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1A. INTRODUCTION TO THE THESIS 

1. Name of the thesis topic: "Research on the influence of some specifications of percussion in 

electrostatic precipitator system on ability of dust settling" 

2. Basis for choosing the topic. 

Currently, the electrostatic precipitation is the method being used mainly in thermal power plants, 

cement plants in Vietnam. In order to contribute to mastering electrostatic dust filtration 

technology, the author has chosen the research direction "Research on the influence of some 

specifications of percussion in electrostatic precipitator on ability of dust settling" as the topic of 

doctoral thesis. 

3. The objective of the thesis topic 

- Building the relationbetween the influence of the specifications such as hammer weight (m1), drop 

height (H) andpercussion force (F) of dustsettling percussion. 

- Building the relation between the percussion force (F) to the stress wave acceleration (a) in the 

deposition electrode. 

- Optimizing the multi-objective function between the specifications of the hammer (m1, H) and the 

Force (F) in the durability limit [σch] of the deposition electrode with acceleration value (a) to 

determine a reasonable acceleration value domain with ability of dust settling. 

- Applying the research results of the thesis to calculate the main specifications of the hammer (m1, 

H) and the main parameters of the deposition electrode (B, L, m2) for electrostatic precipitator with 

capacity of 1 million (m
3
/hour 

4. Research subject 

Experimental research on the influence of some specifications of the percussion such as hammer 

weight (m1), drop height (H) on percussion force (F) and stress wave propagation acceleration (a ) 

in the deposition electrode of percussion model. 

5. Research scope 

- Experimental study to determine the relation between the influence of hammer parameters (m1, H) 

onpercussion force (F) and the relation between percussion force (F) to stress wave propagation 

acceleration (a )in the deposition electrode of percussion model. 

- Only reseaching the influence of horizontal stress waves in the deposition electrode from thin steel 

plate materials of percussion model. 

6. Research method 

Combining theoretical research, simulation analysis on Ansys, experimental acceleration 

measurement of stress wave propagation on the deposition electrode from from specialized thin 

steel plate materials, percussion model and experimental data treatment method. 

7. Scientific and practical significance of the topic 

7.1 Scientific significance: 

- Analyzing numerical simulation to assess the influence of percussion force (F) on stress wave 

propagation acceleration (a) and deformation of the deposition electrode. 

- By experiment, developing a mathematical equation of the relation between the influence of 

hammer parameters (m1, H) on percussion force (F).  

- Determinating experimentallythe influence of percussion force (F) to acceleration (a ) 

- Optimizing determination of the value domain of the hammer parameters (m1, H, F) and stress 

wave propagation acceleration (a) within the durability guarantee [σch] of the deposition electrode. 

7.2 Practical significance: 

- Research results of the thesis are applied, tested in the calculation, designed the main parameters 

of practical electrostatic precipitator, VungAng Thermal Power Plant with dust filter capacity of 

1,000,000 ( m
3
/h). 

- The research results of the thesis can be applied in the operation of percussion, can also be used as 

a reference in teaching and research work, electrostatic precipitator design. 

8. New contributions of the thesis 

- Building the experimental regression equationon the relation between the parameters: Hammer 

weight (m1) and the percussion force F = f1 (m1, H). Testing the durability conditions on Ansys 

software to determine the value domain (F) in experimental acceleration measurement (a) 

- Building experimental regression function of the influence of the percussion force (F) on the 

acceleration in the deposition electrode: a = f2 (F) 
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- Optimizing multi-objective function to determine the value domain of acceleration (a) with ability 

of dust settling and to satisfy the durability conditions of the deposition electrode (ch) [ch]. 

- Applying the research results of the thesis to calculate the main specifications of percussion (m1, 

H, B, L, m2) for electrostatic precipitator with capacity of 1 million (m
3
/hour) 

 

B. THESIS CONTENT 

Chapter 1: COMPREHENSIVE RESEARCH OF PERCUSSION OF DUST SETTLING  

IN ELECTROSTATIC PRECIPITATOR 

1.1 Principle of electric dust collection 

Electrostatic precipitator is a system that collects dust particles from the dust stream as they pass 

through the filter chamber with polar plates called deposition electrodes and discharge 

electrodes.On the polar plates, we provide DC high voltage ranging from a few dozen to a few 100 

(kV)to form a large electric field,dust will be ionized into negative ions then sucked to the 

positivedeposition electrodes and attached to it (Figure 1.1). Dust will be separated from the plates 

by settling the polar plates [1].  

 
Figure 1.1 Principle diagram of electrostatic suction force 

1.3 General structure of horizontal electric dust filter 

1.3.1 Principle diagram of electrostatic precipitator 

Electrostatic precipitator is a system of equipment arranged according to different working 

functions and described as Figure 1.2. 

 
Figure 1.2 Principle diagram of the configuration of horizontal electrostatic precipitator  

with the relevant equipment 

1.3.2 Structure of the electrostatic precipitator  

1.3.2.1 Structural principles of the electrostatic precipitator  

The shape and main parts of dry electrostatic precipitator are as shown in figure 1.3 
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1- Insulation chamber 

2- Air inlet 

3- Discharge system 

4- Distribution grid 

5- Deposition electrode 

6- Shell 

7- Isolation layer 

8- Percussion in deposition electrode 

9- Percussion in discharge electrode 

10- Access door 

11- Dust screw conveyor 

12- Driver 

13 - Support 

Figure 1. 3 Structural diagram of horizontal electrostatic precipitator chamber 

1.4 Mechanism of dust precipitation in the electrostatic precipitator chamber 

1.4.1 Electrostatic forces of dust particles 

When the charged dust particles are placed in an electric field, the dust particles will be subjected to 

an electrostatic force and move towards the opposite electrode [2] [30] 

Velocity of dust particles moving to the deposition electrode: 

  We = 
𝑞𝐸𝐶𝑐

3𝜋µ𝑓𝑑𝑝
                                             (1. 1) 

