International Journal of Innovative Research and Scientific Studies, 7(3) 2024, pages:1205-1215

ISSN: 2617-6548

il
lJlSS URL: www.ijirss.com

Internatianal laurnal of ndsative %
fox
Research & Scientific Studies [ ——

Structural and dynamic evaluation of a test bench for mechanical vibrations using finite

elements

Luis Humberto Martinez Palmeth®, "2/ Juan Gonzalo Ardila Marin?, "’ Diana Carolina Polania Montiel®

1.23yniversidad Surcolombiana, Colombia.

Corresponding author: Luis Humberto Martinez Palmeth (Email: luis.martinez@usco.edu.co)

Abstract

This numerical study was conducted to assess the experimental bench structure’s adequacy for measuring mechanical
vibrations. The bench allows for three types of tests: dynamic imbalance of a single flywheel, dynamic imbalance of dual
flywheels, and dynamic imbalance due to defective gears. A CAD (Computer-Aided Design) model of the vibration bench
was developed in three distinct configurations. We then conducted structural (static) and dynamic (non-linear) analyses to
assess the structural integrity of the bench, its components, and the expected vibration amplitudes during testing.
Additionally, the structure’s natural frequencies were determined, and their compatibility with the expected excitation
frequencies was confirmed. These assessments were executed using finite element models within the Solidworks
Simulation™ framework. The findings indicate that, when designing such machinery, it is crucial to ensure that the
vibration modes do not coincide with the excitation frequencies, as this can compromise the experimental results.
Consequently, we have proposed and accessed two redesigned versions of the bench to ensure structural integrity and
prevent resonance during experimental procedures. The redesigns aim to mitigate the risk of resonance by altering the
bench’s structural parameters to shift the natural frequencies away from the range of excitation frequencies. This proactive
approach is based on the idea that a big difference between the natural and excitation frequencies lowers the chance of
resonance, which makes the results of the experiment more reliable. The enhanced designs were subjected to a series of
rigorous simulations to validate their performance, ensuring that they meet the stringent requirements for educational and
research applications.
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1. Introduction

The interpretation of vibration signals enables predictive maintenance and failure moments prediction [1, 2], which
offers a cost advantage over preventive and corrective maintenance [3, 4]. Test benches for rotating machinery facilitate the
study of rotor dynamics via vibrational response spectrum analysis [5-8]. Condition monitoring, a system analysis
technique, incorporates this process to predict faults. Structural issues in an experimental bench designed for measuring
mechanical vibrations can result in resonance and data variation [9, 10]. To ensure reliability and accuracy, bench
verification and structural redesign are essential. This guarantees that the sensor-captured values reflect only the dynamic
imbalances generated within the system, unaffected by extraneous factors. Their goal was to induce faults through wear and
tooth breakage, as well as capture frequency diagrams of mechanical vibrations for both faulty and non-faulty gears using
spectral techniques.

Garcia Jara and Cerdn Chalacan [11] designed and constructed an experimental bench to detect faults in straight and
helical gears. Their goal was to induce faults through wear and tooth breakage and to capture frequency diagrams of
mechanical vibrations for both faulty and non-faulty gears using spectral techniques. The results demonstrated a shift in the
spectral band when such faults were present Garcia Jara and Ceron Chalacéan [11]. Delgado Barrera [12] also developed an
experimental bench for gear fault detection and trained a neural network model with the experimental data to identify the
type of damage in gears within rotating machinery. The findings indicated that this model is highly effective in detecting
and identifying gear faults Delgado Barrera [12]. Labrador [13] conducted a theoretical-experimental correlation study on
gear calculations using various analysis methods, including transmission error, tooth deformation, and lifespan analysis.
The results suggested that while computational modeling is robust, it does not always accurately predict the variables in
question. Nevertheless, theoretical models remain a valuable predictive tool Labrador [13]. Moreno-Sanchez, et al. [14]
created an experimental bench to examine the impact of imbalance and misalignment on mechanical vibration in bearings,
with the aim of facilitating early diagnosis. Their research revealed that the acceleration measurements typically used for
bearing fault diagnosis are insufficient, leading them to propose an improved method Moreno-Sanchez, et al. [14]. Davalos
Ramirez, et al. [15] designed and constructed a test bench for measuring stresses and vibrations in rotating machinery,
specifically in shafts with gears. This test bench is applicable for designing new gears, analyzing gears in operation, or
diagnosing faults with fewer components than those reported in previous studies [15].

