculate the distribution of stress 

field and strain field of electrostatic precipitator’s the main 
bearing structure accurately; 

B. According to the distribution of stress field and strain 
field of this structure, the main bearing structure of this type 
electrostatic precipitator has too high safety performance, 
which means a too conservative design and a large 
optimization space to lots of components as a result;  

C. The main bearing structure reduced the total weight 
and the production cost significantly through the optimal 
design, which could bring direct economic benefits for the 
enterprise; 

D. The experiment’s structure analysis and optimization 
design provide a good reference for other types of 
electrostatic precipitator or structure components. 
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