In which: (q - charge force; E - Electric field force; f - air environment coefficient; dp- dust particle 

diameter; Cc - slip coefficient) 

1.4.2 Electrostatic attraction of the deposition electrode  

The electric field force acts on the deposition electrode and causes electrostatic attraction such as 

(1.2) [33]  

  𝐹𝑒 =  
1

2
𝜀0[𝐸2 − (

𝐽𝜌 𝜀1

𝜀0
)2]    (1. 2) 

1.6 Structure of thepercussion hammer 

The structure of percussion hammer is described as figure 1.4 

 
Figure 1.4 Structural model of the percussion 

The hammer is mounted on the drive shaft 4, when the shaft 4 rotates, the hammer 2 and the 

connecting rod 3 will circumrotate, when the hammer's direction fits vertically at an  angle 

(usually 15
o
) then the hammer will perform a free-fall motion and act on the anvil an excitation 

force F(t). 

1.8 Research situation on dust settling methods in the country and in the world 

1.8.1 Research situation in the world  

- The author group of ChayasakRuttanachot, YutthanaTirawanichakul, Perapongtekasakul [38]. 

Research on the influence of the conductor diamete of discharge electrode, the distance between the 

two electrodes on dust collection efficiency. 

- Heinz L. Engelbrecht [26]. Research on the influence of deformation of the polar plates on the 

average stress propagation acceleration on the whole surface of deposition electrode. 

- Roderick Manuzon [35]. Research on the influence of electric field on the electrostatic precipitator 

efficiency and concluding that electrostatic attraction of dust particles with electrodes depends on 

the working voltage of electrostatic precipitator.  
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- S.H. Kim, K.W. Lee [23]. Research on the influence of dust particle diameter on the electrostatic 

precipitator performance. 

- F. Miloua, A. Tilmatine. [25]. Research on the influence of drop height on dust settling 

performance in tubular electrostatic precipitator. 

- Ali AkabarLotfineyestanak [22].Research on and analysis of stress and fatigue damage of 

deposition electrode in electrostatic precipitators by finite element method. 

- A. Nowak and S. Wojciech [37].Research on the influence of hammer structure on deformation 

and fatigue damage during the percussion process. 

- Jea-Keun Lee, Jea-Hyun Ku [32]. Research on the process of turning on / off the power of 

electrodes during the percussion process effecting on dust settling performance. 

- LEWIS B. SCHWARTZ and MELVIN LIEBERSTEIN [43]. Research on the relation between 

percussion time and the dust layer thickness in the deposition electrode. 

- According to the author Sproull T [48] for many kinds of dust, the acceleration value (a *) is in the 

range (40-100) g, g = 9.81 (m / s
2
). Value (a *) depends on the physical and mechanical properties 

of dust [48].  

Comment: The above science projects have focused on the research on the influence of electric 

field factors, size and velocity of dust particles on electrostatic precipitator performance. However, 

the above projects have not shown the relation between the percussion force (F) of the hammer and 

the stress propagation acceleration (a) in the deposition electrode under conditions to ensure that 

ability of dust settling and longevity of the deposition electrode are the highest. But the research 

results of the authors are important suggestions for applied research according to the selected 

objectives of the thesis topic. 

1.8.2 Research situation in the country 

- The National Research Institute of Mechanical Engineering - Narime is one of the pioneers in the 

field of supplying exhaust treatment equipment for industrial plants, as follows: 

- In 2010, innovation of electrostatic precipitator system at Uong Bi 1 Thermal Power Plant, 

innovation and replacement of percussion hammer system of the deposition electrode. 

- In 2014, State-level science and technology project, design, manufacturing and installation of 

electrostatic precipitator system for VungAng 1 Thermal Power Plant - Ha Tinh with a capacity of 1 

million (m
3
/hour). 

- In 2015, the project of production, manufacturing and installation of electrostatic precipitator 

system of plant unit 1 and 2 of Thai Binh 1 Thermal Power Plant. 

- Research Institute of Industrial Machinery and Instruments IMI has researched, designed and 

manufactured PLC controllers for electrostatic precipitator system. 

Comment: Research units and manufacturing facilities of electrostatic precipitator in the country 

have participated in designing and manufacturing the electrostatic precipitator. However, no facility 

has implemented the topic "Research on the influence of some technological elements of percussion 

in electrostatic precipitator system on ability of dust settling" with the condition to ensure the 

durability (ch) for deposition electrode. 

1.9 Some problems needed to research about mechanical percussion 

a) Researching the wave propagation in the deposition electrode 

b) Researching fatigue damage of the percussion  

c) Researching measures to ensure ability of dust settlingof the percussion 

d) Optimizing the determination of the domain of technology parameters, ensuringcondition of dust 

settling and durability of the polar plates.  

1.10 Research content of the thesis 

From the proposed contents of comprehensive research, the contents of the thesis topic are as 

follows: 

Chapter 1: Overview of dust settling percussion in the electrostatic precipitator 

Chapter 2: Theoretical basis of stress wave propagation in thin metal plates 

Chapter 3: Experimental equipment and research methods  

Chapter 4: Evaluation of experimental results and their application in practice. 

CONCLUSION OF CHAPTER 1 

From the contents of Chapter 1, it is possible to draw conclusions: 
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1) Researching comprehensively electrostatic precipitator and dust settling percussion of the 

deposition electrode. 

2) Finding out about the research situation of electrostatic precipitators in the world and in Vietnam. 

Thereby, there has not been any research on the relation of the influence between percussion force 

(F) and stress wave propagation acceleration (a) in the deposition electrode. 

3) Determining that the dust settling mechanism in the dust settling percussion system is the 

transmission of the impact impulse of the hammer to the deposition electrode to create an the stress 

wave propagation acceleration (a) in a thin and flat metal plates. 

4) Selecting the influence of some specifications of percussion in deposition electrode system such 

as hammer weight (m1), drop height (H) of hammer on ability of dust settling. 