Moral [16] designed and constructed an experimental bench for measuring vibrations in machinery, featuring seven
configurations and a data acquisition system. The bench’s structure underwent static analysis using Solidworks™ Moral
[16]. Medina and Casanova [17] developed a virtual model to functionally verify a mechanical vibration test bench for
rotor imbalance measurement. Utilizing Pychrono™ and finite element formulation, they simulated the bench, which
included a shaft with a mass-carrying flywheel and two displacement sensors in orthogonal directions. Jeffcot rotor theory
was applied to calibrate the computational model, which accurately replicated the physical phenomena within the system,
maintaining error values below 10% in most instances Medina and Casanova [17]. Martinez Palmeth, et al. [18] employed
finite element methodology to validate an experimental device for mechanical evaluation, addressing both structural
integrity and functional performance. Their methodology entailed conducting static analysis for structural assessment and
nonlinear dynamic analysis for functional evaluation Martinez Palmeth, et al. [18]. Bernal Calder6n and Cortés Navarrete
[19] performed simulations on a didactic mechanical vibration test bench to discern the structural behavior. CAD modeling
facilitated a more accurate representation by incorporating materials, operational frequencies, and experimental setup
fixtures. They utilized NX™ for modeling and executed static and dynamic analyses to determine stresses and
deformations across various experimental configurations [19].

This work aims to conduct modal analysis, static analysis, and nonlinear dynamic analysis on an experimental bench
designed for measuring mechanical vibrations. The objective is to ascertain whether the bench’s structure satisfies the
requisite conditions for conducting experimental procedures or if its configurations possess a natural frequency that closely
aligns with the operational frequency of these procedures. If the frequencies match too closely, this study will suggest
necessary redesigns to rectify the bench’s structure.

2. Materials and Methods

The study was structured into phases. Phase | involved ensuring that the bench’s main structure met the necessary
structural requirements. Phase Il assessed three configurations of the bench: a single flywheel with imbalance, two
flywheels with imbalance, and an imbalance in spur gears due to a split tooth. The analysis began with CAD modeling of
the experimental bench, including the main structure and experimental configurations. We then developed a finite element
model of the bench, which included mesh sensitivity analysis for each configuration, static analysis to assess stresses,
deformations, and displacements under static load, modal analysis to estimate the first five natural frequencies and non-
linear dynamic analysis to calculate deformations and displacements during bench operation. The final step involved
processing the results and comparing them with the minimum acceptable design conditions for an experimental vibration
bench. Phase 111 consisted of executing the final simulations with the newly proposed design to verify compliance with the
established requirements.

Static analysis is utilized to ascertain the stresses, strains, and displacements of structural elements under analysis due
to applied loads. Displacements for high-precision structures, like an experimental bench for instrument readings, should
not surpass0.000001 to 0.00001 inches per inch. Modal analysis aims to gather information on the first five modes and
natural frequencies of the structure and each experimental configuration, determining if the structures operate too close to
their natural frequencies, which is undesirable as it amplifies vibrations. A system’s working frequency should be atleast
50% above or below the closest natural frequency. The criteria for the experimental bench’s suitability, which requires a
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rigid structure, are established as follows: a natural frequency of 120Hz or higher and limiting deformations to a maximum
of 0.000001mm/mm, thereby classifying the structure as high precision and ensuring its supports can dampen external
vibrations affecting the system under evaluation [20].

We derived the CAD model of the experimental bench from an existing assembly that used1-inch-wide angle structural
profiles made from AISI 1020 material, along with 16-gauge sheets (with a thickness of 1/16 inch) composed of A-36
structural steel. The creation of the CAD model was accomplished using Solidworks™ software. The bench structure
features a drawer at the bottom, with the experimental configurations and the electric motor positioned on the top of it to
the right. Both the described assembly and the CAD model developed in this study are depicted in Figure 1.

Figure 2 illustrates the CAD models of the three experimental setups. Each one has pedestal-type bearings, support
shafts, and rotating elements that representspecific failure conditionsthat are being tested, like flywheels or gears.

