


University of Wales Trinity Saint David


Application of Computer Aided Engineering Processes
ACDB 5007: Computer Aided Engineering 




Name - Luke Brown (ID-2309075)
Course – Ordnance, Munitions and Explosives (OME)
Lecturer – Andrew Noble, Kevin Rogers
Submission Date – 11th May 2025


Table of Contents:

Section 1 – Introduction 

1- Overview of computer aided engineering ……………………………………………………. (Page 7)
2- Purpose of the assignment ………………………………………………………………………….. (Page 7)
3- Scope of the report ……………………………………………………………………………………… (Page 7)

Section 2 – Literature review

1- CAE in aerospace engineering ……………………………………………………………………… (Page 8)
2- Importance of Modal and random vibration analysis in structural design ... (Page 8-9)
3- Limitations and assumptions in CAE for aerospace applications ………………….. (Page 9)

Section 3 – Validation case: analytical proof of model accuracy

1- Selection of validation case …………………………………………………………………….. (Page 9-10)
2- Analytical calculations for structural behaviour ……………………………………. (Page 10-11)
3- Creating the simulated model in ANSYS ………………………………………………… (Page 11-12)
4- Comparison between analytical and ANSYS simulation results ………………….. (Page 12)
5- Discussion of model accuracy and assumptions …………………………………………. (Page 12)

Section 4 – Missile case study and methodology

1- Description of the missile and materials used ………………………………………. (Page 13-15)
2- Justification for the chosen case study …………………………………………………. (Page 15-16)
3- Analytical approach to missile structural behaviour …………………………………… (Page 16)

Section 5 – Modal analysis in ANSYS

1- Setup of the modal analysis ……………………………………………………………………….. (Page 16)
2- Fixed support at the pylon attachment ……………………………………………………… (Page 17)
3- Natural frequencies and mode shapes ………………………………………………….. (Page 17-19)

Section 6 – Random vibration analysis

1- Application of DEF STAN air carriage specification ………………………………… (Page 19-20)
2- Implementation of a random vibration load spectrum ………………………………. (Page 20)
3- Deformation and response PSD ……………………………………………………………. (Page 20-21)
4- Interpretation of random vibration results ………………………………………………… (Page 22)

Section 7 – Influence of mesh quality on results

1- Meshing refinement strategy ……………………………………………………………….. (Page 22-23)
2- Coarse mesh modal analysis and random vibration results …………………… (Page 23-25)
3- Comparison of fine and coarse mesh results ……………………………………………… (Page 26)

Section 8 – Boundary condition influence: damping factor

1- Introduction to damping in aerospace structures …………………………………. (Page 26-27)
2- Damping factor deformation and response PSD …………………………………… (Page 27-28)
3- Comparison of damped and non-damped results ………………………………………. (Page 29)

Section 9 – Validation and discussion of results

1- Validation against know literature cases ………………………………………………. (Page 29-30)
2- Critical analysis of accuracy and reliability …………………………………………………. (Page 30)

Section 10 – CAE tools in the engineering design process

1- Role of CAE in missile structural design ……………………………………………………… (Page 30)
2- Advantages and challenges of using CAE for aerospace applications …………. (Page 31)

Section 11 – Design modifications and further investigations

1- Modifications based on simulation insights ……………………………………………….. (Page 31)
2- Effect of design changes on structural performance ………………………………….. (Page 31)


Section 12 – References

1- All referenced citations …………………………………………………………………………. (Page 32-34)

Section 13 – Appendices

1- Raw simulation data …………………………………………………………………………….. (Page 34-36)

Table of Figures:

Figure 1 – Annular plate simulated modal frequencies ………………………………………….. (Page 12)
Figure 2 – SolidWorks missile ………………………………………………………………………………… (Page 13)
Figure 3 – Missile cross section ……………………………………………………………………………… (Page 14)
Figure 4 – Missile x-ray view ………………………………………………………………………………….. (Page 14)
Figure 5 – Missile simulated modal frequencies ……………………………………………………. (Page 17)
Figure 6 – Missile mode 1 ……………………………………………………………………………………… (Page 17)
Figure 7 – Missile mode 2 ……………………………………………………………………………………… (Page 17)
Figure 8 – Missile mode 3 ……………………………………………………………………………………… (Page 18)
Figure 9 – Missile mode 4 ……………………………………………………………………………………… (Page 18)
Figure 10 – Missile mode 5 ……………………………………………………………………………………. (Page 18)
Figure 11 – Missile mode 6 ……………………………………………………………………………………. (Page 18)
Figure 12 – Missile mode 7 ……………………………………………………………………………………. (Page 18)
Figure 13 – Missile mode 8 ……………………………………………………………………………………. (Page 18)
Figure 14 – Missile mode 9 ……………………………………………………………………………………. (Page 18)
Figure 15 – Missile mode 10 ………………………………………………………………………………….. (Page 18)
Figure 16 – PSD input ……………………………………………………………………………………………. (Page 20)
Figure 17 – Missile deformation (X axis) ………………………………………………………………… (Page 21)
Figure 18 – Missile deformation (Y axis) ………………………………………………………………… (Page 21)
Figure 19 – Missile deformation (Z axis) ………………………………………………………………… (Page 21)
Figure 20 – Response PSD position ……………………………………………………………………….. (Page 21)
Figure 21 – PSD output (X axis) ……………………………………………………………………………… (Page 21)
Figure 22 – PSD output (Y axis) ………………………………………………………………………………. (Page 21)
Figure 23 – PSD output (Z axis) ………………………………………………………………………………. (Page 21)
Figure 24 – Coarse mesh simulated modal frequencies …………………………………………. (Page 23)
Figure 25 – Coarse mesh mode 1 …………………………………………………………………………... (Page 23)
Figure 26 – Coarse mesh mode 2 …………………………………………………………………………... (Page 23)
Figure 27 – Coarse mesh mode 3 …………………………………………………………………………… (Page 24)
Figure 28 – Coarse mesh mode 4 …………………………………………………………………………… (Page 24)
Figure 29 – Coarse mesh mode 5 …………………………………………………………………………… (Page 24)
Figure 30 – Coarse mesh mode 6 …………………………………………………………………………… (Page 24)
Figure 31 – Coarse mesh mode 7 …………………………………………………………………………… (Page 24)
Figure 32 – Coarse mesh mode 8 …………………………………………………………………………… (Page 24)
Figure 33 – Coarse mesh mode 9 …………………………………………………………………………… (Page 24)
Figure 34 – Coarse mesh mode 10 …………………………………………………………………………. (Page 24)
Figure 35 – Coarse mesh deformation (X axis) ………………………………………………………. (Page 25)
Figure 36 – Coarse mesh deformation (Y axis) ……………………………………………………….. (Page 25)
Figure 37 – Coarse mesh deformation (Z axis) ……………………………………………………….. (Page 25)
Figure 38 – Coarse mesh response PSD position ……………………………………………………. (Page 25)
Figure 39 – Coarse mesh PSD output (X axis) …………………………………………………………. (Page 25)
Figure 40 – Coarse mesh PSD output (Y axis) …………………………………………………………. (Page 25)
Figure 41 – Coarse mesh PSD output (Z axis) …………………………………………………………. (Page 25)
Figure 42 – Damped deformation (X axis) ……………………………………………………………… (Page 28)
Figure 43 – Damped deformation (Y axis) ……………………………………………………………… (Page 28)
Figure 44 – Damped deformation (Z axis) ……………………………………………………………… (Page 28)
Figure 45 – Damped response PSD position …………………………………………………………… (Page 28)
Figure 46 – Damped PSD output (X axis) ……………………………………………………………….. (Page 28)
Figure 47 – Damped PSD output (Y axis) ……………………………………………………………….. (Page 28)
Figure 48 – Damped PSD output (Z axis) ……………………………………………………………….. (Page 28)
Figure A.1 – Annular plate mode 1 ………………………………………………………………………… (Page 34)
Figure A.2 – Annular plate mode 2 ………………………………………………………………………… (Page 34)
Figure A.3 – Annular plate mode 3 ………………………………………………………………………… (Page 35)
Figure A.4 – Annular plate mode 4 ………………………………………………………………………… (Page 35)
Figure A.5 – Annular plate mode 5 ………………………………………………………………………… (Page 35)
Figure A.6 – Annular plate mode 6 ………………………………………………………………………… (Page 36)
Figure A.7 – Annular plate mode 7 ………………………………………………………………………… (Page 36)

Table of Tables:

Table 1 – Annular plate material properties ………………………………………………………….. (Page 11)
Table 2 – Annular plate calculated modal frequencies …………………………………………… (Page 11)
Table 3 – Annular plate percentage error ……………………………………………………………… (Page 12)
Table 4 – Titanium alloy material properties …………………………………………………………. (Page 14)
Table 5 – Aluminium alloy material properties ………………………………………………………. (Page 14)
Table 6 – Comp B material properties ……………………………………………………………………. (Page 15)
Table 7 – Solid propellant material properties ………………………………………………………. (Page 15)
Table 8 – DEF STAN specification (A34) …………………………………………………………………. (Page 19)
Table 9 – Resonance frequencies vs damping ratios ……………………………………………… (Page 27)




Introduction: 

Overview of computer aided engineering:  

Computer aided engineering (CAE) refers to the use of computer software to aid in engineering analysis tasks. It includes simulations such as finite element analysis (FEA), computational fluid dynamics (CFD) and multibody dynamics. As cited in [1, p. 77], “engineers design, build, use, monitor, repair and dismantle physical objects, therefore a representation that emulates physical objects is clearly attractive.” CAE tools allow engineers to simulate and evaluate product designs under various physical conditions, reducing the need for physical prototypes. This improves product development by identifying design flaws early, optimising performance and lowering costs. CAE is widely used across industries such as aerospace, automotive and electronics. It integrates with computer aided design (CAD) and computer aided manufacturing (CAM) systems to streamline the entire design to manufacturing process, enabling faster, more accurate engineering decisions.

Purpose of the assignment:    

The purpose of the report is to develop a comprehensive understanding of CAE as part of the engineering design process. It is intended to critically assess both the capabilities and limitations of CAE tools, with particular focus on how assumptions, simplifications and modelling choices can impact the accuracy of results. The report includes a focused literature review, validation of solver outputs and a detailed case study to explore key factors such as mesh size and boundary conditions. Overall, the aim is to demonstrate how CAE data can be analysed and applied to support effective design decisions.

Scope of the report:  

This report explores the use of CAE tools, specifically ANSYS, to analyse the vibrational response of a missile design under realistic conditions. It begins with a validation study on an annular plate to confirm solver accuracy for modal analysis. A missile geometry is then created in the CAD software SolidWorks to serve as the primary model. Realistic material properties are applied to the components to ensure credible simulation results. Modal analysis is performed to identify the natural frequencies and mode shapes, followed by a random vibration analysis based on a DEF STAN specification. The tests are repeated with a coarser mesh and adjusted damping to examine sensitivity to boundary conditions.