5) Selecting the genetic algorithm to solve the multi-objective optimization problem to satisfy the 

condition of dust settling and ensure the durability of the deposition electrode. 

Chapter 2: THEORY BASIS OF STRESS WAVE PROPAGATION 

IN THIN AND PLAT STEEL PLATES 

2.1 The basic concepts of solid object impact 

2.1.1 Newton's Impact Theory  

The basic theory is correct for solid objects, but does not pay attention to all phenomena that occur 

on impactin a deformed objects. It ignores the vibrational energy (wave) of the object created by the 

relatively large initial energy portion before the impact. The ambiguity of this theory is the 

inclusion of a reduction factor whose coefficients' values are not necessarily constants, but also 

depend on a series of influences, namely the impact rate [6]. 

2.1.2 Hec’s impact theory (static standard theory) 

Hec's theory is more developed than the basic theory, Hec has found the force that occurs at the 

contact area, impact time, but it is only true when the impact rate is small, considering that the 

vibrational energy is very small and the deformation occurs only in surounding area of the impact, 

because it comes from the traditional solution of Hec's static contact problem, while this is a 

dynamic problem when exposed. 

2.1.3 Wave theory of impact  

The wave theory of impact records the entire impact process, taking care of the deformed waves 

propagating on both sides of the impact in elastic, viscoelastic and elastoplastic objects. Therefore 

the results are more accurate, but the general solution is very complicated, the calculations are 

elaborate, people often put in some hypotheses to simplify, in the calculation, the secondary 

influences are often ignored [6].  

2.1.3.1 Wave equation in an infinite elastic medium  

a) Stress wave 

- Stress is a quantity that represents the internal force generated in a deformed object due to the 

effect of external causes such as load, temperature change, etc. 

- Wave energy propagating in different directions will cause stress wave acceleration at all points 

on the surface of the plates (hereinafter referred to as acceleration) [8]. 

b) Wave equation 

In order to establish the wave propagation equation in an infinite elastic medium, we will consider 

the dynamic equilibrium of an element in the coordinate system that is perpendicular to the edges 

dx, dy, dz separated from that medium. According to the elastic theory on the element section, there 

are the following stress components: (Figure 2.1)  

 
Figure 2. 1 Element of stress components 

Symbols: X, Y, Z – componentsofprojection, intensity and volume on the coordinate system 

u, v,w – are components of displacement  
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𝜕2𝑢

𝜕𝑡2
;  
𝜕2𝑣

𝜕𝑡2
;
𝜕2𝑤

𝜕𝑡2
 -  acceleration of displacements 

 - specific gravity  

According toDalembert's principle, at time t, the element is in equilibrium when we add inertial 

forces. 

Combining the projection of the forces on the 3 axes of the coordinate system, we get 3 equilibrium 

equations named Navie equations: 

 
According to the displacement method, we will convert the above 3 equations according to the 

displacement thanks to the relation between stress and deformation, according to the expression: 

 
In which: 

 
Elastic modulus 

 
Lame constant 

 
Deformation of relative volume 

Format of the Cosi formula: 

 
Considering the first equation of (2.1), replac the value of xaccording to (a): 

replace the valueyz = xyaccording to (a) and (b), we have: 

 
Then the first equation of (2.1) will be: 

 
In the same way, we get the remaining two equations. Ignoring the influence of volume force X = Y 

= Z = 0, we finally get the following system of equations: 

 
The system of three equations (2.2) has three unknowns u, v, w called Lamê equations. It is the 

differential equation of motion of an elastic, isotropic object when ignoring volume force. This 
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system of equations represents the wave propagation in an infinite medium with two different types 

of independent elastic waves of each other. 

 
Equation (2.3) proves that the wave propagation changes the volume, does not change the shape, is 

propagated in the medium with the following speed:  

  

 

 

In seismology, it is called the initial wave or the expansion wave, where the displacement of 

elements is in the direction of the wave propagation, so it is also called longitudinal wave. 

Equations (2.6) presentthe wave propagation with speed: 

 

 

 

The displacement of elements when the wavespropagate in an orthogonal direction to the direction 

of propagation so it is called a transverse wave. Because of the velocity C1> C2, the excitation 

source of longitudinal wave will propagate before the transverse wave. The ratio of the two wave 

velocities depends only on the slip elastic modulus G: 

  

 

 

In the general case, a mechanical stimulus caused in an elastic medium simultaneously has both 

types of progressive wave with different speeds and independent displacement of each other. 

Comment: From the analysis results of the wave propagation theory in thin and flat metal plate, it is 

shown that the displacement occurs in the direction of the wave propagation called longitudinal 

wave, so it is not a factor that creates normal force with the surface of the plate. On the other hand, 

the displacement when the wave propagates in the direction of the orthogonal direction of the wave 

direction is called the transverse wave, so it can be concluded that the transverse wave is the main 

cause to create the linear acceleration withthe surface of the thin metal plate when the effect of 

impact impulses. 

2.2 Analysis of impact process by finite element method 

2.2.1 Force, displacement, deformation and stress 

Assumingthe dimensions of deposition electrodes (length X width = LxH) as shown in Figure 2.2 

 
Figure 2. 2 Image of meshing into NODEs on the deposition electrodes 

For linear and isotropic elastic materials, we have the relation between stress and deformation (2.7) 

[43] [45] [48]: 

 
In which: D - hardness matrix 

 

 

 

 

2.2.2 CAE analysis during impact process of the hammer and deposition electrodes 
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Using simulation analysis software such as Ansys to analyze the stress distribution domain of the 

deposition electrodes.The deformation level of the hammer changes according to the green-yellow-

red colors which is the change in the dangerous level and itis directly proportional to the force value 

generated from the percussion hammer. 

2.3 Relation between parameters of impact process 

2.3.1 Relation between parameters of hammer and percussion force and acceleration 

When the hammer has a weight (m1), free falling from the height (H) compared to the point of 

impact (Figure 2.3), at the contact point, the impact impulse occurs, creating the stress wave 

propagation causing stress wave propagation acceleration (a) in the deposition electrodes.   

