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ABSTRACT

The objective of this work is to test the strength reserve, the working stability, the vibration performance and
the dynamic response under stochastic load on the optimized main body frame structure of a type of electrical
dust precipitator. The test program is established which is a test process, as well as a feedback process. The
strength prototype test is carried out to study the strength reserve of the structure. Based on the mechanical
model, the modal analysis, the buckling analysis, and the seismic analysis is carried out using ANSY'S to study
the working stability and the vibration performance of the structure. The test results show that the strength re-
serve of the structure is sufficient, the main body structure will not be instability in working, the structure’s
landscape orientation rigidity is feasible, the two-dimensional rigidity is even, and its torsional rigidity is better.
The Maximum lateral displacement and stress meet the standard requirements. Obviously, the main body struc-
ture is optimized perfectly and the method is feasible that to do the performance tests after structure optimiza-
tion design.
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1. INTRODUCTION

Steel braced frame structures system is constructed of shear braced steel structures and beam column steel
frame [1, 2]. Beam column steel frame, which may be hinged or rigid connection, bears the vertical load
transmitted by wall, beam and plate [3]. Provided by steel braced, lateral stiffness could either prevent instabil-
ity of frame column or carry horizontal loads such as wind and seismic forces [4]. Formed by frame and brace,
double resistance to lateral force system is a cost-effective structure type that have some characters, such as a
simple structure, a big integral rigidity, good anti-seismic properties, anti-overturning properties and stability
[5]. This could coordinate the mechanical performance of the frame and braced better. So steel braced frame
structures system is widely used in mechanical structures and high-rise buildings, which includes a large elec-
trical dust precipitator [6-8]. Its main braced structures is a closed self-balance, protect and spatial stress sys-
tem, which consists of a wide and narrow beam on the box structure, a roof boarding, a column, mudsill, a side
wall, a support beam and an ash bucket bracket, which form a particular steel braced frame structures.

There are some researches about the design and calculation of steel braced frame structures. For exam-
ple, structural calculation and experimental research on strength and stiffness [9-12], buckling analysis and
stability analysis [13-15], static and dynamic behavior analysis [16, 17], Seismic Analysis or Seismic Perfor-
mance study [18-20], vibration characteristics [21-22], experimental study [23-26]. From the different point of
view, the structural characteristics or mechanical properties of the steel frame braced structures are investigated
and discussed. It could be obtained that the calculation of these structures involves many aspects, such as
strength, stiffness, vibration, anti-seismic and stability, and it is difficult to obtain their mechanical and struc-
tural properties comprehensively.

A calculation and test method which could research the mechanical and structural characteristics of an
optimized main support structure of the specific type large scale electrical dust precipitator is established. The
mechanical and structural characteristics contain structural strength, stability, torsion effect and seismic re-
sponse. Analysis and calculation methods of steel braced frame structures are also discussed. It could provide
an idea for calculation and application of similar engineering problems.
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2. TEST AND ANALYSIS SCHEME

A main support structure of the specific type large scale electrical dust precipitator whose model technology is
bad and design safety factors is relatively large, In order to reduce the cost, the author has carried on the struc-
ture finite element computation, the structure optimization and the parameter optimization, The design calcula-
tion process involves the correctness of the finite element model, the reasonableness of analysis and optimiza-
tion method, the integrity of the calculation process, the safety and reliability of the calculation results, the sta-
bility and anti-seismic of the structure after optimization are need verified by experiment. So it is necessary to
conduct experiment to verify the correctness of the design calculation process. Meanwhile, the test process is
also a process of continuous feedback and data correction for the design calculation process, finite element
model, analysis method and optimization program.

As shown in Figure.1, the experiment and test scheme are divided into 4 parts, which are prototype
strength test, virtual modal test, virtual seismic test and virtual stability test. This process is both a test process
and a feedback process.
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Figure 1: The test scheme.

3. MODEL
In order to realize the bearing and sealing of the electrical dust precipitator and installing and locating of other
parts in their space, the main support structure of the electrical dust precipitator is a large spatial rigid frame
stress system.

