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Abstract — This study presents a comprehensive, Coupled
Thermo-Vibro-Acoustic (TVA) analysis of a rocket launch
pad flame deflector system to investigate structural integrity
under extreme operating conditions. Launch deflectors are
subjected to highly destructive, interdependent loads: Intense
heat flux (Thermo), large dynamic pressure from plume
impact (Vibro), and severe random dynamic pressure from
high-intensity jet noise (Acoustic). The methodology utilizes
a combined Computational Fluid Dynamics (CFD) and Finite
Element Analysis (FEA) approach. The CFD model
characterizes the plume loads, transferring heat flux and the
acoustic pressure spectrum as inputs to the FEA structural
model. A critical focus of the analysis is the Thermo-Vibro
coupling, specifically quantifying how high temperatures
cause material softening, leading to a crucial Natural
Frequency Shift (f,) in the structure. The subsequent Vibro-
Acoustic coupling assesses the risk of catastrophic resonance
and fatigue failure when the shifted aligns with the dominant
exciting frequencies of the acoustic load. The results provide
quantitative data on thermal gradients, stress distributions,
and fatigue life. This analysis culminates in the development
of an optimized structural mitigation design strategy focused

on passive methods like material and geometry optimization
to enhance the deflector’s resistance against the coupled TVA
loads, thereby ensuring mission reliability and minimizing
maintenance downtime.

Keywords: Thermo-Vibro-Acoustic Analysis (TVA), Natural
Frequency shift, Random Dynamic Pressure, Structural
Mitigation Design

I. INTRODUCTION

A. General

The successful launch of any space vehicle begins not in
orbit, but in the hostile environment immediately beneath the
engine nozzle. While rockets are engineered for flight, their
ground infrastructure, specifically the Flame Deflector must
withstand and redirect the tremendous energy of the exhaust
plume during the critical liftoff phase. However, the extreme
environment created by large-scale rocket motors is highly
destructive, posing a significant challenge to conventional
civil engineering design principles.
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Fig. 1: Illustration of a Flame deflector, from 1963

The instantaneous failure of a deflector can lead to
catastrophic mission delays, massive facility repair costs, and
safety issues. Failures often manifest as material ablation,
erosion, and deep structural cracking all linked to the
simultaneous application of three complex, coupled physical
loads:

1) Thermal Loads (Thermo): Exhaust gas temperatures can
reach well over 2000°C. This subjects the deflector
material (often refractory concrete or specialized alloys)
to extreme heat flux, thermal shock, ablation, and

material property degradation (e.g., reduction in Young's
Modulus, E).

2) Dynamic/Vibration Loads (Vibro): The physical impact
and momentum transfer from the high-velocity gas jet
onto the deflector surface imposes large, rapid
fluctuations in pressure and force. This direct impact is a
critical source of structural vibration and mechanical
stress.

3) Acoustic Loads (Acoustic): The chaotic, turbulent
mixing of the supersonic exhaust jet with the surrounding
atmosphere generates one of the world's most powerful
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man-made acoustic environments (up to 200dB). This
high-intensity sound is not merely noise; it acts as a
pervasive Random Dynamic Pressure Load that
constantly excites the entire structure.

B. The Physics of Coupled Destruction (TVA)

The primary reason for structural failure in this environment
is the coupling between these three load types, which cannot
be analysed in isolation. This project focuses on two critical
coupling mechanisms:

1) Thermo-Vibro Coupling: The Softening Effect

The high temperatures from the exhaust plume penetrate the
deflector material, causing it to soften. This softening is
quantified as a significant decrease in the material's Young's
Modulus (£) and structural stiffness (k). The structural
consequence of this is a reduction and shift of the Natural
Frequencies (f,) of the deflector. An accurate thermal-
structural analysis is mandatory to predict the new, softer
dynamic state of the structure under load.