 
Figure 2.3 Model of hammer impact and deposition electrode frame 

F - percussion force of the hammer can describes that relation with the following mathematical 

function: 

 

a - stress wave propagation acceleration of the deposition electrodes, 

 

2.3.4 Calculation of the durability conditions of the deposition electrodes 

When the hammer impacts with the deposition electrodes, it moves with the same velocity (V). 

 

 

 

The kinetic energy of the whole system is 

 

 

 

Assuming that there is a static force P'equal to the force hit by the hammer on the deposition 

electrode frame causing the plate to move a piece yđ, then the Work is:  

According to the law of conservation (A = T), thus: 

 

 

 

Trongđó: t- static displacement caused by transverse force P * (t = x. P) 

So we have a dynamic load factor: 

 

 

 

According to the durability conditions of potential energy changing the shape: 

 
The head of the plate is subjected to the bending force caused by (P) and the tensile force caused by 

the weight of the plate (m1) thus:  

 

 

Durable conditions: tđ [] 

We have the stress diagram at the dangerous section is: 
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Figure 2.4 dangerous section of the deposition electrodes 

2.4 Method of measuring stress waves 

2.4.1 Wave propagation speed 

Speed is determined by the formula: 

 

 

In which: L- length of distance of two measurement points; t - wave transmissiontime  

2.4.2 Measurement of the stress wave intensity 

2.4.2.2 Electric method 

Piezoelectric sensors operate based on the principle of piezoelectric effect, under the effect of 

mechanical force, the piezoelectric plate is deformed as appearing on two plates of opposite charge. 

2.5 Factors affecting the ability of dust settling of the deposition electrodes 

The value of propagation acceleration in the deposition electrodesis calculated by formula (2.20) 

In which: (d - displacement (mm); f - oscillation frequency (Hz); L - width of the deposition 

electrode..) 

CONCLUSION OF CHAPTER 2 

From the content of chapter 2,it is possible to draw conclusions: 

1) Researching the theory of impact with two solid objects, typical physical quantities of the impact 

process such as force, displacement and acceleration as the basis for solving the mechanical impact 

problem between the hammer and the deposition electrode frame. 

2) From the theoretical basis of stress wave propagation, we can determine the laws of dispersion 

curves in thin and flat metal plates. 

3) Applying finite element method to analyze deformation and stress during the impact process 

between two solid objects, as the basis for determining the fatigue limit of the deposition electrode 

under the impact of percussion force according to cycle. 

4) Researching some methods of measuring velocity and intensity of stress wave propagation 

acceleration in thin metal plates as a basis for selecting equipment for acceleration measurement 

experiments in the deposition electrodes. 

 

Chapter 3: EXPERIMENTAL EQUIPMENT AND RESEARCH METHODS 

3.1 Experimental model 

3.1.1 Basis for choosing the experimental model 

The experimental model is based on the actual model of of a coal-fired thermal power plant with a 

dust settling capacity of 1 million (m
3
 / hour), when designing the experimental model, it must 

ensure a number of uniform requirements on geometric shapes, structures and dimensions. 

3.1.3 Modeling the experimental model 

Experimental model is designed as the principle in Figure 3.1 
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Figure 3.1 Modeling the dust settling percussion and deposition electrodes 

(1- suspensionbeam, 2-support pillow, 3- suspension ear, 4- deposition electrode, 5-anvil, 6- 

percussion hammer, 7- hammerhand, 8- support pillow of hammerrotaryaxis) 

3.2 Measuring equipment used in the experiment 

3.2.1 Accelerometer 

3.2.1.1 Accelerometer using computer 

Origin of measuring equipment of Bruel&Kjaer - Denmark [30] [47] is described as figure 3.2 

Includes a portable FFT (Fast Fourier Transform) oscilloscope analyzer powered by batteries Figure 

3.4. This oscilloscope can be used to measure stress propagation acceleration values in the 

deposition electrode and store the vibration spectrum from all measurement points [46]. 

 

 

 

 

 

 

 

 

 

Figure 3.2 Connection diagram of Modal accelerometer 

The measurement results in time domain with 3 directions X, Y, Z are shown in Figure 3.3 

 

  

 

 

 

 

 

 

Figure 3.3 Acceleration diagram by frequency domain,  

corresponding to the measurement directionsX, Y, Z 

3.2.1.2 RION-VA12 Hand accelerometer 

Including a portable FFT (Fast Fourier Transform) oscilloscope analyzer powered by batteries 

Figure 3.4. This oscilloscope analyzer can be used to measure stress propagation acceleration values 

in the deposition electrodes and store the vibration spectrum from all measuring points [46]. 

 

 

 

 

 

 

 

 

Figure 3. 4 Image of signal and acceleration measurement data on VA-12 hand accelerometer 



11 

 

3.2.2 Acceleration sensor 

Using acceleration sensors in 3 directions Type 4525-B - 001: X, Y, Z. Attaching the acceleration 

sensors to measure the intensity of the longitudinal and transverse waves in the deposition 

electrodes according to the rules shown in Figure 3.5 

  

 

 

 

 

 

 

Figure 3. 5 Diagram of mounting sensor in the center of the deposition electrodes 

3.2.3 Acceleration grid on the deposition electrodes of the experimental model 

In order to facilitate the collection of experimental data, conducting to build a grid measurement 

diagram at the positions, point A is the central point of each deposition electrode as shown in Table 

3.1 [27]. 