Literature review: 

CAE in aerospace engineering:  

CAE is widely used across aerospace and defence applications to support design, validation and optimisation of complex systems. Some of the key areas CAE is applied, as cited in [2], [3], [4], [5], [6] and [7], includes:

	Structural analysis
	Thermal/ thermomechanical analysis

	· Modal analysis.
	· Extreme high/ low temperatures.

	· Stress and fatigue analysis.
	· Heat shielding.

	· Crash and impact simulation.
	· Thermal expansion.

	
	

	
	

	Fluid dynamics
	Vibration and acoustics

	· Aerodynamics analysis.
	· Random vibration analysis.

	· Cooling systems.
	· Acoustic analysis.

	
	

	
	

	Electromagnetic simulation
	Weapon systems and ballistics

	· Radar/ antenna design.
	· Design of munitions.

	· Electromagnetic interference and compatibility analysis.
	· Detonation, fragmentation and shockwave simulation.




CAE plays a critical role in accelerating development cycles, minimising reliance on physical prototypes and enabling the creation of safer, more efficient designs. It has become an indispensable tool across both manned and unmanned aerospace and defence engineering applications. In this report, structural behaviour is explored through modal analysis, while vibrational response is examined using random vibration techniques, providing insight into the performance and limitations of CAE in a realistic defence context.

Importance of Modal and random vibration analysis in structural design:

Modal analysis, as cited in [5, p. 17], is a fundamental technique in structural dynamics used to characterise how a structure behaves, focusing on its “natural frequency, vibration pattern and internal damping.” This allows engineers to understand how a component or assembly will respond when subjected to dynamic loads, particularly at frequencies where resonance may occur. Each mode represents a distinct deformation pattern the structure will undergo when vibrating at its corresponding natural frequency. This type of analysis is particularly critical in aerospace applications, where components are exposed to a wide range of dynamic loads such as engine vibrations, aerodynamic forces and acoustic pressures. By identifying and avoiding resonant frequencies during the design phase, modal analysis helps to ensure structural integrity, reduce the risk of fatigue failure and improve overall system reliability. It also serves as a foundation for more advanced dynamic simulations, including harmonic and random vibration analysis.

Random vibration analysis, as cited in [8], is a critical technique in structural dynamics used to evaluate how a structure responds to non-deterministic, broadband excitation. Unlike harmonic analysis, which deals with predictable, single-frequency inputs, random vibration analysis accounts for complex loading environments where energy is distributed across a range of frequencies, such as those encountered during rocket launches, road transport or turbulent airflow. These inputs are typically modelled using power spectral density (PSD) functions to represent the statistical nature of the excitation. In structural design, this analysis is essential for predicting the probabilistic response of components under real-world operating conditions. It enables engineers to assess stress levels, displacement and potential fatigue damage resulting from sustained exposure to random loading. This is especially important in aerospace and automotive applications, where structural elements must withstand prolonged vibration without failure. By identifying critical frequency bands and quantifying expected responses, random vibration analysis supports robust, fatigue-resistant designs and ensures compliance with industry standards and environmental test specifications.

Limitations and assumptions in CAE for aerospace applications:

CAE plays a crucial role in aerospace applications, yet it has inherent limitations. CAE models rely on assumptions, such as ideal material properties, boundary conditions and simplified geometries, which may not capture real-world complexities. Additionally, the accuracy of simulations is dependent on the quality of input data and the modelling approach. Assumptions regarding linearity, isotropy and simplifications in aerodynamic behaviour can lead to inaccuracies. Physical testing is necessary to validate these models, ensuring safety and reliability. Although future advancements in CAE could improve accuracy, physical testing will remain essential for confirming results and ensuring aerospace performance in real-world conditions.

Validation case: analytical proof of model accuracy: 

Selection of validation case:

Validating the modal analysis before performing a random vibration study is essential for ensuring that the simulation results are both accurate and physically meaningful. As cited in [9, p. 2645], “the objective of model validation is to refine the mathematical model of a critical structure by using reference data obtained from experimental tests or from supermodel simulations in order that the refined mathematical model be capable of representing the physical behaviour of the actual structure within a required accuracy and can thus be used for design optimisation.” Validation is not only about checking modal results, but about confirming that the entire structural model, its geometry, material properties, boundary conditions and mesh, behaves realistically under dynamic loading. This step is critical because, unlike modal analysis, random vibration analysis cannot be easily validated on its own due to the stochastic nature of its input (power spectral density) and the difficulty in replicating random environments experimentally, as explained in [10]. Instead, it depends entirely on the accuracy of the underlying modal data. If the modal analysis is flawed, the predicted stress, displacement or fatigue life under random vibration could be significantly misleading. Therefore, validating the modal foundation is a necessary prerequisite for trusting any subsequent dynamic response predictions. 

