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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 partic-
ular, 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 in-
dustrial 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 sepa-
ration, and gas absorption, which can provide better reactivity
and efficiency than traditional filling towers. Unlike conven-
tional turbine and centrifuges, the RPB system must meet certain
operational requirements that must consider high speed mass
transfer efficiency, which requires additional condition or opti-
mization that may not be a priority for other system. However,
since RPB operates based on high-speed rotation, dynamic char-
acteristics such as intrinsic frequency have an important influ-
ence on the performance and stability of the system, Improper
design and operation can lead to mechanical damage or perfor-
mance 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 pre-
vents accidents and enables stable and efficient process opera-
tion. For this reason, many researchers are conducting research
on the rotordynamics. For many years, the Ansys dynamic pro-
grams are usually used for rotordynamics as new analytical re-
quirements, the quality of analytical methods, computer function
increase [1]. Bae et al. calculated the actual number of revolu-
tions applied to the gear of the mixer reducer considering the
working mode of the 6-8ms3 concrete mixer truck, applied the pro-
posed specifications to calculate the natural frequency, and ana-
lyzed 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
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such as diameter and length of the shaft [4]. Jo et al. performed
a vibration measurement experiment of laundry using an accel-
eration sensor to verify the accuracy of the FEM (Finite Element
Model) and compared it with the result of FEM, and reduced vi-
bration 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 fre-
quency 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 rotat-
ing 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 per-
formed to understand the vibration characteristics caused by the
rotational motion of packing of the RPB and to evaluate the struc-
tural 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 Struc-

ture

2.1 Modeling and Property

The modeling of rotation structure is designed directly with the
concept diagram of packing used in RPB system. Modeling con-
figuration 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 struc-

tural stability. Since the shaft is inserted in the axial direction of
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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]

0.12m

(&) Front view

0.48m

0.24m

(b) Side view

(c) RPB system configuration
Figure 1: Modeling of RPB system

Table 1: Material properties

Properties Structural Steel Units |
Density 7850 kgim3
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 %
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2.2 Meshing and Accuracy Verification

Mesh size and quality are important factors to increase the ac-
curacy 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 differ-
ent mesh sizes under the same conditions and comparing the re-
sults. 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.

(a)Size 25mm

(c)Size 100mm
Figure 2: Meshing of RPB system

Table 2: 3cases Modal analysis results

Mode

Natural Frequency (Hz)

-

216.87

463.15

463.18

600.51

630.91

772.80

772.96

819.76
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=
o

1133.20

(a) Natural Frequency at mesh size 25mm

Mode

Natural Frequency (Hz)

-

220.37

465.38

465.48

603.19

635.69

780.71

780.85

822.53
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996.19
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o

1144.30

(b) Natural Frequency at mesh size 50mm

Mode

Natural Frequency (Hz)

[uny

223.21

468.80

468.48

607.97

641.95

788.27

789.37

828.94

O oo N gb~wWwN

1011.00

[y
o

1171.00

Frequency (Hz)

(c) Natural Frequency at mesh size 100mm

1200.0

—o—25mm
——50mm
—e—100mm

1000.0

800.0

600.0

Figure 3:
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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°C in vacuum. The rotational
velocity increases linearly 0 to 20,000 rpm, as shown in the Fig-
ure 4. It can be considered that the rotational velocity affects
modal analysis as an external force. In the modal analysis per-
formed 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 re-
sponse of the system to reflect the gyroscopic effects caused by
rotation. In general, the 2" order differential equation of dynamic
system takes the form of Equation (1). However, when the rota-
tional velocity is applied to fundamental equation, there is change
in the dynamic response of the system. In particular, the gyro-
scopic matrix is added to the equation of motion.

<10

Rotation \c"elou'ty|

05

0 0.2 0.4 0.6 0.8 1
Step

Figure 4: Rotation Velocity
Mii(£)+Cu(t)+Ku(t)=F(t) @)

M : Mass Matrix

C : Damping Matrix

K : Stiffness Matrix

u(t) : displacements vector
u(t) : velocity vector

ii(t): acceleration vector

F(t) : external force vector
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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 2" order equation of dynamic system in a
way similar to the system. Also, it describes the additional dy-
namic effects that arise with the speed of rotation when a rotating
structure vibrates. This matrix is generally asymmetric, increas-
ing the complexity of the vibration modes in rotating body sys-
tems [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 2" or-
der equation of dynamic system is modified as follows:

Mii(£)+H{C+G(Q)Ju(e) H{B(Q)+K}u(t)=0 O]

® G(Q): Gyroscopic Matrix
® B(Q): Rotating Damping Matrix
®  Q:Rotational velocity

The gyroscopic matrix G(€) 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 mo-
tion. ANSY'S 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 charac-
ters of the system, indicating the possibility that the system will

be resonance at certain frequencies. Table 3 presents the modes

Table 3: Natural Frequency (0 rpm VS 20,000 rpm)
Mode

Natural Frequency (Hz)
215.48
431.87
431.90
563.45
629.42
754.37
754.51
798.52
975.44
1134.3

