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            Abstract
          
        

        
          This study aims to support stable and efficient system operation by analyzing the dynamic characteristics of the Rotation Packed Bed (RPB) system. The RPB system provides high mass transfer performance due to high-speed rotation, but it is affected by natural frequencies and critical speeds and has an important effect on the stability of the system. In this study, through ANSYS modal analysis, to evaluate vibration characteristics according to the rotational speed of RPB system, natural frequency and mode deformation of RPB system modelling are analyzed, and the frequency change according to the rotational speed is shown using the Campbell diagram. As a result, the critical speeds at 13,184 rpm and 16,658 rpm are confirmed at the given condition based on RPB modelling, and it is recommended to maintain operating (rotation) speed of 9,228 rpm (with considering a separation margin of about 20%) or less for stable. This study can provide design guidelines for strengthening dynamic stability in high-speed rotating systems like RPB system.
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      1. Introduction
      The CCS (Carbon Capture Storage) is attracting attention as an important way to reduce greenhouse gas emissions. In particular, RPB (Rotation Packed Bed) effectively captures carbon generated from the use of fossil fuels and industrial activity to prevent it from being released into the atmosphere. RPB systems which are widely used for efficient reaction and separation in industrial processes, are characterized by improving mass transfer performance through high rotational speed. RPB can be applied to various processes such as chemical reaction, gas-liquid separation, and gas absorption, which can provide better reactivity and efficiency than traditional filling towers. Unlike conventional turbine and centrifuges, the RPB system must meet certain operational requirements that must consider high speed mass transfer efficiency, which requires additional condition or optimization that may not be a priority for other system. However, since RPB operates based on high-speed rotation, dynamic characteristics such as intrinsic frequency have an important influence on the performance and stability of the system, Improper design and operation can lead to mechanical damage or performance degradation. The natural frequency refers to the possibility of system resonance at a particular frequency, and when this frequency is connected, the vibration can be amplified, which can lead to structural damage or instability. In particular, it is essential to identify the risk of such resonances in advance in high-speed rotating systems such as RPB and to determine the safe operating speed through risk speed analysis. Analysis and simulation of the natural frequency and risk speed is an important factor in the design and operation of the RPB system, which prevents accidents and enables stable and efficient process operation. For this reason, many researchers are conducting research on the rotordynamics. For many years, the Ansys dynamic programs are usually used for rotordynamics as new analytical requirements, the quality of analytical methods, computer function increase [1]. Bae et al. calculated the actual number of revolutions applied to the gear of the mixer reducer considering the working mode of the 6-8m³ concrete mixer truck, applied the proposed specifications to calculate the natural frequency, and analyzed it using Campbell's diagram [2]. Kwon et al. compared and analyzed the calculated transient vibration response using the RK4 rotor kit’s vibration and ANSYS MAPDL [3]. Son et al. tried to design to avoid resonance by changing design parameter such as diameter and length of the shaft [4]. Jo et al. performed a vibration measurement experiment of laundry using an acceleration sensor to verify the accuracy of the FEM (Finite Element Model) and compared it with the result of FEM, and reduced vibration by getting the results when the elastic mount was installed to improve the design [5]. Afane, N.E.B. et al. performed modal analysis by applying various materials to the rotating body model and compared the results. As a result, it is confirmed that the modes in the high frequency area is large according to the order of the Young’s modulus. However, the change in the low frequency area is small. So it doesn’t significantly affect the critical speed. In addition, harmonic analysis was conducted to analyze the results by adding an unbalanced mass condition to the rotating body model [6]. Saxena, A et al. was shown that the bearing stiffness can have a significant impact on the dynamics of the geared system [7]. Jung et al mentioned that critical speed that is a typical dynamic characteristic of a rotating body is a happening that the rotational speed of the system coincides with the natural frequency and causes resonance. It directly affects the structural stability of the system and damage. [8] ZAHAF et al. used FEM to improve the stability of the structure, make an optimal design method, or analyze the effect of parameter on the performance of the structure [9]-[18]. So far, there is no research results reported related dynamic characteristics of RPB system especially related to packing. Thus, in this paper, Ansys Modal analysis is performed to understand the vibration characteristics caused by the rotational motion of packing of the RPB and to evaluate the structural stability accordingly. Through this, the natural frequency and vibration mode of the RPB according to packing and suggest a way to solve the vibration problem related to rotational motion, such as preventing resonance by matching the natural frequency of the modeling and the rotational frequency using the Campbell diagram can be analyzed.