Analytical calculations for structural behaviour:

To validate modal analysis, an annular plate model was used, as cited in [11]. The aim of the model was to find the first “natural frequencies of the annular plate.” The equation below can be used to analytically calculate these natural frequencies:
 


 = Modal frequencies (Hz) 
 = The solution of a transcendental equation (beyond the scope of this report)
 = Young’s modulus (Pa)
 = Poisson’s ratio
 = Density ()
 = Thickness (m)
 = Radius (m)

 The annular plate geometry, as specified in [12], is defined as follows:

Outer diameter (2R) = 6m
Inner hole diameter = 3m 
Thickness (h) = 0.1m




The annular plate material properties, as provided in [12], are listed in Table 1:
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Table 1 - Annular plate material properties

Using the geometry, material properties and the solution of the transcendental equation (given in [12]), the equation can be used to analytically calculate the modal frequencies. The results are shown in Table 2:

	Mode:
	Transcendental solution ()
	Frequency (Hz):

	1
	17.7
	47.81

	2
	22.1
	59.70

	3
	32.0
	86.44

	4
	45.8
	123.71



Table 2 - Annular plate calculated modal frequencies

Creating the simulated model in ANSYS:

The annular plate was first modelled in SolidWorks according to the specified geometry, then imported into ANSYS for analysis. Material properties were assigned based on the data provided in [12]. The model was meshed using the sweep method with face meshing and adjusted edge sizing, resulting in 10856 nodes and 1840 elements. A cylindrical support was applied to the outer face of the plate to constrain the model appropriately.

The simulation was then solved and the resulting modal frequencies are presented in Figure 1. Total deformation patterns, demonstrating the modal behaviour of the annular plate, were also assessed and are provided in the appendix (Figures A.1 to A.7).
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Figure 1 – Annular plate simulated modal frequencies


The repetition observed in modal frequencies, such as modes 2 and 3 both occurring at 58.835Hz, can be attributed to the symmetrical geometry of the model. These repeated frequencies correspond to identical mode shapes oriented along different axes. As a result, such duplicate values can be interpreted as a single mode occurring in multiple directions due to the model’s symmetry.

Comparison between analytical and ANSYS simulation results:

A comparison of results is carried out by calculating the percentage error between the analytical frequencies and those obtained from the simulated model. These results are presented in Table 3.

	Mode
	Analytical frequency (Hz)
	Simulated frequency (Hz)
	Error (%)

	1
	47.81
	47.83
	+0.04%

	2
	59.70
	58.83
	-1.46%

	3
	86.44
	85.33
	-1.28%

	4
	123.71
	121.74
	-1.59%



Table 3 - Annular plate percentage error

Discussion of model accuracy and assumptions:

The analytical and simulated modal frequencies showed strong agreement, with errors under 2% across all modes. This high level of accuracy indicates that the ANSYS model reliably captures the dynamic behaviour of the annular plate and validates the use of its modal results in subsequent random vibration analysis. The close match suggests that, despite simplifying assumptions such as linear material properties, ideal boundary conditions and the exclusion of damping, the model is sufficiently accurate for this type of analysis. Therefore, the modal and random vibration results can be considered reliable within the scope of this report.



Missile case study and methodology: 

Description of the missile and materials used:

A missile, as shown in Figure 2, was created in SolidWorks. The 2.35m model represents a streamlined free-flight projectile design with features to enhance aerodynamic stability. The design consists of a conical nose transitioning into a cylindrical main body, with four small fins mounted symmetrically near the front section and four larger stabilising fins mounted near the rear. The front fins serve to improve manoeuvrability and fine-tune the aerodynamic stability, while the rear fins provide primary stabilisation during flight. Additional external features, such as mounting lugs/ guide rails for pylon attachment, are incorporated along the missile’s body. The overall geometry maintains a continuous, smooth outer surface suitable for aerodynamic flight.
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Figure 2 - SolidWorks missile

The missile is composed of several distinct components, as shown in Figures 3 and 4. It consists of a main body and three internal pellets (0.67m x 0.15m), each assigned unique material properties. The missile body, shown in Table 4, is made from a titanium alloy (ANSYS engineering data). The front pellet, shown in Table 5, is made from an aluminium alloy (ANSYS engineering data). The middle pellet, shown in Table 6, is made from Composition B (ANSYS engineering data and [13, pp. 3-5]). Finally, the rear pellet, shown in Table 7, is made from a solid propellant (ANSYS engineering data, [14, p. 363] and [15, p. 876]).
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Figure 4 - Missile x-ray view

                                Figure 3 - Missile cross section
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Table 4 - Titanium alloy material properties
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Table 5 - Aluminium alloy material properties
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Table 6 - Comp B material properties
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Table 7 - Solid propellant material properties

The assignment of varying material properties within the model is essential to accurately simulate the physical behaviour of the missile structure. This approach ensures that the simulation reflects the true mechanical and dynamic characteristics of the assembled missile, based on the distinct materials present in each component. As discussed in [16] and [17, p. 73], a typical missile configuration may include a titanium body for its high strength-to-weight ratio and excellent fatigue resistance, aluminium-based materials for the lightweight construction of electronic systems, a Composition B explosive for the warhead due to its high detonation velocity and a solid propellant used as the fuel source. By carefully applying these materials in their correct structural locations, the model can more precisely predict the resulting mode shapes and vibrational responses under operational conditions, leading to a significantly more realistic and reliable analysis.

Justification for the chosen case study:

The purpose of this missile model is to evaluate the accuracy of CAE in predicting results from modal and random vibration analysis, while also providing insight into the general deformation patterns based on a defined vibration specification. The study focuses on a missile mounted on an aircraft wing to investigate how air transport-induced vibrations may affect its structural response. This is crucial, as in-service missiles can be subjected to prolonged periods of random vibration, potentially compromising their operational efficiency. The missile model shares a similar shape to a lightweight multirole missile, such as the Thales LMM [18], but adopts the length and material characteristics of a short-range air-to-air missile like the ASRAAM [19]. This investigation will help assess how effectively CAE models can replicate physical test results and evaluate the extent to which they can currently be relied upon as a substitute for or complement to, physical vibration testing.