The optimized geometric model structure is shown in Figure 2.
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Figure 2: Geometric model after optimization of main support structure

In the process of calculation, analysis and test, shell element and the column support are integrated to
simulate the some parts of the top beam, mudsill and column and the bracket and the column are equivalent to
three dimensional beam element. Young modulus, density and poisson ratio are 2.1x1011Pa, 7850kg/m3, 0.3
respectively.

4. STRENGTH TEST

The optimized structure theoretically satisfies the fourth strength theory. In order to further verify the strength
reserve of the optimized the structure and the rationality of the optimized method and results, it is necessary to
verify strength test.

Owing to complexity of the main structure of the electrical dust precipitator, it is difficult to conduct a
strength experiment on full-scale structure. This experiment also has some problems which includes wasting of
manpower, material resources and financial resources, and existing some personnel safety issues. Therefore,
based on the structural model test method and the principle of geometric similarity design, a text-bed is devel-
oped as the prototype of an intermediate truss girder of the main support structure, the connected force column
and the force support among columns, as shown in Figure 3. The overall size of the structure is geometric simi-
lar to the actual structure and the components also conform to geometric similarity basically at the premise of
satisfying the selection standard of section steel.
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Table 1: The simulation test and stress test values and their comparison (stress:MPa)

MEASURING STRESS TEST VALUES SIMULATION TEST ERROR
POINTS MEASURED u& o=Ee¢ (a VALUES & (b) (b—a)/b
1 63 13.23 14.20 6.83%
2 144 30.24 33.00 8.36%
3 49 10.29 11.20 8.13%
4 58 12.18 14.80 17.70%
5 83 17.43 17.80 2.08%
6 40 8.40 9.30 9.68%
7 34 7.14 7.30 2.19%
8 — — 11.50 —
9 — — 23.00 —
10 — — 13.30 —
11 59 12.39 13.70 9.56%
12 69 14.49 16.00 9.43%
13 67 14.07 15.60 9.81%
14 64 13.44 14.70 8.57%
15 78 16.38 17.00 3.65%
16 57 11.97 12.20 1.89%
17 62 13.02 13.10 0.61%
18 75 15.75 16.00 1.56%
19 25 5.25 5.98 12.21%
20 65 13.65 14.60 6.51%

The stress test is carried out on the test-bed (Figure 3) by the electrometric method and the results are
compared with the results of finite element analysis.

The position of the strain gauge is shown in Figure 4 and the results are shown in Table 1.

Where the "measured z& " is a strain value ( £ =10-6) read from the stress test directly, and the stress
value is deduced by formula o=E¢ .

The maximum value is 30.24 MPa and the minimum value is 5.25 MPa in other measuring points.
Point.6 and point.7 are slightly less than 10 MPa and the rest of the stress values are at the scope of 10MPa-
20MPa.

It could be obtained that the load transferring of the optimized structure is smooth, the stress distribution
is uniformity and the structure design is reasonable.

Figure 3: Test-bed

As shown in Table 1, the physical tests are basically consistent with the FEA results. Of all measure-
ment points, seven point errors is less than 5% or slightly larger than 5%, which are basically consistent with
the simulated value. Seven points error is less than 10%; two points error is larger than 10%. The error comes
mainly from the following reasons.

1. Introduction;
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Basic error of strain meter

Imperfection of sticking of strain gauge

Artificial reading error

Imperfection of sticking of temperature compensating piece

Incompletion of being constrained.

Reading deviation caused by the incomplete same of sticking point and the simulation point
Loading deviation caused by the analog loading point and the test loading points

. The error of strain meter zero drift caused by loading shock

10. The error of loading weight

N~ WN

_—

R

Figure 4: Strain gauge patch diagram

5. ANALYSIS OF STABILITY

It is necessary to evaluate its structural stability for the optimized main structure. Instability, also known as
buckling, is that the structure loses its linear balance and transits to curve balance. Totally different in nature
with strength failure, buckling appears that if the structure is unstable, the small external disturbance will in-
crease the deformation of the structure obviously.