The Solidworks Toolbox™ component facilitated the creation of the gears, including standardized components like
straight-tooth gears. Table 1presents the data used to precisely represent this configuration within the existing experimental
bench. In our analyses, we employed second-order tetrahedral (3D) elements with 16 integration points. Meshing was
based on curvature, which controls the minimum element size. Mesh-sensitivity analyses were conducted across all studies.

Figure 1.
Existing experimental bench and its CAD model.

K. _»

Figure 2.
CAD models of the experimental configurations.

Table 1.
Characteristics of the gears.
Element Description
Module 4
Numberofteeth 23
Facewidth 35mm
DP - pitch diameter 92mm
CD - outerdiameter 100mm
DR - innerdiameter 82mm

3. Results
3.1. Structural Analysis of the Experimental Bench

Both static and modal analyses were performed to glean insights into the behavior of the experimental bench structure
during practical experiments. We applied the following conditions to both types of analyses: Fixed supports on all four
faces of the structure’s legs; gravity acting in the vertical plane (negative Y direction); rigid global contact; Rayleigh
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damping of 0.03 in the structure; the material for the entire structure was low-carbon simple alloy steel (AISI 1020) with an
elastic, linear, and isotropic behavior model. All numerical models were three-dimensional.
Additionally, for an unbalanced mass (m), the centripetal force (F) generated due to its rotation at an angular velocity
(w), with a radius ®, can be calculated using Equation 1.
F=mro? (1)
Table 2 provides the values used in the computational simulations for the parameters of Equation 1, which were
obtained experimentally.

Table 2.
Un-balancing mass according to the configuration of the bench.

With a flywheel | Withtwoflywheels | Spurgears
r 0.171 0.171 0.100
m 0.014 0.014 0.012
w 6.280 6.280 6.280
F 0.015 0.030 0.008

Before conducting static, dynamic, and modal analyses, we performed a mesh sensitivity analysis, recognizing that
finite element model results depend on the mesh size used.In Figure 3, the calculated value of the structure’s first natural
frequency, which serves as a monitoring parameter, is plotted against the number of elements used in the mesh of the
models. According to the figure, a minimum of approximately 24,000 elements should be employed to model the bench
structure, ensuring that the results remain unaffected by the mesh size during analysis.

2

2 x

T rT——

Frequency
Y = v

0 5000 10000 15000 20000 25000 30000 35000

Number of elements
Figure 3.
Mesh sensitivity analysis for the mechanical vibration bench structure.

During the static analysis, we utilize the maximum estimated centrifugal force value obtained from experimental tests:
0.0301 N. This value corresponds to the dual flywheel unbalance configuration, in addition to the weight of the
experimental setup. The static analyses were conducted using Solidworks Simulation™ with the FFEPlus solver, which is
recommended for problems with numerous degrees of freedom (DOF). We applied a global friction coefficient of 0.05 to
the model. Figure 4 shows the stress and deformation fields caused by the maximum unbalance force in the dual flywheel
configuration. We take into account the influence of gravity and use full constraint boundary conditions to secure the
structure to the floor. Additionally, a load is applied to the top of the experimental bench, representing the weight of the
experimental setups and the unbalanced inertial forces. These forces vary for each experimental configuration and exhibit
dynamic behavior.

The finite element model assumes that low-carbon steel makes up all parts of the structure and experimental setups.
Based on the obtained results, it is evident that the structure does not exceed the yield strength limit of AISI 1020 material
(351 MPa), and the maximum stress is 7.4 MPa. Furthermore, we obtain a total deformation value of 0.00001723 mm/mm.
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Figure 4.
Von Mises stress and displacement results for static analysis in solid works™.

We conducted modal analyses to verify the first natural frequencies of the structure. These analyses simulated load in
the model, considering only the weight—an approach customary for this type of analysis. We employed the DIRECT
SPARCE solver from SolidWorks™. We reviewed the first six natural frequencies and applied fixed boundary conditions
to the bench’s legs. Table 3 presents the values of the first natural frequencies of the structure obtained through simulation.