Analytical approach to missile structural behaviour:

Before performing the full modal analysis in ANSYS, it is useful to establish a general understanding of the expected vibrational behaviour of the missile structure through reference to similar studies. While detailed analytical solutions for such a complex geometry are impractical, simplified theoretical models like beam theory can offer insight into typical frequency ranges for elastic bending. Although the Euler-Bernoulli equation, as seen in [20], is commonly used for estimating natural frequencies of slender structures, its application is beyond the scope of this report. Instead, reference is made to existing modal analyses of missile-like geometries found in literature. Reports [21, pp. 121-122] and [22, p. 3281] examine the dynamic behaviour of comparable missile structures and suggest that the first body bending-mode frequencies typically fall within the range of 100Hz to 350Hz, with wing-body bending occurring at even higher frequencies. These figures serve as useful benchmarks for evaluating the credibility of simulation results and ensuring that the modal outputs from ANSYS fall within a realistic range. Such comparisons are important for building confidence in the validity of the model and guiding further interpretation of the data.

Modal analysis in ANSYS: 

Setup of the modal analysis:

The missile model was imported into ANSYS for structural analysis. Appropriate material properties, as discussed previously, were assigned to reflect realistic missile components. The model was meshed using a full-body standard meshing approach, generating 36335 nodes and 15903 elements to ensure adequate resolution of the geometry. A fixed support was applied to the external rectangular features of the model to simulate restraint during operation.

The simulation was then solved and the resulting modal frequencies were extracted to evaluate the vibrational behaviour of the structure under free vibration. Mode shapes and corresponding frequencies were reviewed to assess the dynamic response of the missile in its baseline configuration.


Fixed support at the pylon attachment:

The decision to apply a fixed support at the external rectangular features of the missile was intended to replicate the constraints experienced at the pylon attachment during air carriage. In practice, this region would be rigidly clamped to a launcher or pylon interface, significantly limiting translational and rotational motion. While this fixed boundary condition is an idealisation, it allows for consistent modal analysis by eliminating degrees of freedom that would otherwise introduce noise into the lower modes.

This assumption also helps to isolate the natural frequencies and mode shapes of the missile body without introducing uncertainty from flexible supports or complex contact interfaces, as seen in [22]. However, it is important to acknowledge that this constraint may overestimate stiffness in the vicinity of the attachment point and affect the distribution of modal energy. 

Natural frequencies and mode shapes:

The resulting natural frequencies obtained from the modal analysis are presented in Figure 5. The corresponding deformation patterns illustrating each mode shape are shown in Figures 6 to 15 below.
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Figure 5 - Missile simulated modal frequencies
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Figure 7 - Missile mode 2



Figure 6 - Missile mode 1
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Figure 8 - Missile mode 3
Figure 9 - Missile mode 4
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Figure 11 - Missile mode 6
Figure 10 - Missile mode 5
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Figure 12 - Missile mode 7
Figure 13 - Missile mode 8
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Figure 15 - Missile mode 10
Figure 14 - Missile mode 9


The first ten modal frequencies were found to range approximately from 100Hz to 600Hz. The initial body bending modes appeared between 100Hz and 150Hz, as shown in Figures 6 and 7, aligning well with the 100Hz to 350Hz range reported in the literature for such modes. Specifically, mode 1 represented the first elastic bending of the missile body, followed by mode 2, which showed second elastic bending. Modes 3 through 9 displayed various forms of wing-body bending, highlighting the dynamic interaction between the control surfaces and the missile structure. Mode 10 revealed another significant bending mode along the missile body, indicating a higher-order deformation. These results are consistent with the expected dynamic response of slender missile-like geometries and support the validity of the simulation approach.

The frequencies identified here are particularly important for subsequent random vibration analysis, as resonance near these modes could lead to amplified deformation and potential structural fatigue. The correlation with literature values and the clear progression of physically meaningful modes suggest that the model adequately captures the essential vibrational behaviour of the missile in its constrained configuration.

Random vibration analysis: 

Application of DEF STAN air carriage specification:

To simulate realistic vibrational loading conditions during air carriage, the missile model was subjected to a random vibration profile defined by DEF STAN 00-35 Part 3, the UK Ministry of Defence environmental standard, as cited in [23]. This document provides detailed guidance on environmental testing procedures for military equipment, including vibration, shock and temperature conditions. Specifically, the wing-mounted, high aspect ratio store profile from Figure A34 of Part 3 was selected, representing a worst-case but realistic vibration environment for externally mounted stores on fast jets. The PSD data from this figure, as seen in Table 8, was used as the loading input for the random vibration simulation.

	Frequency (Hz)
	Acceleration Power Spectral Density (/Hz)

	5
	0.001

	30
	0.500

	45
	0.100

	60
	2.000

	100
	0.001

	r.m.s (g)
	5.06



Table 8 – DEF STAN specification (A34)

DEF STAN 00-35 is essential in ensuring that structural testing reflects the dynamic stresses encountered during operational deployment. Without standardisation, vibration inputs could be arbitrarily defined, potentially overlooking critical frequencies or underestimating fatigue exposure. By applying this specification, the analysis ensures that the missile is assessed against well-established and industry accepted criteria. The associated power spectral density (PSD) profile enables accurate representation of the broadband random vibration environment encountered in flight, supporting identification of resonance regions and potential structural risks. This ensures that CAE based assessments remain relevant and traceable to actual qualification procedures used in defence engineering contexts.