The main supporting structure of the electrical dust precipitator can be regarded as three main parts,
which are beam, column and mudsill. Among them, the column plays a key role for stability of the main struc-
ture. Therefore, the research object of the stability test is the frame which is composed of column and column
support, as shown in Figure 5.

column support
narrow column

wide column
side wall-I

side wall-II

Figure 5: Geometric model for stability testing
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Generally, buckling analysis of structures refers to some complex elastic (plastic) theory and mathemat-
ic calculation. To acquire the critical buckling load, it has no choice but to solve the higher order partial differ-
ential equations. And only in some conditions with simple structures, analysis key could be obtained accurately.
Therefore, most of the cases are analyzed by approximate analytical methods such as energy method, numeri-
cal method and finite element method.

In this paper, in order to get the buckling load of the main supporting structure, the scale factor of the
stress stiffness matrix of the main supporting structure’s negative stiffness could be calculated as the eigenval-
ue formula based on ANSYS buckling analysis technique. The critical buckling load and the instability mode
of the structure are obtained by extracting the eigenvalues of stiffness matrix of linear system, the key is to
solve the following equation:

(K+A8)p=0 (1)

Where K is the stiffness matrix, A is the number of eigenvalue, S is the stress stiffness matrix, ¢ is the
displacement characteristic vector.

The discrete elastic body has n freedom degrees and it is only need to calculate the smallest eigenvalue.

The test procedure is shown in Figure 1, the buckling shapes are shown in Figure 6, Figure 7, and Fig-
ure 8 respectively.
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Figure 6: The first-order buckling mode
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Figure 7: The second-order buckling mode
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Figure 8: The third-order buckling mode

Three order buckling model value of structure is shown in Figure 9. The three order buckling loads are
464239N, 464839N, 494157N respectively, which are much larger than the working load, and could be consid-
ered that the main structure will not be instability in normal operation condition.

Bl Results File: stable.rst

4.64839E+85
4.94157E+85

Figure 9: Three order buckling modal values of structures

6. ANALYSIS OF MODAL

The vibration characteristics of the electrical dust precipitator main structure are determined by modal analysis.
The modal parameters, such as dynamic characteristics natural frequency, damping ratio and vibration, are
determined to study the stiffness and torsional effect of the main supporting structure.

It is of great significance to select the correlation parameters for the results of modal analysis. The cor-
relation parameters consist of the determination of exciting frequency, the avoidance and utilization of reso-
nance phenomena. It could also provide a research starting point for further dynamic analysis. In this paper, the
spectral analysis of seismic response of the main supporting structure is based on the modal analysis, as shown
in Figure 1.

The basic idea of modal analysis is to decouple the matrix equation which describes the dynamic behav-
ior of machinery and structures, so the dynamic characteristics of the freedom system with N degree could be
expressed by the freedom system with a single degree. It is a typical method for solving eigenvalue problems.

[K]{d} =’ [M]{4] v

Where [K] is the stiffness matrix, {4, }is the characteristic vibration mode vector of No.i order mode, @, is the
natural frequency of No.i order mode, [] is the mass matrix.

Analysis procedures and methods are shown in Figure 1 and Table 2 lists the frequencies, periods and
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vibration mode characteristics of the first four orders modes.

The first natural vibration period of the structure is 1.8248s, which is a small value, and indicates that
the lateral stiffness is relatively reasonable. Approximate equality of the vertical period and the horizontal peri-
od indicate that the plane stiffness of the structure is uniform, the anti-seismic performance is good.
T3/T1=0.4388, It could be obtained obviously that the first natural vibration period which mainly appear tor-
sion is moderate and the torsional effect is not very obvious.

