© November 2024 | 1JIRT | Volume 11 Issue 6 | ISSN: 2349-6002

Resonance Frequency Identification and Dynamic
Behavior Analysis of Single-Stage Gearbox: A Finite
Element Analysis and suggestions for optimization

Rajkumar Bhagat!, Mukta Rasal?, Vikas Sanap®, Durgesh Sandhan®, Aditya Saravade®, Kushal Shah®

12345,

Abstract: This research paper investigates the dynamic
behavior and optimization of a single-stage gearbox system
through finite element analysis (FEA). The study focuses
on understanding the structural response, natural
frequencies, mode shapes, and dynamic characteristics of
the gearbox assembly under various operating conditions.
Modal analysis and harmonic response analysis
techniques are employed to analyze the gearbox's
performance, identify critical frequencies, and optimize its
design to enhance reliability and efficiency.

1. INTRODUCTION

Gearbox systems are fundamental components in
various mechanical applications, facilitating speed
reduction, torque multiplication, and power
transmission. These systems play a pivotal role in a
wide range of industries, including automotive,
aerospace, marine, and industrial machinery. By
efficiently converting rotational motion between input
and output shafts, gearboxes enable machines to
operate at desired speeds and torque levels, thereby
enhancing overall performance and productivity.

Understanding the dynamic behaviour of gearbox
assemblies is paramount for ensuring their reliable
operation and longevity. Dynamic analysis helps
engineers identify potential issues such as resonance,
excessive vibration, and fatigue failure, which can
compromise the performance and durability of the
system. By comprehensively analyzing the dynamic
response of gearbox components, engineers can
optimize their design to mitigate risks and improve
operational efficiency.

This paper presents a comprehensive investigation
into the dynamics and optimization of a single-stage
gearbox system using advanced finite element analysis
(FEA) techniques. Finite element analysis is a
powerful computational tool that enables engineers to
simulate the behavior of complex mechanical systems
under various loading conditions. By developing
detailed 3D models of gearbox assemblies and
applying sophisticated analysis methods, engineers
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can gain valuable insights into the structural integrity,
natural frequencies, mode shapes, and dynamic
characteristics of the system.

Through modal analysis, engineers can identify the
natural frequencies at which the gearbox assembly
vibrates and determine the corresponding mode shapes
and deformations. This information is critical for
understanding the system's dynamic response and
identifying potential resonance frequencies that may
lead to excessive vibration and fatigue failure.
Harmonic response analysis complements modal
analysis by studying the gearbox's response to
harmonic excitation, such as gearmesh frequencies.
By simulating the gearbox's dynamic behavior under
operating conditions, engineers can assess vibration
levels, stress distributions, and fatigue life, allowing
for optimization of the gearbox design to enhance
reliability and efficiency.

In summary, this paper aims to contribute to the body
of knowledge on gearbox dynamics and optimization
by leveraging advanced FEA techniques. By gaining a
deeper understanding of the dynamic behavior of
single-stage gearbox systems, engineers can develop
more robust and efficient designs that meet the
performance requirements of various mechanical
applications.

2. LITERATURE REVIEW

1. “Modal Analysis of a Gearbox Housing in Order
to Avoid Resonance Frequencies™:

o The gearbox housing is a critical component that
surrounds gears, supports bearings, and protects
internal parts.

o Vibrations generated during gear engagement can
lead to noise emission.

o Researchers have used both Experimental Modal
Analysis (EMA) and finite element analysis
(FEA) to establish the natural frequencies of a
gear housing.
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o The Campbell diagram is employed to map
resonance frequencies.

o Optimization of housing design is crucial for
noise reduction, weight reduction, and cost
savingst.

2. “Design of Extruder Helical Gearbox: A
Review”:

o This review paper provides insights into the
current state of research on modal analysis and
harmonic frequency response related to gearbox
casings.

o It also discusses future research directions and
challenges in this field?.

3. “Material-Based Vibration Characteristic
Analysis of Heavy Transmission Casing”:

o The study focuses on free vibration analysis of
transmission casings using finite element
simulation (ANSY'S software).

o Various materials are considered, and the mode
shapes reveal natural frequencies in the range of
1,000-3,800 Hz:.