[EEN

O oo N g blwN

[y
o

@) Natural Frequency at 0 rpm

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 6, 2024. 12 424



Evaluation of natural frequency and critical speed of the rotating structure using ANSYS

Mode Natural Frequency (Hz)

215.48
235.74
374.49
535.60
698.61
742.61
749.46
753.25
769.48
835.07

[y

O N bwN

[y
o

(b) Natural Frequency at 20000 rpm

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 sys-
tem 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 oc-
curred in the z-axis direction. In high modes, the bending and
torsion effects appear in combination, due to the influence of gy-
roscopic and corioli effects in high-speed rotation. High fre-
quency modes generally have a greater impact on the stability
and durability of the structure.

B: Modal £

Total Deformation 11
Type: Total Deformation
Frequency: 21548 Hz v

Sweeping Phase: 0. *
Unit: rm

1.7
1.5111
1.3222
1.1333
0.94444
0.75556

0.42642 Max

0.18889 0.00

. 1000.00 (mrmy
1.4073e-7 Min 1

500.00

@) Mode 1

B: Modal Z

Total Deformation 12
Type: Total Deformation
Frequency: 235.74 Hz y

Sweeping Phase: 0. *
Unit: mm

1.7
15111
1.3222

0.98681 Max
0.75558
0.5667
037781
0.18893 . 0.00
4.6%¢-5 Min

1000.00 (mrm)

500.00

(b) Mode 2

B: Modal Z

Total Deformation 13
Type: Total Deformation
Frequency: 374.49 Hz v

Sweeping Phase: 0. *
Unit: mm

1.7

15111
1.3222
11334
0.92948 Max
0.75562
0.58675
037787
0189
0.00012268 Min 0.00

1000.00 (mrmj)

500.00

(c) Mode 3

B: Modal

Total Deformation 14
Type: Total Deformation
Frequency. 535.6 Hz
Sweeping Phase: 0. *
Unit: mm

1.7

1.5112
1.3223
1.1335
0.92996 Max
0.75582
0.56608
0.37815
018931
0.0004745 Min 0.00

1000.00 {mmm)

B: Modal

Total Deformation 15
Type: Total Deformation
Frequency: 69861 Hz
Sweeping Phase: 0. *
Unit: rr

1.7
1.5111

1.2847 Max

054445
0.75556
056667
03777
o1 200
9.0075¢-6 Min

1000.00 (rmm)

500.00

(e) Mode 5
B: Modal z

Total Deformation 16
Type: Total Deformation
Frequency: 742 61 Hz »

Sweeping Phase: 0. *
Unit: rarmn

17

1.4004 Max

1.1333

094445
0.75556
0.56667
037778
0.18889 . 0.00
4.8286e-6 Min

1000.00 {rmm)

500.00

(4] Mode 6
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B: Modal z

Total Deforrnation 17
Type: Total Deformation
Frequency: 74946 Hz »

Sweeping Phase: 0. *
Unit: mm

1.7
1.5111
1.3222
1.1333
0.94446

0.70368 Max

037781

018892

3.5256e-5 Min 0.00 1000.00 (mm)

)
50000
(9) Mode 7

B: Modal z

Total Deformation 18
Type: Total Deformation
Frequency: 753.25 Hz y

Sweeping Phase: 0. ®
Unit: mm

1.7
1.5113
1.3226
1.1338
094512

0.61305 Max

037896

019024

0.0015204 Min 0.00 1
500.00

(h) Mode 8

000.00 (rmrm)

B: Modal

Total Deformation 19
Type: Total Deformation
Frequency: 76948 Hz
Sweeping Phase: 0. *
Unit: mm

1.7

1.3739 Max

11334

0.94448
0.7556

058672
037784
0.188%6 . 0.00
7.7468e-5 Min

1000.00 (mm)

l

500.00

(i) Mode 9

B: Modal z

Total Deforrnation 20
Type: Total Deformation
Frequency: 835.07 Hz .
Sweeping Phase: 0. * !
Unit: mm

1.7

1.5921 Max

1.3222

1.1333
0.94446
0.75557
056668
0.3778
018892
3.0875¢e-5 Min

1000.00 (mm)

200.00

) Mode 10
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 ro-
tation 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

— Ratio

—Model

— Mode2
Mode3

Mode4
Mode5

— Mode6
—Mode7

Frequency (Hz)

— Mode8

Mode9
—Model0

Figure 6: Campbell Diagram for Modeling
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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.

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 frequen-
cies (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 usu-
ally required between the operating speed or the specific
rotation speed and the critical speed [23]. In this conclu-
sion, the separation margin is set to 30%, and the rota-
tional 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 indus-

try, 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 technolo-
gies 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, itis processed by converging
the stiffness to infinity. Therefore, the future study will be con-
ducted how the results change as the bearing characteristic
changes.

Moreover, this study analyzes only one model and one mate-
rial, 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 struc-
ture 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 re-

sult value of the interpretation.
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