Implementation of a random vibration load spectrum:

Many of the settings used for the random vibration analysis were carried over directly from the preceding modal analysis to maintain consistency in model setup. The missile remained constrained using a fixed support at the pylon attachment, simulating the connection point to the aircraft. The excitation was applied in the form of a Power Spectral Density (PSD) input, defined in terms of G acceleration, as shown in Figure 16. This PSD followed the specification mentioned earlier, representing a high aspect ratio, wing-mounted store. The direction of excitation was aligned with the aircraft’s global Y axis, which corresponds to the vertical axis of the missile when mounted under the wing. This orientation was chosen to simulate vertical loading due to aerodynamic forces such as turbulence, gusts and pressure fluctuations that act on the missile during high-speed flight and manoeuvres. 

[image: A line with a yellow dot

AI-generated content may be incorrect.][image: ]
Figure 16 - PSD input

The simulation was then solved using ANSYS’s random vibration solver. The outputs included total deformation and response PSD across the missile structure. These results were evaluated to understand how the structure dynamically responds to the applied spectral loading, with particular focus on regions where resonance with natural frequencies may lead to increased vibrational amplitudes.

Deformation and response PSD:

The resulting directional deformation due to the random vibration loading is presented in Figures 17, 18 and 19 for the X, Y and Z axes respectively. A scale factor of 3 Sigma was applied to reflect the highest probability deformation response. The location selected for extracting the response PSD is shown in Figure 20. The corresponding directional PSD outputs are presented in Figures 21, 22 and 23 for the X, Y and Z axes respectively.
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Figure 17 - Missile deformation (X axis)
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Figure 19 - Missile deformation (Z axis)
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Figure 21 - PSD output (X axis)
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Figure 22 - PSD output (Y axis)
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Figure 23 - PSD output (Z axis)
Interpretation of random vibration results:

The maximum deformation in response to the applied random vibration load was recorded as mm in the X axis, mm in the Y axis and mm in the Z axis. The deformation patterns for the Y and Z axes were similar, both showing the highest displacement concentrated at the missile’s nose and the lowest deformation at the aft end, reflecting typical behaviour under vertical and lateral excitation. In contrast, the X axis deformation pattern indicated a different distribution, with peak displacement occurring near the forward fins along the sides of the missile rather than at the nose. This suggests a torsional or lateral response component influenced by the missile’s geometry and the applied excitation direction. The observed levels of deformation are relatively small and fall within acceptable elastic limits for most metallic aerospace structures. As such, this degree of structural response is not likely to raise concerns regarding the missile’s integrity under typical air-carriage vibration environments. However, localised stress concentrations, particularly around attachments and structural transitions, may still warrant further investigation depending on material fatigue properties and operational life requirements.

The resulting response PSD data revealed distinct behaviour across the three principal directions. The peak response in the X axis was approximately, while the Z axis showed a slightly higher peak of. Both the X and Z axis responses followed a similar overall trend, although the Z axis exhibited a slight tailing upwards at higher frequencies. In contrast, the Y axis produced a significantly greater response, peaking at at lower frequencies before decreasing steadily across the higher frequency range. A clear peak was observed around 60Hz in all directions, corresponding to a particularly high acceleration value in the DEF STAN load spectrum. This indicates a strong correlation between the excitation environment and the structural response, especially in the lower frequency domain, reinforcing the need to consider resonance effects when evaluating missile behaviour under random vibration.

Influence of mesh quality on results: 

Meshing refinement strategy:

To evaluate the influence of mesh density on simulation accuracy, a coarser mesh was applied to the missile model to assess how meshing choices affect the resulting dynamic behaviour. The missile model was imported into ANSYS for structural analysis and appropriate material properties, as discussed previously, were assigned to reflect realistic missile components. For this sensitivity study, the model was meshed using a significantly coarser full-body mesh, generating 3173 nodes and 1468 elements, over an order of magnitude fewer than the finer mesh used previously. The simulation was then solved using ANSYS’s random vibration solver, with total deformation and response PSD outputs obtained across the missile structure.

These results were evaluated to understand how the structure dynamically responds to the applied spectral loading, with particular focus on regions where resonance with natural frequencies may lead to increased vibrational amplitudes. The evaluation of both the modal and random vibration results with the coarser mesh allowed for a comparison of the structural behaviour in relation to mesh density, shedding light on any variations or potential inaccuracies in the results caused by the reduced mesh resolution.

Coarse mesh modal analysis and random vibration results:

The resulting natural frequencies obtained from the modal analysis are presented in Figure 24. The corresponding deformation patterns illustrating each mode shape are shown in Figures 25 to 34 below. The directional deformation due to the random vibration loading is presented in Figures 35, 36 and 37 for the X, Y and Z axes, respectively. The location selected for extracting the response PSD is shown in Figure 38. The response PSD outputs are shown in Figures 39, 40 and 41 for the X, Y and Z axes, respectively. The settings for both modal analysis and random vibration were the same as those used in the finer mesh analysis.
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Figure 24 - Coarse mesh simulated modal frequencies
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Figure 26 - Coarse mesh mode 2
Figure 25 - Coarse mesh mode 1
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Figure 28 - Coarse mesh mode 4
Figure 27 - Coarse mesh mode 3
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Figure 30 - Coarse mesh mode 6
Figure 29 - Coarse mesh mode 5


[image: A blue fish in the sky

AI-generated content may be incorrect.][image: A blue object with a pointed tip

AI-generated content may be incorrect.]