4. “Analysis of Gearbox Casing and Effect of
Frequency on Stress and Strain Using FEA™:

o This work explores vibrational analysis of
gearbox casings using condition monitoring
techniques, FFT analyzers, and time-frequency
domain analysis.

o FEM modal analysis using ANSYS Workbench
software reveals natural frequencies separated by
20% from first and second harmonics of
excitation frequency*.

5. “Modal and Stress Analysis of Differential
Gearbox Casing with Pick-Up Van Vehicle:

o The project analyzes the differential gearbox
casing of a pickup van vehicle for both modal and
stress analysis.

o Understanding the vibration behavior and stress
distribution is crucial for optimizing the casing
design®.

3. PROBLEM STATEMENT

While gearbox systems are vital components in
mechanical applications, their dynamic behavior
under different operating conditions remains a subject
of extensive study and optimization. This research
aims to address this gap by conducting a
comprehensive investigation into the dynamics and
optimization of a single-stage gearbox system using
advanced finite element analysis (FEA) techniques.
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In particular, the study focuses on a single-stage
gearbox assembly comprising two gears with specific
tooth profiles. The gears have 48 and 95 teeth,
respectively, and are mounted within a casing with a
center distance of 76.20 mm. The gearbox system
receives a power input of 10 kW and outputs 9.5 kW,
resulting in input and output rotational speeds of
1979.17 RPM and 1000 RPM, respectively.

The objective of this research is to understand the
dynamic behavior of the gearbox system, including
natural frequencies, mode shapes, and deformations,
through modal analysis. Additionally, harmonic
response analysis will be conducted to assess the
system's response to harmonic excitation, with a focus
on gearmesh frequencies.

By leveraging advanced FEA techniques, including
modal and harmonic analysis, this study seeks to
optimize the gearbox design to minimize vibrations,
reduce stress concentrations, and enhance overall
performance. The findings from this research will
contribute to the development of more robust and
efficient gearbox systems for a wide range of
mechanical applications.

4. METHODOLOGY
The study will employ the following approaches:

1. 3-D CAD Modeling: Create a detailed three-
dimensional model of the gearbox casing.

2. 3-D Finite Element Meshing: Generate a finite
element mesh for accurate analysis.

3. Analytical Calculations: Perform analytical
calculations to validate results.
Finite Element Analysis:
Structural Analysis: Investigate static behavior
under applied loads.

o  Dynamic Analysis: Determine natural frequencies
and mode shapes.

5. Experimental Validation: Compare FEA results
with experimental data.
Optimization of Structure:

o Refine the design based on analysis outcomes.

o Ensure safe operating conditions.

5. MODAL ANALYSIS

Modal analysis transforms physical coordinates into
modal coordinates, decoupling the system’s vibration
equations. The goal is to identify modal parameters for
fault diagnosis, prediction, and optimization of
structural dynamic characteristics.
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6. RESULTS

The results obtained from both modal analysis and
harmonic response analysis provide valuable insights
into the dynamic behavior and performance of the
single-stage gearbox system. Through comprehensive
simulation studies using ANSYS software, modal
frequencies, mode shapes, and deformation patterns
were determined, while harmonic response analysis
elucidated the system'’s response to varying excitation
frequencies.

Modal Analysis Results:

Fig. 1. Modal Deformation

Modal analysis revealed the natural frequencies and
corresponding mode shapes of the gearbox system.
The first few mode shapes identified during modal
analysis depicted the primary vibrational modes of the
system. These mode shapes provided critical
information regarding potential resonance frequencies
and areas of structural vulnerability.

Mode Shapes  Frequencies
2656.4
27043
4114
4306.5
49447
51439
5190.8
54184
56319
10 6189.7

Table 1. Natural Modes
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Visual inspection of the mode shapes highlighted
localized deformations and stress concentrations in
specific regions of the gearbox casing. Areas
exhibiting high modal participation factors indicated
regions of significant structural response to dynamic
loading conditions. These findings guided subsequent
optimization efforts aimed at reinforcing critical areas
and minimizing vibration amplitudes.