2) Vibro-Acoustic Coupling: The Resonance Threat

The primary source of external exciting frequency is the
broadband energy spectrum from the intense acoustic load. If
the structure's thermally-shifted natural frequency (f,) aligns
with the dominant frequencies present in the acoustic energy
spectrum, it results in Resonance. Resonance causes
dramatically amplified vibration amplitudes, leading to rapid
high-cycle fatigue and catastrophic structural damage.

C. Computational Framework

To accurately model and predict this complex coupled
behaviour, this study relies on advanced computational tools,
moving beyond simplified analytical methods:

— Model Geometry: The initial structural geometry of the
deflector is developed using professional Computer-
Aided Design (CAD) software, such as AutoCAD, to
ensure precise dimensional representation before
simulation.

— Coupled Analysis Software (ANSYS): The entire
Thermo-Vibro-Acoustic (TVA) analysis is executed
within a high-fidelity finite element platform like
ANSYS. This software environment allows for the
sequential and coupled simulation necessary:

— Computational Fluid Dynamics (CFD) to define the
thermal and acoustic boundary conditions.

—  Structural Dynamics (FEA) to apply these loads and
analyze the resulting stress, displacement, and mode
periods, considering the thermal property degradation.

By integrating these tools, the project aims to
establish a robust framework for assessing structural
vulnerability and developing an optimized Structural

Mitigation Design that guarantees the safety and reliability of

the flame deflector under launch conditions.

II. LITERATURE REVIEW

A. ABSTRACTS

1) The Effect of Temperature on the Vibration Behaviour of
Laminated Composite Plates

Salhi et.al, (2024): This theoretical study is a contribution to
the analysis of the influence of elevated temperatures on the
vibration and stability of laminated composite plates using

the Finite Element Method (FEM). The central objective was
to simultaneously study two thermal effects: the structural
response due to thermal stresses and the change in material
properties due to temperature-dependent properties (TDP).
The governing equations were derived from the first-order
shear theory and extended to model multilayer plates. A
parametric study was conducted to determine the
fundamental frequencies () under various conditions,
including anisotropy ratios and boundary conditions. The key
finding is that the natural frequencies (f,) decrease
significantly as the temperature increases, a result attributed
to the reduction in material stiffness. Furthermore, the model
predicted that if the applied temperature approaches the
critical buckling temperature, the natural frequencies tend
towards zero, signifying a loss of structural stability. The
research validates that thermal loading fundamentally alters
the dynamic characteristics of the structure, confirming the
primary mechanism underlying the degradation of deflector
stiffness.

Research Gap: The study focuses solely on
structural response under uniform thermal loading. It does not
consider the complex external fluid-structure interaction
problem, specifically neglecting the application of an
unsteady Random Dynamic Pressure Load originating from a
rocket plume acoustic field, which is essential for a true
coupled analysis.

2) Refractory Concrete Properties A Review

Lelian W. ElKhatib et al, (2024): This comprehensive review
synthesizes over 65 recent papers to address the properties
and performance of Refractory Concrete (RC), which is
formulated to withstand extremely high temperatures. The
review details the materials used, primarily Calcium
Aluminate Cement (CAC) and temperature-bearing
aggregates, contrasting them with ordinary Portland cement
mixes (NC). It examines key mechanical and durability
properties, such as compressive strength, modulus of
elasticity (MOE), porosity, and thermal conductivity, all as a
function of elevated temperature. The synthesis confirms that
RC offers superior thermal resistance, but notes that both RC
and NC suffer degradation of mechanical properties, though
the rate of strength reduction is slower in RC. Critically, RC
samples often exhibit significant changes in porosity and
MOE at high temperatures due to dehydration and chemical
conversion, confirming the mechanism of thermal softening
crucial for modeling stiffness loss. The work validates the
suitability of RC for extreme environments but highlights the
challenge of maintaining long-term integrity against
combined degradation factors.

Research Gap: As a pure literature review, this paper
compiles knowledge on RC material degradation but does not
perform any original computational or dynamic analysis. It
lacks the link between measured material property decay and
the dynamic/vibration response of a complex launch pad
structure under high-intensity acoustic forcing.