Figure 32 - Coarse mesh mode 8
Figure 31 - Coarse mesh mode 7
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Figure 34 - Coarse mesh mode 10
Figure 33 - Coarse mesh mode 9
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Figure 36 - Coarse mesh deformation (Y axis)
Figure 35 - Coarse mesh deformation (X axis)
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Figure 38 - Coarse mesh response PSD position
Figure 37 - Coarse mesh deformation (Z axis)
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Figure 39 - Coarse mesh PSD output (X axis)
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Figure 40 – Coarse mesh PSD output (Y axis)
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Figure 41 – Coarse mesh PSD output (Z axis)
Comparison of fine and coarse mesh results:

For the coarser mesh, the first ten modal frequencies ranged approximately from 100Hz to 700Hz, generally showing a shift to higher frequencies compared to the finer mesh. The initial body bending modes still appeared between 100Hz and 150Hz, consistent with expected behaviour. All ten modes demonstrated similar characteristics to those observed in the finer mesh analysis, including elastic bending and wing-body interaction, but represented in a less detailed, coarser form.

The maximum deformation due to random vibration for the coarser mesh was mm in the X axis, mm in the Y axis and mm in the Z axis, slightly lower than the values recorded with the finer mesh. The deformation patterns in the Y axis remained similar, with peak displacement at the missile’s nose and minimal response at the aft. The X axis again showed maximum deformation around the front fins, indicating a continued torsional or lateral component. However, the Z axis exhibited a less uniform response compared to the fine mesh, with localised deformation peaks around both the nose and rear wing sections, suggesting a more irregular vibrational mode distribution in that direction.

The response PSD results also showed a slight decrease across all axes compared to the finer mesh. Peak values were approximately  in the X axis,  in the Y axis and  in the Z axis, all displaying a dominant peak at 60 Hz in line with the high excitation levels from the DEF STAN specification. Despite reduced mesh density, the key vibrational behaviours were largely preserved, although local accuracy, particularly in the Z axis, may be affected by coarser geometric resolution.

Boundary condition influence: damping factor:

Introduction to damping in aerospace structures:

In aerospace structures, damping refers to the mechanisms by which vibrational energy is dissipated, reducing the amplitude of oscillations over time. It plays a critical role in limiting resonance effects and ensuring structural reliability under dynamic loading conditions such as during flight, launch or transportation. Damping can arise from internal material hysteresis, structural joints, aerodynamic effects and frictional interfaces and is particularly important in slender, lightweight systems like missiles. Unlike mass and stiffness, damping is difficult to quantify directly and often requires empirical input or assumed values based on similar systems.


In missile applications, even low damping levels can significantly influence the vibrational response, especially near resonance. Reference [24] presents data from physical testing on a missile-like structure, offering a table that correlates specific resonance frequencies to estimated damping ratios. This provides a valuable benchmark for simulation modelling and highlights the importance of incorporating realistic damping assumptions when analysing aerospace components under dynamic loads. See Table 9 below for the referenced damping ratio data.

[image: ]
Table 9 - Resonance frequencies vs damping ratios 

From this table, the resonance frequency of 144.38 Hz and its corresponding damping ratio of 0.75% were selected for use in the simulation. This value was not an exact match to the DEF STAN vibration spectrum but was the closest available within the dataset. All other simulation settings, such as the fine mesh configuration, material properties, fixed support boundary conditions and loading specifications, were kept identical to the original fine mesh run to ensure consistency and allow for a direct comparison of the damping influence.

Damping factor deformation and response PSD:

The modal analysis for the damped simulation used the same setup and mesh as the fine mesh run. As the results were identical, they are not displayed again here.

The directional deformation due to the random vibration loading is presented in Figures 42, 43 and 44 for the X, Y and Z axes, respectively. The location selected for extracting the response PSD is shown in Figure 45. The response PSD outputs are shown in Figures 46, 47 and 48 for the X, Y and Z axes, respectively. The settings for both the modal analysis and random vibration were the same as those used in the finer mesh analysis.
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Figure 43 - Damped deformation (Y axis)
Figure 42 - Damped deformation (X axis)
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Figure 45 - Damped response PSD position
Figure 44 - Damped deformation (Z axis)
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Figure 46 - Damped PSD output (X axis)
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Figure 47 - Damped PSD output (Y axis)
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Figure 48 - Damped PSD output (Z axis)
Comparison of damped and non-damped results:

The maximum deformation due to random vibration under damped conditions was mm in the X axis, mm in the Y axis and mm in the Z axis. Only the Z axis showed a noticeable miniscule reduction in deformation. The changes in the X and Y axes were negligible due to the very small damping ratio applied. The deformation patterns remained consistent with the previous fine mesh run, with peak displacements at the nose in the Y and Z axis and near the forward fins in the X axis. 

The response PSD peak values were approximately mm²/Hz in the X axis, mm²/Hz in the Y axis and mm²/Hz in the Z axis. Again, Only the Z axis showed a tiny noticeable reduction in response PSD output. The changes in the X and Y axes were negligible due to the very small damping ratio applied. All directions exhibited a dominant peak at 60 Hz, consistent with the strong input from the DEF STAN excitation profile. Overall, the inclusion of damping had a very minimal change on any results due the very low inputted value for such a rigid device.