Harmonic Response Analysis Results:

Harmonic response analysis enabled the evaluation of
the gearbox system's dynamic response to harmonic
excitation, including gearmesh frequencies and other
external forces. By varying the excitation frequency
over a range of operating conditions, the amplitude
and phase responses of key system parameters were
determined.

Apply Moment Load on Both Input and Output Shafts:

If you want to simulate the dynamic behavior of the
entire gearbox system, including both input and output
shafts, it may be appropriate to apply the moment load
on both shafts.

This approach allows you to capture the effects of
torque transmission through the gearbox and the
resulting dynamic response of the casing, considering
both the input and output sides. By applying loads on
both shafts, you can analyze how vibrations propagate
through the system and identify potential resonant
frequencies or critical modes of vibration.

Fig.2. Application of Boundary Conditions In
Harmonic Response.

Fig.3. Harmonic Response Deformation Contours
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Fig.4. Deformation at the Resonance frequency
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Mode Shapes  Frequencies
81897
12379
1856.9
24759
30949
3713.8
4332.58
4951.8
5570.7
10 61897
Fig.5. Harmonic Excited Frequencies
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Analysis of the harmonic response data revealed
resonance frequencies at which the gearbox system
exhibited amplified vibration responses. These
resonance frequencies corresponded to the natural
frequencies identified during modal analysis,
confirming the importance of addressing resonance
effects in gearbox design.

Plotting the frequency response curves allowed for
visualization of vibration amplitudes as a function of
excitation frequency. Peaks in the frequency response
curves indicated resonance frequencies where
vibration amplitudes were significantly amplified,
emphasizing the need for targeted design

modifications to  mitigate  resonance-induced
vibration.
L'—’ Step Controls A~
'Multiple Steps 'No
=/ Options
?requency Spacing Linear
Range Minimum 0. Hz
| | Range Maximum 6189.7 Hz
||| Solution Intervals 10
TJser Defined Frequencies Off
Solution Method Mode Superp...
| Include Residual Vector No
| Cluster Results No
| On Demand Expansion Option |Program Cont...
-- On Demand Expansion No
| Store Results At All Frequencies Yes
| Mode Selection Method None "

Fig.5. Set-up of Frequency Range for finding out
resonance Frequency
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Fig.6. Frequency Response Graph (Peak Value of
Mode of 7th Mode is resonance Frequency)

Apply Moment Load on One Input Shaft:

Alternatively, if your primary interest is in
understanding the casing's response to the input torque
or excitation, you may choose to apply the moment
load only on the input shaft.

This approach simplifies the analysis by focusing on
the primary source of excitation, which is typically the
input side of the gearbox.

By applying the load on the input shaft, you can still
capture the dynamic behavior of the casing in response
to torque fluctuations and assess its structural integrity
and vibration levels.
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Fig.7. Application Of Boundry Conditions In
Harmonic Response ( Moment Load on One input
shaft)
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Fig.8.Harmonic Response Deformation Contours

7. SUGGESTIONS

Design  Modifications for Cearbox

Optimization

Casing

Following the harmonic analysis conducted on the
gearbox system, several design modifications have
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been proposed to mitigate potential resonance-induced
vibration and enhance the structural integrity and
performance of the gearbox casing. These
modifications are aimed at addressing vulnerabilities
identified during the analysis and optimizing the
casing design to minimize vibration amplitudes and
stress concentrations.

1. Stiffening the Casing Structure: The first
proposed modification involves increasing the
stiffness of the gearbox casing. This can be
achieved by strategically adding ribs, gussets, or
stiffening plates in critical areas prone to
resonance-induced vibration. By reinforcing
weak points or areas of high stress concentration
identified during harmonic analysis, the load
distribution can be improved, and vibration
amplitudes can be reduced.