Table 2: The first four natural frequencies of the main support structure

ORDERS | FREQUENCY-f(s-1) PERIOD- T(s) MODE OF VIBRATION
1 0.5480 1.8248 Lateral motion dominates
2 0.6760 1.4793 Vertical motion domina
3 1.2488 0.8008 Torsional vibration
4 1.5089 0.6627 Localized vibration

7. ANALYSIS OF SEISMIC

The main body structure of the electrical dust precipitator is a frame type support structure of house shape and
has some characters, which contain (relative high of the running state center of gravity, relative long of the
natural vibration period, resonating with the seismic wave easy.) Therefore, it is necessary to study the dynam-
ic response of the optimized structure under random load. In this paper, the modal analysis method [27-28] is
used to calculate the seismic response of the structure by combining the modal analysis results with a known
spectrum.

7.1 Design of response spectrum

There are many methods of seismic analysis and anti-seismic design, of which the method most widely used is
the response spectrum theory, which is proposed by Biot firstly [29]. The so-called spectrum is the relationship
between the spectral value and frequency and reflects the strength and frequency of the time-process load. The
core of the elastic response spectrum theory is the response spectrum curve. The so-called response spectrum is
the curve of the maximum response of a single point system with the period of self-earthquake under a given
ground motion.

According to the different properties of the reaction, there are some different displacement response
spectrum, such as the velocity response spectrum and the acceleration response spectrum. Generally, it is nec-
essary to determine the magnitude of seismic forces which is acting on the structure and is caused by the
ground motion, then check the structural strength and deformation. For anti-seismic analysis, Therefore, the
acceleration response spectrum are the main parameters which reflects the seismic action in the linear anti-
seismic design criterion [30, 31].

The definition of the acceleration response spectrum is the curve of the maximum absolute acceleration
response of a single point system with the period of natural vibration under the effect of a given ground motion.
The procedure of designing the standard acceleration response spectrum is as following: drawing and classify-
ing the spectral curves according to the previous strong earthquake records were in accordance with the magni-
tude and site conditions, and were statistically averaged, get a set of representative curves, then make a smooth
processing and moderate adjustment.

Under the effect of the action of horizontal around motion, the absolute acceleration of a single mass
point system of mass m is a(t) , the mass point suffered by horizontal seismic action is:

F(t) = ma(t) 3)

The formula (3) indicates that the magnitude and direction of the mass point horizontal seismic action
change with time t during the earthquake. The maximum value of seismic action is usually used in anti-seismic
analysis, its value can be expressed as:

F=ma,, =W/ 9)cty,, = oW “)

Where ( is gravity acceleration,a=gq,,, / gis the seismic influence coefficient, which is the maximum
absolute acceleration of a mass point in a gravitational acceleration J with the single mass point elastic system
under the action of earthquake.
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Figure 10: Influence coefficient o curve of seismic a-seismic influence coefficient, oy, - maximum earthquake influence
coefficient, T - natural vibration period of structure, Tg- characteristic period
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o Depends on fortification intensity or basic intensity, seismic geological environment (source distribution,
seismic series, epicentral distance and propagation path, etc.) and site condition. According to the domestic and
foreian hundreds of earthauake response spectrum analvsis, Chinese scholars have established the relation
curve (T ) between the seismic influence coefficient o and the natural vibration period T of the structural
system. As shown in Figure 10 [32].

Table 3: The value of T (s)

FIELD I FIELD Il FIELD 11l FIELD IV
Near-seismic 0.2 0.3 0.4 0.65
Tele-seismic 0.25 0.45 0.55 0.85
Table 4: The value of &,
Seismic intensity 7 8 9
X ax 0.08 0.16 0.32

The choice of &r,, and T, (S) is shown in Table 3 and Table 4.
Table 3 field types are divided into four parts, which are hard field I, medium hard field 11, soft field 11l
and weak field 1V.

Table 5: The seismic response spectrum

Frequency- f(s-1) 0.5480 0.6760 1.2488 1.5089 1.7700 2.024
Period- ) 1.8278 1.4793 0.8008 0.6627 0.5650 0.4941
o 0.0158 0.0190 0.0331 0.0392 0.0453 0.0511
Frequency- f(s-1) 2.1395 2.3704 2.4375 2.6003 2.7410 2.8256
Period- ) 0.4674 0.4219 0.4103 0.3846 0.3648 0.3539
o 0.0537 0.0589 0.0604 0.0640 0.0671 0.0689
Frequency- f(s-1) 29771 3.1434 3.7460 4.2316 10.0000 1000.0000
Period- () 0.3365 0.3181 0.2670 0.2363 0.1000 0.0010
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o 0.0723 0.0759 0.0800 0.0800 0.0800 0.0360

A tvoe of electrical dust orecipitator installed in the Il site. under the condition of seven level near
source seismic loading, according to Table 3 and Table 4, Tg =0.3, «,,,, =0.08.