The mechanical vibration bench structure operates at a frequency that is very similar to its natural frequency. This
alignment occurs because the electric motor used in the experimental practices rotates between 30 Hz and 60 Hz.
Specifically, Table 3 reveals that the first natural frequencies of the experimental bench range from 17 Hz to 52 Hz in
SolidWorks™. This observation indicates that the structure operates within the motor’s working frequencies, consequently
impacting the results of the experimental practices.

Table 3.
Values of the first natural frequencies [Hz].
Mode Benchstructure
1 17.31
2 17.52
3 29.48
4 37.25
5 40.21
6 52.00

3.2. Modal Analysis of the Experimental Configurations

For each of the experimental configurations, we conducted modal analysis, nonlinear dynamic analysis, and motion
studies. To ensure that the results of these analyses remain unaffected by the element size resulting from discretization, we
performed a mesh sensitivity analysis beforehand. Figure 5 illustrates the variation of the first natural frequency against the
number of elements in the model. Notably, the single flywheel configuration requires a minimum of 100,000 elements,the
dual flywheel configuration require 50,000 elements, and the gear configuration requires approximately 280,000 elements.
This mesh density ensures that the results remain uninfluenced by the element size.
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Figure 5.
Mesh sensitivity analysis for the three experimental configurations: Single flywheel balancing (a), dual flywheel balancing (b), and gears (c).

To perform the modal analysis, it is only necessary to define the supports for the experimental configurations. In this
case, a fixed face was used at the base of the bearings (refer to Figure 6). The material to be used was also specified, which,
in this instance, is all AISI 1020 steel. For this type of analysis, the most critical property is the material density. We
conducted modal analysisfor all three experimental configurations. Figure 6 presents the results obtained using
Solidworks™ software for the following modes of vibration:Second mode of vibration is for the single flywheel
configuration; Third mode of vibrationisfor the dual flywheel configuration; First mode of vibration is for the gear
configuration.

Table 4 provides the values of the first five natural frequencies for each experimental configuration. The results
demonstrate that the experimental configurations do not exhibit a natural frequency close to the operating frequency range
of the electric motor, which spans between 30 Hz and 60 Hz. Therefore, design flaws or resonance phenomena will not
affect future experimental measurements conducted with these configurations.

Now, let’s delve into the configurations used in the computational model for nonlinear dynamic analysis. For this type
of analysis, we employed a period from 0 to 1 (pseudo-time). We utilized a formulation that accounts for large
displacements and deformations. The solution technique involved an iterative approach using the Newton-Raphson method,
integrated with the Newmark method.
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Figure 6.

Modal analysis results. Configurations: (a) Single flywheel, (b) Dual flywheels, and (c) Gears.

Table 4.
Modal analysis results for the configurations. Values of the first natural frequencies [Hz].
Mode Single flywheel Dual flywheels Gears
1 189.69 78.25 899.34
2 308.36 118.17 1018.1
3 309.33 140.14 1343.2
4 568.62 140.25 2082.4
5 569.56 320.16 2313.8

The dynamic analysis incorporated Rayleigh viscous damping, with damping coefficients a and B set to 0.03, as is
common when working with steel structures. We conducted all simulations at a rotational speed of 60 Hz, representing the
bench’s highest operational speed and the point where the most significant inertial or unbalanced forces occur. The
acceleration due to gravity is assumed to act in the vertical direction, which, in the case of the model, aligns with the
negative “Y” axis. The bearings are considered fixed or rigidly connected to the main structure, which we model as having
fixed lower faces (refer to Figure 7). For nonlinear dynamic analysis, material density remains a crucial factor, and in this
instance, we use AlSI 1020 steel.

As anticipated during rotation, the experimental configurations exhibit radial displacements (in the case of flywheels
and gears). In Figure 7, the deformed experimental configurations are evident due to unbalanced forces. Table 5 provides a
summary of the maximum displacement values obtained from simulations in two areas of the model. The experimental test
bench should measure these values. Specifically, the measurement areas are on the bearings and on the flywheels or gears
(the locations of the rotating elements).
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Table 5.

Nonlinear dynamic analysis results. Maximum displacements [pum].