3) Multi-Objective Aeroacoustic Design Exploration of
Launch-Pad Flame Deflector Using Large-Eddy Simulation

Tatsukawa T et al, (2016): This study explored design
optimization for an aeroacoustic flame deflector using Large-
Eddy Simulation (LES) coupled with a Multi-Objective
Evolutionary Algorithm (MOEA). The design focused on
three objectives: minimizing the Overall Sound Pressure
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Level (OASPL) near the payload fairing, minimizing the
time-averaged maximum pressure on the deflector surface,
and minimizing the shape difference from a simple 45°
inclined flat plate. The use of LES was necessary to capture
the complex acoustic wave characteristics generated by the
impinging jet. Analysis of the non-dominated solutions
revealed a strong correlation between minimizing OASPL
and minimizing maximum pressure, suggesting these loads
can be mitigated simultaneously. However, a tradeoff existed
between minimizing OASPL and minimizing shape
complexity. The most balanced solution featured a small
bump upstream of the impingement region, demonstrating
that small local angle changes are highly effective for OASPL
reduction. The study provides critical insight into the
relationship between acoustic and direct pressure loads.

Research Gap: The study assumed a cold jet (Tasio =
1) for computational simplicity, completely neglecting the
thermal environment. This means the core issue of thermal-
induced stiffness degradation (E|) and the resulting fatal shift
in the structural natural frequency (f,) is not addressed.

4) Thermal Environment of Launch Pads During Rocket
Launching

Chenyu Lu et al, (2022): This numerical paper investigated
the thermal environment of a launch pad during rocket
takeoff, focusing on the influence of rocket flight altitude (H)
and lateral drift (D). The model employed the three-
dimensional Navier-Stokes equations and incorporated Al.Os
particles in the solid rocket booster (SRB) plume using the
Eulerian Dispersed Phase (EDP) model. Sixteen cases
demonstrated that the most severe thermal environment
occurs at altitudes between 3m and 20m. Crucially, rocket
lateral drift causes the plume from the core nozzle to directly
impinge the structural cross beams, forming a high-
temperature gas layer and resulting in a dramatic temperature
increase, sometimes up to 3900K, a value 30% higher than
cases without drift. The localized heating near structural
elements due to drift highlights a significant safety risk that
impacts the thermal protection system design.

Research Gap: While identifying a major thermal-
mechanical failure risk (overheating of structural cross
beams), the study focuses entirely on thermal management
and flow. It fails to analyse the subsequent structural
response, specifically neglecting how this extreme, transient
heat input dynamically affects the material stiffness and the
structure's vulnerability to acoustic-induced vibration.

5) Afterburning effect on the thermal environment of the
launch pad during the rocket launching

Chengeng Zhao et al, (2025): This numerical study
investigated the necessity of including the afterburning effect
(gas chemical reaction) in modelling the thermal environment
of a launch pad during lift-off. The model was constructed
using the reaction model, Realizable k-¢ turbulence model,
and the compressible Navier-Stokes equations. By comparing
results from a reaction flow scenario with a frozen flow (non-
reacting) scenario, the study conclusively demonstrated that
the temperature field of the rocket exhaust plume is
significantly higher when chemical reactions are considered.
This reactive flow leads to higher launch pad surface
temperatures. Quantitatively, the difference in peak surface
temperature between reaction flow and frozen flow increases
with altitude, demonstrating a need for enhanced thermal

protection design to manage this severe environment. The
research confirms that neglecting afterburning results in a
massive under-prediction of the true thermal load.

Research Gap: This work is vital for providing the
correct thermal loading inputs by modelling combustion
effects. However, like other fluid dynamics studies, it stops
at the load quantification. It does not integrate this highly
accurate thermal map with a concurrent structural analysis to
assess the resultant thermal-induced strain, stiffness decay, or
dynamic response of the deflector structure.

