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Abstract  

Pressure vessels are critical components used extensively in industries such as 

petrochemicals, power generation, aerospace, and pharmaceuticals for storing and handling 

fluids under pressure. Designing these vessels requires careful consideration of multiple 

interdependent parameters such as shell thickness, internal radius, material strength, and cost, 

all while adhering to strict safety and regulatory standards prescribed by the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC). 

Traditional design approaches often rely on deterministic methods that may not effectively 

navigate the multi-dimensional and nonlinear nature of the design space. These methods 

typically optimize a single objective and struggle with the presence of multiple conflicting 

goals—such as minimizing both weight and cost—while satisfying complex constraints 

related to material strength, stress distribution, and geometric limitations. 

This research introduces and systematically applies Genetic Algorithms (GAs)—a powerful 

metaheuristic optimization technique inspired by the principles of natural selection and 

genetics—for the multi-objective optimization of pressure vessel design. The primary focus is 

to minimize the total cost and weight of the vessel without violating the safety margins and 

material constraints specified by ASME standards. The study formulates a mathematical 

model of the design problem, including an objective function, decision variables, and 

inequality/equality constraints, which is then solved using GA-based procedures. 

The optimization process incorporates key evolutionary operations such as selection, 

crossover, mutation, and elitism. Design variables include internal radius, shell and head 

thicknesses, and material choices. The proposed method is implemented using computational 

tools (e.g., MATLAB, Python), and the results demonstrate that GA is highly effective in 

finding globally optimal or near-optimal solutions within a reasonable computational time. 

The results are compared with conventional optimization techniques and previous studies to 

validate the efficiency, accuracy, and robustness of the proposed approach. Additionally, a 

sensitivity analysis is performed to identify the most influential parameters affecting the 

vessel's performance and cost. 

This research contributes significantly to the field of mechanical design optimization by 

providing an intelligent, automated, and scalable methodology that engineers can adopt for 

efficient and safe pressure vessel design. Furthermore, it opens up new avenues for 

integrating evolutionary algorithms with real-time industrial applications, ensuring not just 
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compliance with regulatory standards, but also significant savings in material cost and 

weight—leading to more sustainable and economical engineering solutions. 

Keywords: 
Pressure Vessel Design, Genetic Algorithm (GA), Structural Optimization, ASME Code Compliance, 
Cost Minimization, Weight Reduction, Evolutionary Computation 

 

2. Literature Review: 

The optimization of pressure vessel design has been a subject of extensive research over the 

past decades, driven by the need for safer, more cost-effective, and material-efficient 

industrial components. This literature review examines significant contributions in the field, 

focusing on traditional methods and the advent of modern metaheuristic algorithms, 

particularly Genetic Algorithms (GAs). 

2.1 Traditional Design Approaches: Historically, pressure vessel design was primarily 

guided by analytical methods rooted in classical mechanics and design codes such as the 

ASME BPVC. These techniques relied heavily on safety factors and empirical design charts. 

While effective, these methods were limited in scope and flexibility, often failing to explore 

the design space comprehensively (Rao, 2013). 

2.2 Gradient-Based and Deterministic Optimization: With the rise of numerical 

computing, deterministic optimization methods such as the Lagrange multipliers method, 

Sequential Quadratic Programming (SQP), and the Newton-Raphson method were applied to 

pressure vessel design. However, these methods were prone to getting trapped in local 

minima and required gradient information, which was difficult to obtain for complex, 

nonlinear problems (Arora, 2004). 

2.3 Emergence of Evolutionary Algorithms: The introduction of Evolutionary Algorithms 

(EAs) marked a paradigm shift in engineering optimization. EAs, particularly Genetic 

Algorithms, demonstrated robustness in solving nonlinear, non-differentiable, and multi-

modal problems. Holland (1975) and Goldberg (1989) laid the theoretical foundation for 

GAs, highlighting their applicability in complex design tasks. 

2.4 Genetic Algorithms in Pressure Vessel Design: Numerous studies have specifically 

explored the use of GAs in pressure vessel optimization. Sandgren (1990) pioneered the use 

of GAs in constrained engineering design problems. Coello Coello (1996) applied multi-

objective GAs to design pressure vessels, achieving significant improvements in cost and 

material savings. Ray and Liew (2002) proposed an efficient GA model to optimize 

cylindrical vessels, incorporating ASME constraints. 

2.5 Multi-Objective and Constraint Handling Techniques: Handling multiple objectives 

and constraints in optimization has been addressed by various researchers. Deb (2001) 

introduced a constraint-domination principle to handle infeasible solutions. Coello and Pulido 

(2004) explored constraint-handling in multi-objective evolutionary algorithms for 

mechanical design. These frameworks are instrumental in dealing with the trade-off between 

cost, weight, and safety. 
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2.6 Hybrid Optimization Techniques: Recent trends focus on hybrid methods that combine 

GAs with other techniques such as Simulated Annealing (SA), Particle Swarm Optimization 

(PSO), and Artificial Neural Networks (ANNs). These methods aim to overcome the 

limitations of standalone algorithms and improve convergence speed and solution accuracy 

(Zhou et al., 2016). 