Location Single flywhee Dual flywheels Gears
Bearing 0.30 0.03 9.10
Shaft 1.71 3.03 8.45

3.3. Redesign of the Mechanical Vibration Bench Structure

Based on the previously obtained results, there is a need to modify the current design of the experimental bench.
Modification to shape, mass, or damping (either active or passive) can control and reduce vibration in structures [21]. In
this work, we propose two lines of solution:

e Enhancing the Existing Structure: Our first approach aims to improve the existing structure by enhancing its

rigidity. This enhancement will increase the natural frequencies and reduce undesired displacements.

e Proposing a New Structure: Our second approach entails creating an entirely new structure for the experimental

bench.

Through a redesign of the structure, our goal is to enhance its performance. Currently, the structure lacks sufficient
rigidity in its lower part and in the upper section, where the experimental configurations are supported. To address this, we
propose modifications for each part of the structure. Specifically, we recommend reinforcing the structure’s legs using one-
inch angle profiles arranged in a cross shape at the front, sides, and back of the structure (as depicted in Figure 8 (a)).
Additionally, we reinforce the upper part of the base that supports the experimental configurations with angles. These
angles are strategically placed on the sheet where the configurations are secured, forming a grid-like pattern to prevent
displacements (as depicted in Figure 8 (b)).

We examine the results of the static analysis for the redesigned structure in Figure 9.These results reveal a significant
decrease in displacements. Furthermore, we perform both modal analysis and nonlinear dynamic analysis.

Proposing a second solution, Figure 10 (a)showcases a new structure entirely made of duralumin. This slotted-type
structure accommodates various experimental configurations. We conduct the three types of analysis: static, modal, and
nonlinear dynamic. Specifically, Figure 10(b)presents the results of the static analysis for the newly proposed design.
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Nonlinear dynamic analysis results. Configurations: (a) Single flywheel, (b) Dual flywheels, and (c) Gears.

Figure 8.
Redesign of the mechanical vibration bench structure: (a) Stands, (b) Sheet.
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Results of the static analysis of the redesign.
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Table 6 presents a comparison between three cases: the current structure, the redesigned structure, and the new
structure.Notably, both new designs significantly reduce the maximum stresses in the structure, with natural frequencies
increasing by 400% and 900%, respectively. Addressing one of the most deficient aspects of the current design, the
displacements decrease by one to two orders of magnitude, signifying substantial improvement in the proposed designs.

(a) (b)
Figure 10.

(a) New design for the mechanical vibration bench. (b) Result of the static analysis.
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4. Conclusions

This study emphasizes the critical importance of correctly applying all design methodologies when approaching the
design of a structure or machine. Neglecting these principles can lead to devices that do not function properly under load
conditions. It is essential to recognize that analyzing stresses, deformations, and displacements alone does not guarantee the
structural and functional integrity of a machine. For machinery, it is essential to examine the natural frequencies of
machines or structures and ensure that these frequencies remain as far as possible from potential operating frequencies.
Additionally, it is crucial to recognize how computational methods enable comprehensive and straightforward analysis of
all the mentioned aspects, facilitating informed decision-making throughout the design process.

Table 6.
Comparison of stresses, displacements, and 1st natural frequency for the three designs.

Existing structure | Redesign | New design
Stress [MPa] 7.46 3.15 3.94
Displacements [mm] 0.140 0.014 0.009
1st Natural Frequency [Hz] 20.00 117.00 192.08

Leveraging Solidworks™, we gained insights into the behavior of the structure and its configurations through static,
nonlinear dynamic, modal, and motion analyses. Our findings include the following:

Structural Displacement: The structure displaces by 0.14 mm under its own weight alone. Consequently,
performing experiments on it is inadvisable, as the results would be influenced by the structure itself.

Natural Frequency Range: The natural frequency range of this structure spans between 10 Hz and 60 Hz across the
first six modes. This indicates that the structure is susceptible to resonance phenomena. The experimental
practices conducted on it involve the motor rotating at 15 Hz, 30 Hz, and 60 Hz.

e Motion Analysis: By analyzing the motion of the experimental setups, we pinpointed the outcomes that
the mechanical vibration sensors should record, independent of the structure’s influence.

e In conclusion, we propose a base and coupling structure design for the experimental configurations that
meets the minimum requirements. This design ensures that the experimental practices carried out on it remain
unaffected. Specifically, the proposed structure must have a natural frequency greater than twice the maximum
frequency of rotation of the motor and must not deform under the weight of each configuration.
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