Table 3. 1 Acceleration grid 

 
3.3 Research methods 

3.3.1 Selection of experimental parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Analysis diagram of the influence of factors on dust settling performance 
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If we consider the objective function of ability of dust settlingas (), then there is a relation with the 

working parameters of the percussion according to the mathematical relation function as follows:  

η =  f(Ft, A1, A2...) = f(m1, H, m2, A3, A4..)    (3. 1) 

On the other hand dust settling performance is characterized by stress propagation acceleration 

value in the deposition electrodes: 

a = f (Ft) =  f(m1, m2, Hi)      (3. 2) 

3.3.2 Determination of experimental stress propagation acceleration domain 

The effect of dust settling depends on the acceleration value (a) of the stress wave creating the 

sliding surface between the dust particles and the surface of deposition electrodes:  

   𝑎 ≥ [𝑎∗]                (3. 3) 

In which [a *] is the critical acceleration value that separates the dust. For fly ash dust, the value of 

acceleration [a *] is in the range (50g  ÷ 200g) (g: gravitational acceleration) that separates dust 

from the surface of deposition electrodes[22] [26] [32] . 

3.3.2 Determination ofthe force from the percussion hammer 

The hammer motor will move through position (Figure 3.7a), it will make free fall motion (Figure 

3.7b) and impact the anvil (Figure 3.7c). 

 

 
Figure 3. 7 Diagram describing the process of free fall hammer and impacting with anvil 

Before the collision (= ), the velocity of the hammer before the impact is: 

  𝑣1
𝑡𝑟 =  4𝑔𝑅      (3. 4) 

At (t0 = 0) impact force is: F = m1 
∆V

∆t
 

Thus percussionforce before impact is determined by the formula: 

   F = 𝑚1 2𝑔𝑅(1 − 𝑐𝑜𝑠𝜑)    (3. 5)  

3.3.4 Selection of hammer weight for experimental investigation 

According to the research results on the dust settling percussion type of the electrostatic precipitator  

with a capacity of 1,000,000 (m
3
/h), it is possible to select the hammer weight in the range (50N to 

90N) [22] [26]. 

3.4.2 Determination of the regression function of relationbetween the force and hammer 

parameters 

Selecting a shortened first-level modeling option, then checking the compatibility of model, if it is 

compatible then stop [4]. The shortened first-level mathematical model has the form: 

  𝑦 = 𝑓 𝑥𝑖 +   𝑎𝑖𝑥𝑖 +   𝑎𝑖𝑥𝑖𝑥𝑗    (3. 6) 

3.4.3 Method of selecting regression function of relationbetween thepercussion force with 

acceleration 

Checking the dependency relation between experimental acceleration values according to the 

measurement table in Table 3.1. Then calculating the argument ratios according to the formula 3.7 

[7] 

 

  𝐾1 =  
𝑎𝑖+1

𝑎𝑖
      (3. 7) 

If the Ki coefficients are almost unchanged and asymptotic to 1, it is possible to express the law of 

acceleration and propagation in the deposition electrodes according to the law of power functions. If 

the Ki coefficients change exponentially, it is possible to express the law of acceleration and 

propagation in the deposition electrodesaccording to the law of exponential functions [7]. 
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3.5 Multi-objective optimization method with parameters of dust settling percussion 

3.5.1 Basis for choosing the methodforsolving the optimal problem 

Genetic algorithm (GA) is a non-traditional method to solve the optimal problem when the search 

space is large. [17] [49]. With such advantages, the author chose GA to solve the problem of 

optimizing the specifications of the dust settling percussion. 

3.6 Experimental steps to determine the influence of percussion force on dust settling 

acceleration 

Step 1: Experimentally determining the influence of hammer weight (m1) and drop height (H) on 

hammer percussion force (F) by the equation F = f (m1, H). 

Step 2: Experimentally determining the influence of percussion force (F) on acceleration (a). 

Step 3: Implementing multi-objective optimization to determine the value domain of the hammer 

specifications to ensure ability of dust settling and durability of the deposition electrode. 

CONCLUSION OF CHAPTER 3 

From the contents of chapter 3, it is possible to draw conclusions: 

1) Developing an experimental model with similar characteristics to the actual model of industrial 

dust settling percussion, ensuring the rigidity of kinetics and dynamics factors in the working 

process. 

2) Selecting modern equipment (Modal Analysis and RION - VA12) to measure stress propagation 

acceleration in 3 directions, from which analyzing and determing that the transverse waves are the 

main factors causing acceleration in the deposition electrodes.  

3) Building up the measurement principle and acceleration grid on the deposition electrode, using 

the accelerometer (RION - VA12) to measure the acceleration with fast display results and high 

accuracy 

4) Selecting the influenced parameter domain value of hammer weight (m1), the drop height (H) on 

the percussion force (F) in the limit of the correlation ratio (K) between the hammer weight and the 

deposition electrodes. 

5) Developing experimental steps to determine the impact of percussion force(F) on stress wave 

propagation acceleration (a) in the deposition electrode. 

6) Determining theoretical research methods combined with experiment, selecting statistical 

mathematical methods to analyze variance and process experimental data 

7) Selecting genetic algorithm application and linear convolution methodto optimize the multi-

objective function to determine the reasonable value domain of (m1) and (H) with the accelerated 

value range (a) to ensure dust settling and satisfy the permissible durability conditions of the 

deposition electrodes. [ch] 

Chapter 4: EXPERIMENTAL ASSESSMENT OF RESULTS AND APPLICATION TO 

PRACTICE 

4.1 Experimental selection of parameters value of percussion hammer 

4.1.1 Determination of the experimental regression function 

The process of impact of thepercussion hammer with thedeposition electrode is described as Figure 

4.1 

 
 

Figure 4.1 Schematic principle of hammer impact 
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The regression equation describing the relation between the technological parameters of the 

percussion and the percussion force has the following form: 

 y = a0 + a1x1 + a2x2 + a12x1 x2    (4. 1)   

In which: y - percussion force (F); x1- Variable value of hammer weight (m1) 

a1 - interaction coefficient; x2 - Variable value of drop height (H); 

4.1.2 Experimental matrix  

Experimental matrix based on the change of input parameters of the percussion and the output value 

is the percussion force F is shown in Table 4.1 

Table 4. 1 Table of experimental results 

No. X1 X2 m1 (N) H (m) F (N/m) 

1 -1 -1 50 0.49 217.26 

2 1 -1 90 0.49 391.07 

3 1 1 90 0.57 421.79 

4 -1 1 50 0.57 234.33 

5 0 0 70 0.53 316.34 

a) Pareto analysis 

From the experimental data in Table 4.1 using the Minitab statistical analysis software, analyzing 

Pareto chart as shown in Figure 4.2  

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Chart of the influence of variables on the percussion force 

b) Evaluation of the influence of experimental factors on percussion force 

Using ANOVA variance analysis method to know the degree of influence of the parameters. The 

analytical results of the experiment changing the percussion force value are recorded in Table 4.2. 