    

    

  
    
      2. Finite Element Modeling of Rotating Structure
      
        2.1 Modeling and Property
        The modeling of rotation structure is designed directly with the concept diagram of packing used in RPB system. Modeling configuration is presented at Figure 1. Outer diameter is 1.2 m and the diameter of the inner diameter hole is 0.12 m. Total thickness is 0.48 m. Inner diameter is 0.24 m. Furthermore, the added rib structure has a cross-shaped added rib inside, which adds structural stability. Since the shaft is inserted in the axial direction of the z-axis, the coordinate system was set like (c) in Figure 1. Material properties are shown in Table 1. The damping ratio is defined to 0.002%.[19]
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            Modeling of RPB system
          
          

          

        

        
          Table 1 
				
          

          
            Material properties
          
          

        

        
          
            
              	Properties
              	Structural Steel
              	Units
            

          
          
            	Density
            	7850
            	kg/m3
          

          
            	Young’s modulus
            	2E+05
            	MPa
          

          
            	Possion’s ratio
            	0.3
            	-
          

          
            	Shear modulus
            	7.6923E+10
            	Pa
          

          
            	Tensile Yield Strength
            	2.5E+08
            	Pa
          

          
            	Tensile Ultimate Strength
            	4.6E+08
            	Pa
          

          
            	Damping Ratio
            	0.002
            	%
          

        

        

      

      
        2.2 Meshing and Accuracy Verification
        Mesh size and quality are important factors to increase the accuracy of the analysis results, and more detailed vibration modes and natural frequencies can be captured, especially with small meshes. Therefore, it is necessary to secure the reliability of the analysis results through the mesh checking procedure. So, this paper observed the change in natural frequency when the mesh size of 25mm, 50mm, 100mm is used for modal analysis. All case of Meshes is set to the tetrahedral method. Figure 2 is shown mesh of modeling. The total node generates 53589,15507,6934 respectively. Table 2 and Figure 3 presents the results of different mesh sizes under the same conditions and comparing the results. As shown as Figure 3, the 3 cases seem to match each other very well and the accuracy of mesh convergence can be proved. In this analysis, a size of 25mm is applied for the most accurate result.
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            Meshing of RPB system
          
          

          

        

        
          
          

          Figure 3 
				
          

          
            Comparing 3cases Modal analysis results
          
          

          

        

      

    

    

  
    
      3.Modal Analysis
      
        3.1 Conditions
        All of 6 DOF (degree of freedom) except for the rotational z are fixed (it means that only rotation about z-axis is allowed). In this study, it is also assumed that the rotational motion will be performed based on the z-axis to consider the effects of the gas, water pipe which is needed material essential for carbon capture. So, the cylinder support condition is applied to the hole where the pipe and shaft would enter. The hole is marked in blue (c) in Figure 1. This analysis is conducted under the condition of the RPB system at temperature of 22℃ in vacuum. The rotational velocity increases linearly 0 to 20,000 rpm, as shown in the Figure 4. It can be considered that the rotational velocity affects modal analysis as an external force. In the modal analysis performed by ANSYS, the rotation velocity is defined as boundary conditions, not factors acting as external forces. Because they are modeled as additional conditions that affect the dynamic response of the system to reflect the gyroscopic effects caused by rotation. In general, the 2nd order differential equation of dynamic system takes the form of Equation (1). However, when the rotational velocity is applied to fundamental equation, there is change in the dynamic response of the system. In particular, the gyroscopic matrix is added to the equation of motion.
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            Rotation Velocity
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● M : Mass Matrix
● C : Damping Matrix
● K : Stiffness Matrix
● u(t) : displacements vector
● u˙t : velocity vector
● u¨t: acceleration vector
● F(t) : external force vector

        In rotordynamics, the gyroscopic effect and the rotating damp-ing effect are additionally included, expressed by Equation (2). The gyroscopic effect induces a velocity-dependent force, which is included into the 2nd order equation of dynamic system in a way similar to the system. Also, it describes the additional dynamic effects that arise with the speed of rotation when a rotating structure vibrates. This matrix is generally asymmetric, increasing the complexity of the vibration modes in rotating body systems [20]. For example, it adds complex number components to natural frequencies, allowing the natural vibration mode to take on a complex mode form rather than a simple sinusoidal mode. Therefore, in the modal analysis of the rotation body, the 2nd order equation of dynamic system is modified as follows:
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● G(Ω) : Gyroscopic Matrix
● B(Ω) : Rotating Damping Matrix
● Ω : Rotational velocity

        The gyroscopic matrix G(Ω) is related to rotational speed and must be considered when analyze rotordynamics. Furthermore, rotating damping matrix B is dependent on the speed of rotation, changing the stiffness of the structure and causing unstable motion. ANSYS modal analysis performs the process of calculating a linear equation that doesn’t consider additional external force as a basic premise.