6) Deflector shape impact on aero-acoustic
generation and propagation

M.S. Escarti-Guillem et al, (2023): This paper analyzed the
effects of various deflector geometries (flat, 30° inclined, and
wedge) on aero-acoustic noise generation and propagation
using Computational Fluid Dynamics (CFD). The study,
focused on the Vega launcher, observed that the largest
acoustic waves resulted from the plume's impact with the
deflector surface. Findings indicated that the flat deflector
generated the most shock waves and propagated acoustic
energy equally in all directions, leading to high acoustic
loads. In contrast, the wedge deflector was acoustically most
efficient, creating a detached shock wave but effectively
redirecting the flow towards both sides of the exhaust ducts,
resulting in the lowest Overall Sound Pressure Level
(OASPL) reaching the rocket fairing. The study emphasized
the necessity of optimal deflector design to mitigate these
high vibro-acoustic loads.

Research Gap: Focuses solely on minimizing the
generated acoustic load. It neglects the other half of the
coupled problem: integrating this acoustic load with the
thermal environment's debilitating effect on the structure's
resistance (£|), failing to predict the most dangerous
condition: resonance.

7) Temperature Effect on Mechanical Properties and
Damage Identification of Concrete Structure

AuYubo Jiao et al, (2014): This experimental research
investigated the impact of temperature (ranging from -20°C
to 60°C) on the static and dynamic mechanical properties of
concrete. Tests were performed for cube compressive
strength, splitting tensile strength, Modulus of Elasticity (E),
and first-order natural frequency (f,) on concrete slabs. The
results demonstrated a linear negative correlation for all static
properties as temperature increased. Critically, the first-order
frequency also showed a clear decrease with increasing
temperature. The study explicitly concluded that the variation
in f, is primarily due to the temperature's influence on the
Modulus of Elasticity (£). Furthermore, analysis of coupling
effects between temperature and induced damage revealed
that temperature effects could mask or distort damage
identification results, emphasizing that thermal conditions
cannot be ignored in structural health monitoring.

Research  Gap:  While providing crucial
experimental validation of the Thermo-Vibro link (E vs. f,),
the study only examines simple laboratory environments and
moderate temperatures (<60°C). It does not address the
extreme, transient thermal and mechanical shock loads
associated with rocket plume impingement.

noise
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8) Calculation of Dynamic Loads Due to Random Vibration
Environments in Rocket Engine Systems

Christensen E R et al, (2007): This paper addresses the
challenge of accurately calculating random dynamic loads
resulting from "self-induced" sources inside rocket engine
systems, emphasizing that these loads significantly influence
component weight. It discusses and compares several
methodologies for handling random vibration analysis using
Finite Element Models (FEM), focusing on the theoretical
framework for the Power Spectral Density (PSD) relationship
between applied forces and structural response. The paper
details two main numerical approaches: Enforced
Acceleration and System Equivalent Applied Force. It
highlights key findings regarding computational fidelity,
such as the need to discard the non-physical pseudo-static
component when using the enforced acceleration method,
especially at low frequencies. The work validates the ability
of FEM to simulate complex random environments and
provides the mathematical basis for transforming acoustic
energy input into structural loading outputs.

Research Gap: This study is highly relevant for the

dynamic analysis methodology but focuses on internal, self-
induced engine vibration. It does not model the external
acoustic field generated by the plume impacting a deflector
(the dominant source of high-cycle fatigue) and ignores the
weakening effect of heat on the structure receiving the load.
9) Launch Pad Flame Deflector Structure and Method of
Making the Same (US 10,150,580 B1)
Renzi P N, 2018: This patent addresses the lack of durability
and vulnerability of historically used, monolithic, sprayed-on
refractory structures. It proposes a novel approach:
constructing the flame deflector by assembling together a
plurality of prefabricated metal and refractory modules.
These modules are manufactured in a controlled environment
and their composition/placement is matched to the expected
heat distribution pattern of the rocket exhaust to optimize heat
resistance and abrasion protection. The patent emphasizes
durability, uniform heat resistance, and ease of maintenance,
suggesting damaged modules can be quickly swapped out to
minimize cost and downtime. It also details an optional oven-
drying step to reduce water content and a final epoxy seal-
coating to enhance weather resistance.