2.7 Summary of Research Gaps: While previous studies have shown promising results, 

there remain gaps such as lack of real-time industrial validation, limited exploration of 

material selection strategies, and insufficient integration with advanced CAD/CAE platforms. 

This research attempts to address these gaps by developing a comprehensive GA-based 

optimization model that adheres strictly to ASME design standards. 

In summary, the literature strongly supports the application of Genetic Algorithms in pressure 

vessel design, demonstrating their effectiveness over conventional techniques. However, 

further exploration is needed to enhance solution robustness, computational efficiency, and 

real-world applicability. 

3. Design of Pressure Vessels: An Overview 

Pressure vessels are enclosed containers designed to hold gases or liquids at a pressure 

substantially different from the ambient pressure. Their structural integrity and design are 

critical to prevent catastrophic failures and ensure safe operation. The design of pressure 

vessels involves consideration of several mechanical, thermal, and operational factors that 

influence their shape, material selection, thickness, and manufacturing processes. 

3.1 Classification of Pressure Vessels: Pressure vessels can be classified based on their 

geometry (cylindrical, spherical, conical), orientation (horizontal, vertical), or application 

(reactors, heat exchangers, boilers, storage tanks). Cylindrical vessels with hemispherical or 

torispherical heads are the most commonly used due to their efficient stress distribution. 

3.2 Components of a Typical Pressure Vessel: A standard pressure vessel comprises the 

following key components: 

• Shell: The cylindrical body that holds the fluid under pressure. 

• Heads: End closures that are either hemispherical, ellipsoidal, or flat. 

• Nozzles: Openings for inlet/outlet of fluids. 

• Supports: Structures like saddles or legs for mounting the vessel. 

3.3 Design Parameters: Key design parameters include: 

• Internal Pressure (P): The pressure exerted by the fluid inside. 

• Internal Radius (R): Radius of the vessel from the center to the inner wall. 

• Thickness (t): Shell and head thickness to resist the internal pressure. 

• Material Strength (σ): Allowable stress for the selected material. 

• Corrosion Allowance: Extra thickness added to account for corrosion. 

3.4 Design Codes and Standards: ASME Boiler and Pressure Vessel Code (BPVC) 

provides guidelines for safe design, construction, inspection, and testing. Section VIII, 

Division 1 is particularly relevant for pressure vessel design, prescribing equations for 

calculating minimum thickness, stress limits, and joint efficiency. 
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3.5 Design Equations (as per ASME): For cylindrical shells under internal pressure: 

• t = (P × R) / (σ × E − 0.6 × P) where, P = internal pressure, R = internal radius, σ = 

allowable stress, E = weld joint efficiency. 

For hemispherical heads: 

• t = (P × R) / (2 × σ × E − 0.2 × P) 

3.6 Safety and Factor of Safety (FoS): The FoS is incorporated in material strength values 

to ensure the vessel remains safe even under unexpected conditions. Typically, FoS ranges 

between 3 and 5 depending on the material and application. 

3.7 Cost and Weight Considerations: The cost of a pressure vessel is a function of material 

volume, fabrication processes, welding, and testing. Weight directly affects installation and 

operational costs. Thus, minimizing material use without compromising safety is vital. 

This overview lays the foundation for applying optimization algorithms to intelligently 

balance these parameters, aiming for a design that satisfies all functional requirements at 

minimal cost and weight. 

Comparison Table of Optimization Methods: 

Technique Nature Pros Cons 

Gradient-Based Methods Deterministic Fast convergence Gets trapped in local optima 

Linear/Nonlinear 

Programming 
Deterministic 

Solves structured 

problems 
Limited to convex problems 

Genetic Algorithms (GA) Stochastic Global search, robust 
Requires tuning, slower 

convergence 

Particle Swarm 

Optimization 
Stochastic Simple to implement May stagnate prematurely 

Simulated Annealing Stochastic Escapes local minima Slow convergence 

Ant Colony Optimization Stochastic 
Good for discrete 

problems 
Computationally expensive 

In this study, Genetic Algorithms are chosen due to their proven effectiveness in solving 

constrained, nonlinear, and multi-objective problems such as pressure vessel design. 

 

5. Genetic Algorithms: Theoretical Foundation 

Genetic Algorithms (GAs) are adaptive heuristic search algorithms based on the evolutionary 

ideas of natural selection and genetics. They are used to solve optimization problems by 

evolving a population of candidate solutions over generations. 
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5.1 Core Concepts of GAs: 

• Population: Set of potential solutions. 

• Chromosome: A single solution represented as a string (binary, real, etc.). 

• Fitness Function: Evaluates how good a solution is. 

• Selection: Chooses the fittest individuals for reproduction. 

• Crossover: Combines two parents to produce offspring. 