2. Tuning Casing Damping Characteristics: Another
modification suggestion is to integrate damping
materials or coatings into the gearbox casing to
dissipate vibrational energy and reduce resonance
effects. By optimizing the damping characteristics
of the casing material to match the resonance
frequencies of the gearbox system, vibration
amplification can be minimized, enhancing
system stability.

3. Optimizing Casing Geometry: Redesigning the
casing geometry is proposed to minimize acoustic
resonance and improve airflow for better heat
dissipation. This involves smoothing out sharp
edges or corners that may act as stress
concentrators and contribute to resonance-
induced fatigue failure.

4. Enhancing Mounting and Support Structures:
Improving the mounting and support structures of
the gearbox casing is another modification
strategy. This includes utilizing isolation mounts
or flexible couplings to decouple the gearbox
from external sources of vibration and resonance,
reducing transmission of vibration to surrounding
components and structures.

5. Implementing Internal Bracing and
Reinforcement: Incorporating internal bracing or
reinforcement within the gearbox casing can
increase rigidity and reduce deformation under
dynamic loading conditions. Designing internal
partitions or baffles helps minimize fluid-induced
vibrations and optimizes fluid flow characteristics
within the casing.

6. Adjusting Material Properties: Evaluating the
material properties of the gearbox casing and

considering materials with higher damping
coefficients or improved fatigue resistance is
suggested. Selecting materials with tailored
properties to match the dynamic response
characteristics of the gearbox system helps
mitigate resonance effects and improve overall
performance.

7. Utilizing Innovative Manufacturing Techniques:
Exploring additive manufacturing techniques,
such as 3D printing, to fabricate complex
geometries and optimize material distribution for
enhanced structural performance is
recommended. Advanced machining processes
can also be employed to achieve tighter tolerances
and smoother surfaces, reducing the potential for
stress concentrations and vibration amplification.

8. Integration of Monitoring and Control Systems:
Integrating real-time monitoring and control
systems into the gearbox casing to detect
resonance-induced vibration and implement
corrective actions is proposed. This includes
implementing active vibration control systems or
adaptive damping mechanisms to dynamically
adjust casing properties and mitigate resonance
effects during operation.By implementing these
design modifications, based on the findings from
harmonic analysis, the structural integrity,
performance, and reliability of the gearbox casing
can be enhanced, ensuring smooth and efficient
operation in various mechanical applications.

9. DESIGN MODIFICATIONS

Integration of Stiffeners in Gearbox Casing Design In
gearbox casing design, the integration of stiffeners
plays a crucial role in enhancing structural integrity,
rigidity, and resistance to deformation under dynamic
loads. Stiffeners are strategically placed within the
casing to reinforce critical areas and mitigate potential
stress concentrations, thereby improving overall
performance and reliability.

Placement Considerations: Stiffeners are typically
positioned in areas of maximum deformation or stress
concentration within the gearbox casing. These areas
include regions near mounting points, bearing
housings, or sections subjected to high mechanical
loads. By distributing loads more evenly across the
casing, stiffeners help minimize localized deformation
and reduce the risk of fatigue failure.

Structural ~ Reinforcement:  Stiffeners  provide
structural reinforcement at critical interfaces within
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the gearbox casing, such as junctions between
different casing components or sections. They help
enhance the overall rigidity and stability of the casing
assembly, improving its ability to withstand bending,
torsional, and vibrational forces during operation.

Orientation and Optimization: Stiffeners are oriented
in both longitudinal and transverse directions to
provide multidirectional reinforcement to the casing
structure. Longitudinal stiffeners run parallel to the
main axis of the casing, while transverse stiffeners are
positioned perpendicular to the main axis. Finite
element analysis (FEA) and structural simulation
techniques are employed to optimize the placement
and configuration of stiffeners, ensuring maximum
stiffness while minimizing material usage and weight.

Contribution to Performance Enhancement: By
strategically integrating stiffeners into the gearbox
casing design, engineers can significantly enhance the
structural integrity, stiffness, and durability of the
casing. This contributes to improved load distribution,
reduced deformation, and enhanced resistance to
dynamic loads and vibrations, ultimately ensuring
reliable operation and longevity of the gearbox
system.
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