      

      
        3.2 Natural Frequency
        The values of natural frequencies show the vibration characters of the system, indicating the possibility that the system will be resonance at certain frequencies. Table 3 presents the modes at 0 rpm and 20,000 rpm. The mode is obtained to 10 mode. At natural frequency of 20,000 rpm, the mode 1 remain at the same value as at 0 rpm. This is one of the vibration characteristics of the system which is not affected by rotational velocity. The other modes are slightly changing due to the initial force of gyroscopic, colioli effects of rotation.

      

      
        3.3 Mode Shape
        The mode shape refers to the deformation shape when the system vibrates at a specific natural frequency. It is important for understanding the vibration characteristic of the system and can identify structural weaknesses. Figure 5 is shown the 10 modes shape at 20,000 rpm. As shown in Figure 5, the specified 10 modes showed unique patterns, including bending and twisting effects, respectively. Mode 2, 3 are observed that the torsion mode has occurred. Since mode 1 is a low frequency area, there is no noticeable deformation. In the mode 4, a bending mode occurred in the z-axis direction. In high modes, the bending and torsion effects appear in combination, due to the influence of gyroscopic and corioli effects in high-speed rotation. High frequency modes generally have a greater impact on the stability and durability of the structure.

        
          
          

          Figure 5 
				
          

          
            Mode shape at 20000 rpm
          
          

          

        

      

      
        3.4 Campbell Diagram and Critical Speed
         Campbell diagram is used to present rotor dynamic results in this study. It accurately identifies resonance points at specific rotation velocity and compares them to range of rotation velocity to establish safe operating conditions.[21] Figure 6 is shown the Campbell diagram results (relationship between RPM and modes). In the Figure 6, x-axis label is RPM and the y-axis label is frequency. A black line (“RATIO”) means the rotation velocity. It means that if this is in contact with the line that defined as the mode, resonance will occur. As shown in Figure 6, the lower modes are not change even when the rotation velocity increases. This is because the gyroscope effect acts relatively small then the higher modes. In the higher modes, mode separation in which the frequency changes as the rotation velocity increasing is observed. This is a representative feature of the gyroscopic effect [22]. In this graph, it can be observed that critical speeds are defined 13,184 rpm and 16,658 rpm since the black line (“RATIO”) is contacted with mode 1 at 13,184 rpm and mode 2 at 16,658 rpm.
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            Campbell Diagram for Modeling
          
          

          

        

      

    

    

  
    
      4. Conclusion
      In this study, the dynamic characteristic of packing used in RPB system are analyzed using the ANSYS modal analysis. Also, Campbell diagram is plotted to verify natural frequencies and critical speeds with 0 to 20,000 rpm range at given boundary condition. It is assumed that during operating stage, the rotating structure (= packing of RPB system) spins, and natural frequencies (mode) vary at each rpm, and resonance may occur if it matches the applied rpm based on Campbell diagram. After that, the following results and conclusion are obtained:

      
        	(1) In the analysis, it is confirmed that the critical speed are 13,184 rpm,16,658 rpm because it is contacted with mode 1 at 13,184 rpm and mode 2 at 16,658 rpm.


        	(2) If the amplification factor doesn’t consider in the rotation system, a separation margin of about 20% or more is usually required between the operating speed or the specific rotation speed and the critical speed [23]. In this conclusion, the separation margin is set to 30%, and the rotational speed is recommended to under 9228rpm.


        	(3) Additionally, RPBs used in general real industries are recommended to operate at much lower rpm than 20000 rpm [24]. For conservative design, this paper applied an operating speed up to 20000 rpm. Therefore, it can be seen that when real models are introduced into the industry, they are less likely to resonate from critical speeds.


      

    

    

  
    
      Limitation and Future Work
      This study performed a vibration analysis on the packing of the CCS device RPB, but the scope of the analysis is limited since external load and temperature and pressure, is not considered. This is because the basic condition of the ANSYS modal analysis focuses on analyzing the vibration characteristics of the structure without external force. Therefore, an additional analysis is needed considering the effects of external thermal and pressure on the dynamic response of RPB.

       In addition, in order to realize this possibility in practice, it is necessary to closely invest practical problems such as cost and scalability. Accordingly, future works will conduct a technologies demand survey and conduct substantiation based on this to evaluate the commercial applicability under actual operating conditions.

      Furthermore, since it is analyzed under the assumption that the stiffness of the bearing is very high, it is processed by converging the stiffness to infinity. Therefore, the future study will be conducted how the results change as the bearing characteristic changes.

      Moreover, this study analyzes only one model and one material, even though the natural frequency and critical speed can vary greatly depending on the modeling size and material of the model. Therefore, we will conduct further studies to compare the results according to the modeling and materials including structure mechanical characteristics

      Also, in this study, the actual RPB system is not completely implemented, but a random model is produced by referring to the actual model. Through future research, a study will be conducted to compare the acceleration result of the actual RPB with the result value of the interpretation.
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