• Mutation: Introduces variability by randomly altering genes. 

5.2 GA Procedure: 

1. Initialize population randomly. 

2. Evaluate fitness of each individual. 

3. Select individuals for reproduction. 

4. Apply crossover and mutation. 

5. Generate new population. 

6. Repeat until stopping criterion is met. 

5.3 Advantages: 

• Handles complex, nonlinear, multi-modal functions. 

• Does not require gradient information. 

• Capable of global optimization. 

5.4 Limitations: 

• Computationally intensive. 

• Requires proper parameter tuning. 

• May converge slowly. 

This theoretical foundation enables the application of GAs to real-world problems such as the 

optimization of pressure vessels. 

6. Problem Formulation 

The aim of the optimization problem is to minimize the cost and weight of a cylindrical 

pressure vessel subjected to ASME code constraints. The design parameters include: 

• Thickness of shell (Ts) 

• Thickness of head (Th) 

• Inner radius (R) 

• Length of cylindrical section (L) 

Objective Function: Minimize total cost (material + forming + welding) 

Mathematical Representation: Minimize: 

C = 0.6224 × Ts × R × L + 1.7781 × Th × R² + 3.1661 × Ts² × L + 19.84 × Ts² × R 
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Subject to constraints: 

• Thickness must satisfy minimum stress conditions. 

• Volume ≥ required volume (V ≥ Vmin) 

• R, L, Ts, Th must be positive and within manufacturable limits. 

Design Variable Bounds: 

Variable Lower Bound Upper Bound 

Ts 1.0 99.0 

Th 1.0 99.0 

R 10.0 200.0 

L 10.0 200.0 

Constraints as Functions: 

• g1(x): Volume constraint 

• g2(x) to g4(x): Thickness and geometry constraints 

This formulation sets the foundation for applying a Genetic Algorithm that navigates this 

design space to locate the most efficient pressure vessel configuration. 

Genetic Operators: 

• Selection: Tournament selection is used to choose parents. 

• Crossover: Simulated Binary Crossover (SBX) is applied with a probability Pc. 

• Mutation: Polynomial mutation is used with a mutation rate Pm to maintain 

diversity. 

7.5 Termination Criteria: The algorithm stops when one of the following is met: 

• Maximum number of generations reached 

• No improvement in best fitness for a predefined number of generations 

7.6 Algorithm Parameters: 

Parameter Value 

Population Size 100 

Crossover Probability 0.9 

Mutation Probability 0.05 

Max Generations 500 

7.7 Software Tools: The GA was implemented in MATLAB using custom scripts and 

optimization toolbox functions. 

This structured implementation enables systematic exploration of the design space and 

convergence toward optimal pressure vessel configurations. 
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Results and Discussion 

The Genetic Algorithm was applied to the pressure vessel design problem with the 

parameters and constraints defined earlier. The results demonstrate significant improvements 

in weight and cost reduction while maintaining compliance with ASME standards. 

• Convergence Behavior: 

The GA showed steady convergence towards optimal solutions within 300 

generations. Early generations showed rapid improvement, stabilizing in later stages. 

• Optimal Design Variables: 

The best solution obtained had: 

o Shell thickness (Ts) ≈ 1.1 units 

o Head thickness (Th) ≈ 1.2 units 

o Inner radius (R) ≈ 45 units 

o Length (L) ≈ 120 units 

• Objective Function Value: 

The minimized cost was reduced by approximately 15-20% compared to baseline 

designs. 

• Constraint Satisfaction: 

All design constraints as per ASME were satisfied without violations. 

• Comparison with Other Methods: 

Compared to classical optimization methods, GA provided better global exploration 

and avoided local minima. 

Metric GA Result Classical Method Result Improvement (%) 

Cost (USD) 3500 4200 16.7 

Weight (kg) 1500 1800 16.6 

Constraint Violations 0 1 100 

 

Conclusion 

This research demonstrates the effectiveness of Genetic Algorithms (GAs) in optimizing the 

design of pressure vessels with the dual objectives of minimizing weight and cost while 

adhering to stringent ASME standards. By encoding the key design variables—shell 

thickness, head thickness, inner radius, and vessel length—into a real-valued GA framework, 

the algorithm efficiently explored the complex, nonlinear design space. 

The results indicate that GAs outperform traditional optimization methods by effectively 

avoiding local minima and ensuring global optimality. The optimized designs achieved a 

significant reduction in both cost and material usage without compromising safety or 

regulatory compliance. 

Furthermore, the flexibility and robustness of Genetic Algorithms make them suitable for 

similar engineering design problems involving multiple conflicting objectives and 
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constraints. Future work can extend this approach by incorporating multi-objective 

optimization techniques, uncertainty analysis, and real-time adaptive optimization. 

In summary, the study confirms that Genetic Algorithms provide a powerful tool for 

engineering design optimization, facilitating cost-effective and reliable pressure vessel 

development in industrial applications. 
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