Table 4.2 Analyzing the influence of technological factors on thepercussion force 

 
Replacing the correlation coefficients in the purple cells (after rounding after three commas) in 

Table 4.2 into the mathematical equation (4.1) and getting the equation (4.2) 

F = = -2,607+2,334m+0,093H + 4,266mH (4.2) 

4.2 The analysis of the relationbetween the percussion force and the deformation of the 

deposition electrode to select the set of experimental parameters 

4.2.1 Analysis of deformation of the deposition electrode on Ansys 

Experimentalmaterial with durability: ch = 25 (kN / cm
2
). To ensure the durability of the 

equipment within the yield strength of the material, selecting a safety factor k = 0.8, then the 

permissible yield strength [ch] is: [ch] = k*ch= 0.8*25= 20(kN/cm
2
). 
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Changing the impact force of the percussionfrom (50N to 90N) and recording the result of stress 

value analysis corresponding to the value of percussionforce applied on Ansys workbench software 

as shown in Table 4.3. 

 

Table 4.3 Maximum stress value with corresponding excitation force 

Name Parameter value 

Hammer weight m1 (N) 50 60 70 80 90 

Drop height H (m) 0,49 0,49 0,49 0,49 0,49 

Force value F (N) 217.26 260.71 316.34 374.92 421.79 

Stress value (kN/cm
2
) 15,062 16,377 17,251 18,076 21,088 

Stress distribution domain of the deformed plate based on the color change in Figure 4.3. 

 
Figure 4. 3 Stress change in the deposition electrode 

4.3.1 Analysis of stress propagation characteristics 

Stress propagation process is modeled as shown in Figure 4.4. 

 
Figure 4.4 Figure illustrating the process of wave propagation in the deposition electrode 

Stress waves propagating in an elastic object will be lost when the force is applied. 

4.4 Experimental preparation 

4.4.1 Diagram of experimental process 

The process of stress wave acceleration measurement is conducted according to the steps on the 

diagram in Figure 4.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 5 Diagram of sequence to measure the acceleration  
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4.4.2 Experimental materials and model 

After fully assembling the experimentalmodel as shown in Figure 4.6. 

 
Figure 4. 6 Image of structure of the percussion experimental model of deposition electrodes 

4.5 Table of experimental data to measure dust settling acceleration 

The results of acceleration measurement according to the rules of Table 3.1 are recorded in Table 

4.4 to 4.6 

Table 4. 4 Matrix of acceleration measurement results with hammer weight 60N 

 
Table 4. 5 Matrix of acceleration measurement results with hammer weight 70N 

 
Table 4.6 Matrix of acceleration measurement results with hammer weight 80N 

 
4.6 Experimental planning 

4.6.3 Experimental Data Processing 

4.6.3.1 Graph of acceleration propagation regression functions 

Checking K coefficient by formula (3.7), the values of K coefficient are almost 

unchanged,according to the experimental planning document [7], it is possible to represent stress 

waves in the deposition electrode according to the law of power function in following form:  

y = b0. e
bl.

    (4.3) 
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The results of processing data are obtained on the regression graph of acceleration propagation such 

as a), b), c) Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Graph of acceleration propagation 

a), b), c) corresponding to hammer weight 60N/70N/80N 

Using SPSS statistical analysis software [12], building a 3D graph of acceleration propagating in 

the deposition electrode as shown in Figure 4.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 3D graph of the distribution of acceleration propagatingin the deposition electrode 

a), b), c) corresponding to the hammer weight 60N / 70N / 80N 
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From the experimental data (Table 4.4 to Table 4.6), it is also possible to develop a 2D graph of the 

acceleration distribution propagating in the deposition electrodeas shown in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9 Graph of acceleration propagation in thedeposition electrode 

a), b), c) corresponding to the hammer weight 60N / 70N / 80N 

Comment: From the 2D graph of acceleration propagationon the deposition electrode, we can see: 

- The acceleration value at the impulsive impact zone from the percussionhammer is greatest then 

the stress wave propagation value is stable and does not follow the law of extinction. 

- The law of stress wave propagation in the plate is nonlinear, so it is necessary to have a nonlinear 

function to express the law of propagating the value of acceleration on the deposition electrodes. 

- When stopping the force from the percussionhammer, the stress wave propagation in the plate will 

cease and the process of dust separation will end. 

4.6.3.2 Graph of relation between percussion force and average stress wave acceleration 

From the stress wave acceleration values distributed in the deposition electrode, it is easy to 

calculate the average acceleration value in experiments as shown in Table 4.7. 