Research Gap: As a structural design patent, it
provides the "solution concept" (modularity) for the
mitigation phase of your project. However, it lacks the
scientific validation. There is no analytical proof that this
modular structure resists the coupled TVA loads better than
traditional methods.

10) Acoustic Environment of Launch Vehicles at Lift-Off

Kudryavtsev V V et al, (2004): This paper addresses the
significant problem of the acoustic environment created by
main engine jets interacting with the launch pad, which is a
major source of structural vibration in the launch vehicle.
Since reliable theoretical techniques are lacking, the authors
present a semi-empirical methodology grounded in
geometrical acoustics and extensive experimental data. The
core technique involves synthesizing the acoustic field from
several independent noise generation regions ("acoustic
sources"): the undisturbed free jet, the spreading jet, and the
area of strong jet impingement ("jet spot"). The study details
how to model the input (acoustic power and spectrum) from

these sources, providing a framework for estimating the
resultant Overall Sound Pressure Level (OASPL). This data
is critical for understanding the random dynamic pressure
load on surrounding structures.

Research Gap: This model, being semi-empirical,
relies on simplified assumptions (e.g., acoustic sources with
defined properties). This contrasts with modern, high-fidelity
CFD that calculates sound generation directly from flow
turbulence. It provides the threat profile but does not connect
it to the vulnerability profile created by thermal degradation.

III. COMMON RESEARCH GAPS

Missing Coupled Failure Prediction: The primary analytical
gap is the failure to model the entire destructive chain. No
existing simulation applies the high-energy Acoustic
Excitation (the Random Dynamic Pressure Load) to a
structure that has already undergone Thermal Stiffness
Degradation (E| causing f,]) to predict the catastrophic
resonance scenario.

Failure to Model Worst-Case Localized Damage:
Current models generally underestimate structural
vulnerability by using averaged properties. They fail to
predict the Worst-Case Load Scenario, where factors like
rocket lateral drift cause plume energy to concentrate. This
intense, localized thermal spike (up to 3900K) causes an
abrupt, immediate structural stiffness collapse in a load-
bearing component (like a cross beam), which is the precursor
to global structural failure.

Unvalidated Mitigation Against the Combined
Threat: While research has successfully optimized single
elements (e.g., deflector geometry to reduce acoustic load, or
refractory material to increase temperature resistance), no
work validates whether the combined mitigation design
(optimal geometry + resilient material) is truly sufficient to
prevent structural resonance when facing the full, coupled
transient TVA load.

IV. OBIECTIVES AND METHODOLOGY

The primary goal of this research is to move beyond
conventional, uncoupled analytical methods to perform a
comprehensive, physics-based simulation that accurately
captures the failure environment of a launch deflector. This
rigorous analysis will inform the subsequent Structural
Mitigation Design.

A. OBJECTIVES

1) Primary Goal

To conduct a fully coupled transient Thermo-Vibro-Acoustic

(TVA) analysis of the rocket exhaust plume interaction with

a flame deflector system, and to propose an optimized

structural mitigation design that actively shifts the structure's

natural frequency away from resonant acoustic excitation.

2) Specific Sub-Objectives

—  Thermal-Structural Coupling Analysis: Quantify the
extreme heat flux and resultant temperature distribution
(Tw,,2) across the deflector structure. Determine the
corresponding spatially varying reduction in the
Modulus of Elasticity (Ez|) the mechanism of thermal
softening.
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— Dynamic Vulnerability Assessment: Using the degraded
thermal properties, calculate the resulting Natural
Frequency Shift (f, sisea) of the deflector structure via
modal analysis. Identify the structural modes that are
most vulnerable to external dynamic loading.