Validation and discussion of results: 

Validation against know literature cases:

The simulation results demonstrate good agreement with established trends reported in the aerospace structural dynamics literature. Across all simulations, the response PSD closely followed the shape of the input PSD, with clear peaks consistently occurring at 60 Hz, corresponding to the dominant excitation in the DEF STAN spectral input. The extracted modal frequencies, directional deformation patterns and response PSD results across both damped and un-damped conditions were consistent with typical values reported in the literature for missile-like geometries. Studies such as those by [21] and [22] have shown that slender aerospace bodies often exhibit primary bending modes below 350 Hz, nose-dominated deformation under random vibration and response amplification near excitation peaks, features all observed in this analysis. These consistencies lend further confidence to the simulation approach and validate the structural assumptions and boundary conditions used throughout.

It is well documented that using a coarser mesh can lead to an overestimation of modal frequencies due to the reduced flexibility of the discretised structure, as seen in [25]. This was observed in the current study, where switching from a fine mesh to a coarser mesh resulted in slightly increased natural frequencies. Similarly, a decrease in maximum deformation and peak response PSD values can be attributed to coarser meshes underestimating dynamic response magnitudes due to lower local resolution and increased numerical stiffness. Despite these expected numerical shifts, the general mode shapes and response patterns remained consistent with the fine mesh case, providing confidence in the model’s ability to capture essential dynamic behaviour. The only notable exception was the Z-axis deformation pattern under random vibration, which showed greater irregularity in the coarser mesh, likely due to reduced element density near geometric transitions.

The damping ratio applied in this study was too low to significantly influence the overall vibrational behaviour, which aligns with established literature indicating that damping values below 1% often have negligible impact on structural dynamics in aerospace systems, as seen in [26]. While a slight reduction was observed in both deformation and response PSD, most notably in the Z axis, the overall response patterns in all directions remained nearly identical to the un-damped case. This reflects findings in comparable missile studies, where low damping ratios were shown to have minimal effect on frequency content or deformation amplitude unless applied in conjunction with targeted damping treatments or materials, as cited in [27]. Consequently, these results offer limited insight into the practical benefits of damping and suggest that more substantial damping mechanisms, such as tuned mass dampers or viscoelastic layers, are required to produce meaningful improvements in missile vibration performance.

Critical analysis of accuracy and reliability:

The accuracy and reliability of the simulation results are supported by the annular plate modal validation, which showed strong agreement between analytical and numerical natural frequencies. Additionally, the missile model results exhibited physically realistic behaviour, such as expected deformation patterns and modal shapes, further reinforcing their validity. The random vibration response closely followed the input PSD and output values aligned well with trends reported in the literature. Taken together, these factors indicate that the modelling approach, including meshing strategy, boundary conditions and solver setup, provides a dependable representation of the missile’s dynamic response under vibrational loading.

CAE tools in the engineering design process: 

Role of CAE in missile structural design:

CAE is integral to missile structural design, including through modal analysis and random vibration studies. Modal analysis within CAE tools like ANSYS identifies natural frequencies and mode shapes, ensuring that bending and torsional resonances do not coincide with operational excitation spectra. Random vibration simulations apply realistic PSD loading, such as DEF STAN specifications, to predict deformation and stress under turbulent airflow and engine-induced excitation. This dual approach verifies that structural modes remain within safe limits and highlights potential fatigue hotspots before physical testing. By iterating geometry, materials and damping in the virtual environment, CAE reduces development time, mitigates risk and underpins robust, flight-worthy missile designs.
Advantages and challenges of using CAE for aerospace applications:

Using CAE in aerospace applications offers significant advantages, particularly in early-stage design validation and risk reduction. In this report, CAE enabled detailed modal and random vibration analysis of a missile structure without the need for physical prototypes. This not only reduced cost and time but allowed exploration of mesh sensitivity and damping effects. However, challenges remain, such as accurately replicating real-world boundary conditions, material behaviour and damping properties. Minor inaccuracies in these inputs can impact result fidelity. Additionally, coarse meshing, while computationally efficient, may underestimate local deformation. Despite these limitations, CAE remains an indispensable tool for informed, iterative aerospace design. Nevertheless, physical testing will always be essential to validate and calibrate simulation results to ensure safety and performance in operational environments.

Design modifications and further investigations: 

Modifications based on simulation insights:

Based on insights from the simulation, future models should incorporate more representative damping mechanisms, such as spring elements or flexible mounts, to better reflect the actual energy dissipation seen in missile carriage systems. Additionally, the DEF STAN input spectrum used in this study peaked around 100 Hz, which only significantly excited the first bending mode of the missile. To gain a fuller understanding of structural behaviour across a wider range of modes, a modified PSD input with higher frequency content should be considered. This would allow evaluation of the missile’s response at frequencies aligned with its higher-order vibrational modes.

Effect of design changes on structural performance:

Design changes aimed at improving structural performance should focus on enhancing the dynamic representation of the missile system. Introducing more realistic damping methods, such as flexible supports or discrete damping elements, would provide a better understanding of how the structure behaves under operational conditions. Similarly, adapting the input PSD to include higher frequency content would ensure that more of the missile’s vibrational modes are sufficiently excited, allowing for a comprehensive analysis of potential resonance issues. These adjustments could lead to improved prediction of stress concentrations, fatigue life and overall structural reliability, making the simulations more representative of real-world performance.
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Appendices

Raw simulation data:

Annular plate modes:
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Figure A.1 - Annular plate mode 1
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Figure A.2 - Annular plate mode 2
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Figure A.3 - Annular plate mode 3
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Figure A.4 - Annular plate mode 4
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Figure A.5 - Annular plate mode 5
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Figure A.6 - Annular plate mode 6
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Figure A.7 - Annular plate mode 7
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