Table 4.7 Relationbetween thepercussion forceandaverage acceleration 

No. Force F(N) 
Average acceleration a 

m/s2) 

1 260.71 1543 

2 316.34 1644 

3 374.92 1790 

The regression equation describing the relation between the percussion force of the hammer and the 

stress wave acceleration of the elements on the deposition electrodesafter being linearized is in the 

form 

𝑦 x = b0 + b1x      (4. 2) 
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In which: x - Necessary percussion force(F) to impact on the deposition electrodes 

y - Value of acceleration (a) of stress wave propagation 

Table 4. 8 Calculation of values of arguments and functions 

No. x y xy x
2
 y

2
 b1 b0 x y R

2
 

1 304.16 1543 469318.9 92513.31 2380849 

3.257 538.8 30 101 0.9017 

2 352.89 1644 580151.2 124531.4 2702736 

3 374.92 1790 671106.8 140565 3204100 

Total 1031.97 4977 1720577 357609.7 8287685 

Average 343.99 1659 573525.6 119203.2 2762562 

Using the formulas to calculate the values of the regression variables [12] and write them in the 

table (4.10). Replacing the calculated values in Table 4.10 and (4.4), we get the regression equation 

of the relation between the percussion forceand acceleration: a = 539 + 3.26 F  (4. 5) 

4.7 Application of genetic algorithm combined with weight method to solve the multi-objective 

optimal problem of the specifications of dust settling  percussion 

4.7.1 Multi-objective functions and constraints  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Block diagram of solving the optimal problem to target the process of dust settling 

percussion 

a) Multi-objective function 

Thus the multi-objective function needs to satisfy the condition: 

- The smallest in terms of acceleration valueto ensure settling dust:  a           Min 

- The smallest in terms of deformation characterized by yield stress: σch           Min 

Then, it is possible to build a multi-objective function by the weighting method: 

 

 

 

In which: 1 - critical factor for the acceleration target function a           Min 

2 - critical factor for the acceleration target function σch              Min 

b) Constraints 

- Function constraint 

Are regression functions relating to the force of the hammer percussion with the technological 

parameters of the hammer percussion and acceleration of the deposition electrodes 

 

 

 

(F*)and (a*) are is the boundary limit of percussion force and acceleration. It is determined by 

analytical method and reference to production practices: F*= 374.92 (N) ;  a* = 200g (m/s
2
) 

- Variable constraint 

Is a condition that limits the working parameters of the dust settling percussion 
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c) Weight 

Assuming the dust settling  performance and durability of the deposition electrode are equally 

important, the coefficient for the equation can be chosen as follows: 1 = 0,5; 2 = 0,5 

Then the equation (4.9) becomes: 

   Y = 0,5 
𝑎

𝑎∗ + 0,5
𝜍𝑐

 𝜍 𝑐
     (4. 9) 

In which: a* - limited acceleration value can settle dust[48] 

[]ch - permissible yield strength of material manufacturing the deposition electrodes 

4.7.2 Applications of genetic algorithms 

+ Number of variables: Selecting the number of variables included in the program, 2 variables 

+ Bounds: Setting bound conditions for variables 

+ Population size: Selectingby 150 

+ Crossover fraction: The probability of hybridization is equal to 0.25 

+ Mutation: The probability of mutation is equal to 0.05 

+ Generations: Selectingby 100 

4.7.3 Program and results 

Running the function of optimizing the objectivefunction with the evolution program written in 

Excel by Turkkan (2001) [50] with basic parameters of the algorithm including population number, 

hybrid probability, mutation probability chosen according to [17]. Then clarifying and determining 

the useful value domain of percussion parameters with accelerometer values as shown in Table 

4.11.  

Table 4.9 Value domain of useful parameters after being optimized 

PopNo Fitness 1 (N) 2 (cm) 

1 623.824 64.371 49.442 

2 641.037 71.131 56.937 

3 624.153 60.647 56.194 

4 634.877 69.087 53.834 

5 621.913 61.911 51.349 

6 636.997 70.775 53.404 

7 632.394 67.742 53.351 

8 631.688 66.654 54.349 

9 629.760 65.811 53.639 

10 626.841 63.192 54.797 

11 630.548 68.504 50.223 

12 639.840 71.665 54.912 

13 621.779 61.912 51.191 

14 621.279 60.376 53.279 

15 629.011 67.448 50.225 

16 624.192 64.667 49.376 

17 624.989 63.863 51.573 

18 635.474 67.843 56.445 

19 624.184 60.706 56.123 

20 625.962 63.020 54.095 

21 632.504 67.765 53.431 

22 639.130 74.078 50.670 

23 632.707 68.153 53.032 

24 623.122 62.233 52.194 

Note: (converted unit in annex P1 from unit (m to cm) to facilitate the representation of the 

diagram), the result value is not changed. 
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From the useful value domain after being optimized in Table 4.9, a chart of correlation between 

percussion values and dust settling acceleration is shown in Figure 4.11. 

 
Figure 4.11 Variable graph of values after optimal search 

Comment: On the graph in Figure 4.11, it shows that the result values in the ordinal range (No. 4 to 

11) almost reach stable values (adjacent to the horizontal line), this is the basis for choosing the 

specifications of the percussion hammer. 

4.8 Scientific discussion of experimental results. 

 From the experimental regression equation F = -2,607 + 2,334m + 0,093H + 4,266mH, we 

can see that the percussion force (F) depends mainly on the hammer weight (m1) and the 

drop height (H), in fact these are the two parameters that control the dust settling percussion 

force. 

 The simulation analysis results on Ansys have determined the displacement, stress and 

deformation of the deposition electrodes upon impactingpercussionforce (F) respectively. 

Thereby selecting the domain of the percussionforce value (F) in accordance with the 

durability condition of the deposition electrodes when determining stress wave propagation 

acceleration. 

 From the regression equations of propagation acceleration: (y = 1518.e
-001x

; y = 1671.e
-001x

; 

y = 1679.e
-001x

), we can see that the slope coefficients are less than zero, that reflects that the 

propagation accelerationvalue in the plate tends to decrease with the wave propagation 

direction. 

 Application of the genetic algorithm written in Excel ofTurkkan [50] has determined the 

optimal value domain (m1, H, a) Table 4.9 has high convergence. 

4.9 Application of results to calculate some key parameters for percussion 

In order to determine the parameters of hammer weight (m1) and drop height (H), it is necessary to 

solve the inverse problem calculated from the results of the thesis that has determined the range of 

acceleration values (a) corresponding to the range of percussionforce value (F) and find reasonable 

values (m1) and (H) from (table 4.9).Following are the basic calculation steps to determine the 

parameters of the deposition electrodes.  