It could be obtained from Figure 10 that the corresponding coefficient equation of the earthquake is as
follows:

a:[W}T +0.08x0.45 0<T <01 (6)
=008 0.1<T <03
a=(0.3/T)" x0.08 03<T <3

According to the formula (6), the seismic response spectrum is shown in Table 5. The response spec-
trum analysis is the analysis in frequency domain and the response of the structure is related to the width of the
frequency domain. The selected response spectrum in Table 5 guarantee a certain width frequency domain and
the finite vibration frequency range of cover main structure.

7.2 Results analysis

According to the response spectrum theory, the multi-degree of freedom system could be decomposed into
several generalized (equivalent) single degree of freedom systems. The maximum seismic response of each
generalized equivalent single degree freedom system is equal to the maximum seismic response of each equiv-
alent single degree freedom system. Therefore, ANSYS could be used for single point response spectrum anal-
ysis, take § =9.82, based on the assumption that the structure is rigid and the seismic effect of support is identi-
cal, horizontal and vertical have been motivated simultaneously, SRSS method is used to carry on vibration
modal combination, the comprehensive reaction have been obtained by square and square root of seismic effect
of each order, as shown in formula (7):

Q={2Q Y
Where Q means total response of the system, Q, represents response of i order mode

As shown in Figure 11, the maximum displacement of the structure under seismic load appears in the
combination of the middle beam and the column in the direction of X, the maximum displacement is
0.031659m, the deformation is small. The maximum shear stress of XY, YZ and XZ are 2.34 MPa, 18.84 MPa
and 8.14 MPa respectively. The maximum seismic stress of the structure is not on the supporting structure of
the main structure, all appear in the top beam or column connection between the local steel plate, but they are
less than the material strength, under the action of seismic parameters, the structure works in the elastic state.
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Figure 11: The seismic displacement vectors.
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It should be noted that the response spectrum analysis method consider the influence of the amplitude
and frequency spectrum of seismic wave on the structure, the result is the maximum inertia force in the earth-
quake, and sometimes it is not necessarily the most dangerous state of the structure, If the influence of the
earthquake duration on the structure and the weak link of the structure are determined, the time history analysis
of the optimal structure could be considered [33-36].

8. CONCLUSION

Taking the main supporting structure of electrical dust precipitator as an object, the design and calculation
methods which refer to a kind of steel braced frame structures are discussed in this paper and draw the follow-
ing conclusions:

(1) The strength test shows that the main supporting structure of a certain type of electrical dust precipi-
tator has the advantages of transferring load smoothly, uniform stress distribution and reasonable structure op-
timization. The buckling analysis shows that the main body structure does not produce lateral torsional insta-
bility in the working state. Modal analysis shows that the lateral stiffness of the main structure is reasonable,
the plane stiffness is uniform, and the torsional stiffness is good. The response spectrum analysis shows that
the maximum lateral displacement of the structure is the combination of the top of middle beam and column,
the maximum lateral displacement meets the requirements, and the deformation of the other parts is continuous.
The effect on the structure by the earthquake motion stress is not obvious, which shows that the anti-seismic
performance of optimized structure is good under the near source seismic load of level 7 seismic intensity and
field I1.

(2) The above results show that the optimized main supporting structure of a certain type of electrostatic
dust precipitator could meet the requirements of the strength reserve, stability and vibration.

(3) This scheme that firstly the structural optimization design is carried out and then the strength, stabil-
ity and vibration are tested, is feasible for the design, calculation and analysis of large steel braced frame struc-
ture. This proposed method could provide a solution for the calculation and application of similar engineering
problems.
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