— Acoustic Load Quantification: Model the supersonic jet
exhaust to accurately predict the Power Spectral Density
(PSD) of the resultant Random Dynamic Pressure Load
(4Pacousic)- 1dentify the high-energy frequency range that
poses the greatest threat of resonance.

— Integrated Response and Fatigue Analysis: Apply the
Random Dynamic Pressure Load to the thermally
degraded structure (E[to simulate the worst-case,
coupled resonance scenario. Predict the resulting
maximum dynamic stresses and assess the structure's
fatigue life under simulated launch cycles.

— Structural Mitigation Design: Develop and analyze
optimal geometric and material strategies to actively
increase the stiffness (k) and shift the vulnerable f, out of
the damaging acoustic excitation range.

B. Methodology

The research employs a sequential, multi-physics simulation
approach that couples the outputs of Computational Fluid
Dynamics (CFD) for fluid loads with Finite Element Analysis
(FEA) for structural response.
1) Computational Tools

= Geometry/Pre-processing: ~ Commercial CAD
software (e.g., AutoCAD) will be used for creating
the initial deflector and multi-nozzle geometry.

— Coupled Analysis Platform: The analysis will be
performed using a high-fidelity FEA and CFD
package (e.g., ANSYS).

2) Modelling Strategy
The core methodology follows
sequentially coupled process:

The research begins with the critical Load
Generation and Characterization phase, executing a high-
fidelity Computational Fluid Dynamics (CFD) simulation to
model the extreme environment created by the rocket exhaust
plume. A full 3D transient CFD model of the nozzle and
deflector geometry is constructed, employing compressible
Navier-Stokes equations and a suitable turbulence model
Realizable k-¢ or SST k-w This step is crucial for accurately
defining the loads applied to the structure. By explicitly
including the afterburning effect (chemical reactions), the
model ensures the accurate calculation of extreme thermal
loads, yielding detailed Heat Flux (g) contours (W/m?) for the
thermal analysis. Simultaneously, the turbulent flow field
generates the acoustic energy, which is quantified as the
Acoustic Pressure Power Spectral Density (PSD) function
(Pa*H), representing the primary Random Dynamic Pressure
Load input.

The process then transitions into the Coupled
Thermal-Structural Analysis (FEA), which determines the
structure's vulnerability before assessing dynamic response.
A 3D solid model of the deflector, using materials like
refractory concrete, is developed with Temperature-
Dependent Material Properties (TDP) where parameters like
the Modulus of Elasticity (£) are linked directly to
temperature (7). The heat flux contours from the CFD stage

a critical four-step,

are applied as loads in a steady-state thermal analysis to
produce the Temperature Field (T, ) within the deflector
volume. This temperature field is immediately used to
calculate the localized reduction in the material's structural
stiffness (Er|), thereby establishing the degraded state of the
structure. The subsequent Dynamic Analysis begins with a
Modal Analysis performed on this reduced stiffness matrix to
find the shifted set of Natural Frequencies (f,, shifted),
providing the Vulnerability Profile.

The final analysis stage performs the core Coupled
TVA Resonance Check and Mitigation Design. The Random
Response Analysis applies the quantified Acoustic Pressure
PSD (the Load) directly to the thermally degraded structure
(with the f, sisea profile). This simulation determines the
resulting RMS Stress and Displacement profiles and predicts
the system's fatigue life, thereby validating the severity of the
hypothesized coupled resonance failure. Based on these
critical results, the project enters the Structural Mitigation
Design Iteration loop. This involves modifying structural
parameters such as deflector curvature, thickness, or joint
boundaries and re-running the entire TVA loop. The goal is
to find an optimal design solution where the final Natural
Frequency (fi opiimizea) is successfully shifted out of the
damaging acoustic excitation range, fulfilling the objective of
developing a robust, physics-based mitigation design.