Actual volume of the device:Vlv = Vs.t1 = LxBxW (m
3
)     (4. 10) 

Capacity of electrostatic precipitator:  

Vs = 
𝑄

𝑇
 (m

3
/s)      (4. 11) 

In which: t1 - retention time of dust particles in the device (seconds) 

The surface area of dust collection of electrostatic precipitator is: fΣ (m
2
): 

 𝑓𝛴 =  
𝑄

𝑣
    (m

2
)      (4. 12) 

In which: v - velocity of dust gas flow (m/s
2
) 

On the other hand, the settling surface area of an electrostatic field is (f)(m
2
) 

f =  
𝑓𝛴

𝑖
=  

𝑓𝛴

3
=  nt . L. B (m

2
)     (4. 13) 
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In which: nt - number of deposition electrodes in an electrostatic field: nt= const, with electrostatic 

precipitatorcapacity of 1 million (m
3
 / hour), nt = 13 (range) 

i - number of electrostatic fields: i = 3 (field) 

Then, the surface area of a range of deposition electrode will be: 𝑓1 =  
𝑓

𝐿.𝐵.𝑛𝑡
(m

2
) 

 The weight of the deposition electrode m2 is calculated by the following formula: 

  𝑚2= 𝑓1 . 𝜏.ρ = L.B. 𝜏.ρ = 
𝑓 .𝐿.𝐵.𝜏 .ρ

𝑛𝑡
     (4. 14) 

In which:  - thickness of deposition electrode (m) 

 - specific gravity of deposition electrode(N/cm3) 

From the formula (4.14), the designer and operator of electrostatic precipitator can completely 

balance two parameters (B, L) accordinglyto calculate the size of the deposition electrode according 

to electrostatic precipitator capacity, or select a set of operating parameters that control the hammer 

percussionprocess according to the appropriate control,ensuring the condition of dust settling  and 

the durability of the hammer and the deposition electrodein the allowable range (K):  

[K] = 
[𝑚1]

𝑚2
 = (0,0066 – 0,0088). 

Comment: From the above application results, it is possible to conclude that the optimal set of 

parameters of the thesis is completely applicable to the design of dust settling percussionpercussion, 

in which the important content is the calculation of the area of deposition electrodes. 

 

CONCLUSION OF CHAPTER 4 

From the content of chapter 4, we can conclude as follows: 

1) The experimental parameters of the percussionhammer are selected based on creating an 

acceleration (a) with ability of dust settling and taken into the fatigue strength of the deposition 

electrode due to effect of cyclic percussionforce (F). Thereby analyzing the optimal parameter 

domain of the percussionhammer (m1, H) to determine the stress propagation acceleration. 

2) Using ANOVA variance analysis method, building a regression equation (F = -2,607 + 2,334m + 

0.093H + 4,266mH), PARETO chart to evaluate the influence of parameters of percussionhammer 

and percussionforce (F) and thereby determining the hammer weight (m1) with the greatest 

influence.  

3) Analyzing the results of acceleration measurements and selecting the regression function form, 

building 3D and 2D graphs describing the law of stress wave propagation in the deposition 

electrode (Figure 4.7 to 4.9). 

4) Simulating analysis on Ansys to determine the stress and deformation of the deposition 

electrodesupon impactingpercussionforce (F) respectively. From that, determining the 

percussionforce domain (F) in the permissible yield strength of the deposition electrodes; ch= 

18,076 20 (kN / cm
2
) [ch]. Performing accelerationmeasurement experiments (Table 4.4 to 4.6), 

formulating the regression equation (4.5) of the relation between the acceleration with percussion 

force: (a = 539 + 3.26 F) 

5) Applying the genetic algorithm written on Excel of Turkkan[50], determining the optimal value 

domain (m1, H, a) in Table 4.9, satisfying the durability conditions of the deposition electrodes.  

6) Applying the research results of the thesis, from the values of the parameters: hammer weight 

(m1), the ratio between hammer weight (m1) and weight of deposition electrode (m2)to calculate the 

main parameters of the deposition electrodes in the design and operation of the dust settling 

percussion.  
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GENERAL CONCLUSIONS 

1) Conducting the comprehensive research on electrostatic precipitator performance in the 

world and in Vietnam, on the types of dust settlingpercussion structure of the deposition 

electrodes in the electrostatic precipitators. Thereby, there has not been any research on the 

relation between percussion force (F) and stress propagation acceleration (a) in the 

deposition electrode. 

2) From the theoretical basis of stress wave propagation in thin metal plate, it is possible to 

explain the process of wave energy propagating in the deposition electrodes of electrostatic 

precipitators. 

3) Developing a experimental model and selectingaccelerometer (Modal analysis and Rion 

VA-12) to measure the acceleration (a) in thedeposition electrodes. Selecting the limiting 

conditions of the experiment such as {50g a 200g (m/s
2
); [ch] 20 (kN / cm

2
); 60 

m180 (N); with the ratio K = m1 / m2 = 0.0066÷0.0088; 0.49 H 0.57 (m)} 

4) Formulating the experimental regression equation between hammer weight (m1), drop height 

(H) and percussion force (Ft) and experimental regression function describing the relation 

between percussion force (F) ) with an acceleration value (a) ensuring the durability of the 

deposition electrodes:  

F = -2,607 + 2,334m + 0.093H + 4,266mH     (4.2) 

a = 539 + 3.26 F        (4.5) 

5) Applyingthe genetic algorithm written in Excel of Turkkan[50], determining the optimal 

value domain (m1, H, a) in Table 4.9, satisfying the durability conditions of the deposition 

electrodes [ch]. 

6) Applying the research results of the thesis to calculate the main specifications of the 

percussionhammer (m1, H) and the main parameters of the deposition electrodes (B, L, m2) 

for the electrostatic precipitator with capacity of 1 million (m
3
 / hour), used in VungAng 

thermal power plant successfully. 




