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Abstract

This study presents a comparative design optimization of cylindrical and spherical
pressure vessels operating under high internal pressures and transient thermal
gradients, common in high-temperature industrial systems such as nuclear reactors,
chemical processing plants, and high-performance steam generators. Emphasis is
placed on optimizing structural integrity, thermal stress mitigation, and material
efficiency. Finite element analysis (FEA) is employed to simulate thermomechanical
responses, and optimization algorithms are used to identify geometries and materials
that balance mechanical strength, thermal resistance, and cost. The paper contributes
to an informed selection process between cylindrical and spherical configurations by
evaluating failure modes, stress distributions, and thermal response under dynamic
conditions. The results suggest that spherical vessels, while structurally superior under
pressure, can exhibit thermal gradients leading to local stress concentrations if not
adequately insulated, whereas cylindrical vessels are more prone to longitudinal stress
buildup but easier to manufacture and maintain.

Keywords: Pressure Vessels, Thermal Stress, Finite Element Analysis, Structural
Optimization, High-Temperature Design, Spherical Vessels, Cylindrical Vessels,
Thermomechanical Behavior.
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1. INTRODUCTION

Pressure vessels are vital components in a range of high-temperature industrial systems, from energy
generation to chemical processing. These vessels must sustain not only high internal pressures but
also severe thermal gradients that evolve over operational cycles. The geometrical configuration of
a pressure vessel significantly affects its stress distribution, thermal management capacity, and long-
term durability. Thus, comparing the performance of cylindrical and spherical geometries is central
to optimizing their structural and thermal behavior.

With recent advancements in simulation and optimization techniques, engineers can now assess
these geometrical differences under realistic transient loading conditions. This paper aims to bridge
existing gaps in understanding how cylindrical and spherical vessels respond to concurrent
mechanical and thermal stresses, and how design optimization can mitigate risks and enhance
performance. An integrated simulation-based approach is employed to perform this comparative
analysis.

2. Literature Review

The structural behavior of pressure vessels has long been studied, with early foundational work by
Timoshenko & Goodier (1951) outlining elasticity solutions for thick-walled pressure vessels.
Over the decades, increasing focus has been given to the interplay of mechanical and thermal loads.
Moss and Basic (2004) provide detailed analyses of cylindrical and spherical pressure vessels under
various internal loading scenarios, emphasizing design codes and safety factors.

Zeman and Chudoba (2010) discussed the evolution of thermo-mechanical fatigue in pressure
vessels, indicating that spherical vessels are generally more efficient in distributing internal pressure,
but they present difficulties in accommodating temperature gradients due to their geometry. Zhao
et al. (2015) employed finite element analysis to study the transient thermal stress development in
thick-walled spherical vessels, noting potential for localized stress concentrations during rapid
heating.

In a comparative analysis, Shariati et al. (2019) modeled both cylindrical and spherical
configurations under identical operating conditions and concluded that while spherical designs
outperform in terms of internal pressure resistance, cylindrical vessels offer greater modularity and
ease of integration in industrial settings.

Moreover, ASME Boiler and Pressure Vessel Code (BPVC Section VIII, 2019) continues to
provide the foundational design principles but lacks detailed guidance on thermal gradient-driven
stresses in non-uniform heating scenarios. Recent reviews such as Kumar et al. (2020) and Al-
Sharafi et al. (2022) stress the need for optimization frameworks that combine mechanical and
thermal analyses, particularly under transient operational regimes.

3. Methodology and Problem Formulation

This study utilizes a multiphysics simulation approach integrating finite element analysis (FEA) to
model both pressure and temperature effects under transient loading conditions. A parametric model
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is developed for both cylindrical and spherical geometries, considering vessel thickness, material
properties, internal pressure magnitude, and thermal loading rates.

The vessels are subjected to internal pressures ranging from 5 to 25 MPa and transient thermal
gradients that simulate start-up and shutdown cycles, with wall temperatures ranging from 300 K to
900 K over 1800 seconds. Material properties such as yield strength, thermal conductivity, and
expansion coefficients are defined based on common high-temperature alloys (e.g., Inconel 718, SS
316L).

Table 1: Parameter Space for Simulation

Parameter Range/Value

Internal Pressure|5—25 MPa

Thermal 300 K to 900 K (ramp in 30
Gradient min)

Vessel Radius  0.5-2.0 m

‘Wall Thickness |10-50 mm

Materials Inconel 718, SS 316L

Simulation Time|1800 seconds (transient)

4. Finite Element Analysis and Design Optimization

FEA is conducted using ANSYS Mechanical APDL with nonlinear transient thermal-mechanical
coupling. Mesh sensitivity analysis ensures convergence, with refined meshing around stress
concentration regions. Boundary conditions include insulated outer walls and convective heat
transfer inside the vessel. Time-dependent loading replicates operational thermal cycles.

Design optimization is performed using a genetic algorithm (GA) to minimize equivalent von
Mises stress and thermal deformation while reducing weight. The design space includes g

5. Results and Discussion
5.1 Structural Performance Comparison

The spherical pressure vessels exhibited more uniform stress distribution under internal pressure,
with von Mises stress reductions of up to 20% compared to their cylindrical counterparts. However,
under thermal loading, the spheres displayed localized high-stress zones near the pole regions, due
to steep radial gradients.

Cylindrical vessels showed higher axial stresses under pressure but performed more predictably
under thermal cycling due to their uniform wall thickness and simpler geometry. These vessels also
presented lower manufacturing complexity, especially when scaling up.
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5.2 Thermal Response and Deformation

Transient simulations revealed that spherical vessels experienced higher peak thermal stresses when
subjected to rapid temperature rise. Cylindrical vessels, while less efficient in pressure handling,
allowed for easier incorporation of insulation layers and heat sinks, mitigating thermal stress
buildup.

The optimal designs from the genetic algorithm indicated that using high-conductivity alloys in
spherical vessels reduced peak temperature differences, while in cylindrical vessels, increased wall
thickness and finned external surfaces helped redistribute heat more effectively.

6. Conclusions

This study highlights the trade-offs between cylindrical and spherical pressure vessels under
combined pressure and thermal loads. While spherical vessels offer better structural integrity under
pressure, their thermal management is more challenging. Cylindrical vessels, in contrast, show
improved adaptability under transient thermal conditions and offer simpler integration into existing
systems.

The optimization framework proposed provides a flexible tool for pressure vessel designers to
evaluate configurations under real-world thermal and mechanical loads. Future work should
incorporate fatigue and creep models to further extend lifecycle predictions.
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