V. EXPECTED OUTCOMES

This project is anticipated to yield several significant
quantitative and qualitative outcomes that directly address the
critical research gap in coupled flame deflector analysis,
providing an essential foundation for next-generation launch
pad infrastructure design. The results will move beyond
simplified models by synthesizing three complex load
environments into a single, comprehensive failure prediction
model.

A. Quantitative Load Characterization and Structural
Vulnerability

The initial phase is expected to produce high-fidelity
Computational Fluid Dynamics (CFD) data that quantifies the
aggressive boundary conditions on the deflector structure.
The primary outcome will be a detailed spatial map of the
Heat Flux (g) distribution (W/m?) and the frequency-domain
profile of the Random Dynamic Pressure Load. This latter
output, presented as a Power Spectral Density (PSD) function
(Pa*/Hz), will definitively chart the most energetic frequency
range of the acoustic excitation. Moving into the Finite
Element Analysis (FEA) stage, the most crucial expected
outcome is the precise quantification of the structural
vulnerability: the Natural Frequency Shift (f, sniieq) This result
will mathematically confirm the Thermo-Vibro coupling
hypothesis by demonstrating the magnitude of the reduction
in structural stiffness (Modulus of Elasticity, E£7|) caused by
the plume's thermal environment, thereby establishing the
precise dynamic state of the structure under load.

B. Validation of Coupled TVA Failure Mechanism

The core intellectual outcome of this research will be the
analytical validation of the coupled TVA failure mechanism
the scenario currently missing from the literature. The
integrated Random Response Analysis is expected to
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demonstrate a high degree of resonance by showing a
significant correlation where the thermally-shifted Natural
Frequencies (f, snpea) align directly with the peaks of the
Acoustic Pressure PSD. This simulation will yield
quantifiable proof that the thermal load is the precursor to
dynamic failure, driving the stress amplification. The
resultant output metrics, including Root Mean Square (RMS)
Stress (o rus) and strain concentration zones, are expected to
be significantly higher (conservative) than values predicted
by either uncoupled static or purely cold-state modal
analyses, clearly establishing the true danger of the
operational environment and justifying the need for
specialized mitigation.

C. Engineering Contribution and Design Optimization

The ultimate practical outcome is the development of a fully
optimized Structural Mitigation Design. Through systematic
design iteration, the project is expected to deliver a set of
quantifiable, optimized geometric parameters such as the
ideal deflector angle, profile curvature, or material thickness
that effectively shift the crucial natural frequencies (/. oprimizeq)
out of the acoustic resonance zone. This process will yield
robust design criteria aimed at simultaneously:
1) minimizing thermal stress concentrations (£ decay)
2) maximizing the overall dynamic stiffness and stability.
The resulting mitigation strategy will directly
translate into engineering recommendations for enhancing
the deflector's structural reliability, ensuring a prolonged
service life, and significantly reducing maintenance costs
associated with thermally-induced fatigue cracking and
material failure.

VI. CONCLUSION

From a structural engineering perspective, this study
addresses a critical design gap in launch infrastructure by
successfully conducting a comprehensive, coupled transient
Thermo-Vibro-Acoustic (TVA) analysis of the rocket launch
flame deflector. The research analytically validates that the
conventional failure mechanism for refractory concrete
structures is a direct result of coupled loads, not isolated
events: extreme thermal exposure compromises the material
integrity, causing a reduction in the Modulus of Elasticity (E)
and inducing a fatal Natural Frequency Shift (f,]) This
engineered vulnerability directly sets the stage for
catastrophic structural resonance failure when excited by the
Random Dynamic Pressure Load (Acoustic PSD) generated
by the rocket plume. The multi-physics simulation delivers
an optimized Structural Mitigation Design characterized by
robust geometric and material criteria intended to
successfully shift the operational natural frequencies out of
the high-energy acoustic excitation range, thereby ensuring
the long-term structural reliability and service life of the
launch complete.
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