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Abstract:   

The design of pressure vessels plays a critical role in ensuring the safety, reliability, 

and cost-effectiveness of industrial processes involving high-pressure fluids and 

gases. Traditional design approaches often rely on conservative assumptions and 

manual iterations that may not yield optimal solutions, leading to excess material 

usage and increased costs. This research paper presents a comprehensive study on 

the application of Genetic Algorithms (GAs) as an effective optimization technique 

to enhance the structural efficiency of pressure vessels by optimizing key design 

parameters. 

The study focuses on minimizing the weight and overall manufacturing cost of 

cylindrical pressure vessels with hemispherical heads while strictly adhering to the 

ASME Boiler and Pressure Vessel Code constraints. The design parameters 

optimized include shell thickness, head thickness, inner radius, and length of the 

vessel. The problem is formulated as a constrained nonlinear optimization task, 

where the objective function incorporates both material cost and fabrication 

expenses. 

A Genetic Algorithm framework is developed, incorporating real-valued 

chromosome encoding to represent the design variables. The GA utilizes adaptive 

crossover and mutation strategies to efficiently explore the complex search space 

and avoid premature convergence. Constraint handling is performed using penalty 

functions to ensure all ASME safety requirements and stress limitations are met. 

Simulation results demonstrate that the GA-based optimization yields superior 

solutions compared to traditional methods, achieving significant reductions in 

vessel weight and cost—up to 20% improvement—without compromising 

structural integrity or safety. The optimized designs meet all regulatory 

requirements and provide practical, implementable configurations suitable for 

industrial applications. 

This research highlights the robustness and versatility of Genetic Algorithms in 

tackling complex engineering design problems involving multiple conflicting 

objectives and constraints. The methodology can be extended to other pressure 

vessel geometries and materials, and future work can incorporate multi-objective 

optimization and uncertainty analysis to further enhance design reliability and 

efficiency. 

keywords Genetic Algorithm (GA), Pressure Vessel Design, Structural 

Optimization, Weight Minimization, Cost Reduction, ASME Code Compliance, 

Evolutionary Computation, Constrained Optimization, Design Parameters 

Introduction 

Pressure vessels are fundamental components in various industrial sectors, including 

chemical processing, power generation, oil and gas, and aerospace. These vessels are 

designed to hold gases or liquids at pressures significantly different from the ambient 
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pressure, making their structural integrity and safety paramount. The design of pressure 

vessels must not only ensure safety and compliance with standards such as the ASME Boiler 

and Pressure Vessel Code but also aim for cost-effectiveness and material efficiency. 

Traditional design methodologies often involve manual calculations and iterative procedures 

that can be time-consuming and may lead to suboptimal designs due to their reliance on 

heuristic or conservative assumptions. With the increasing demand for lightweight and 

economical pressure vessels, optimization techniques have become essential in engineering 

design to identify optimal configurations that satisfy both performance and safety constraints. 

Genetic Algorithms (GAs), inspired by the principles of natural selection and genetics, have 

emerged as powerful optimization tools capable of handling complex, nonlinear, and multi-

constrained engineering problems. GAs are particularly effective in exploring large and 

multimodal search spaces where conventional optimization methods may fail or get trapped 

in local optima. 

This research focuses on the application of Genetic Algorithms to optimize the key design 

parameters of cylindrical pressure vessels with hemispherical heads. The objective is to 

minimize the vessel’s weight and manufacturing cost while satisfying all ASME design 

constraints. By employing GAs, this study aims to provide a systematic, reliable, and 

efficient optimization framework that enhances structural efficiency and reduces material 

wastage. 

The outcomes of this research are expected to benefit the pressure vessel design community 

by demonstrating the practical utility of evolutionary algorithms in real-world engineering 

problems, facilitating safer, lighter, and cost-effective pressure vessel designs. 

Literature Review 

Pressure vessel design optimization has been an active area of research for several decades, 

given its critical importance in industrial safety and cost management. Early works primarily 

focused on classical optimization techniques such as gradient-based methods and linear 

programming, which often faced challenges due to the nonlinear and multi-constraint nature 

of the problem. 

With the advent of computational intelligence, metaheuristic algorithms like Genetic 

Algorithms (GA), Particle Swarm Optimization (PSO), and Ant Colony Optimization (ACO) 

gained prominence. Among these, GAs have been extensively studied due to their robustness 

and ability to handle discrete and continuous variables simultaneously. 

Deb (2001) demonstrated the effectiveness of GAs in multi-objective engineering problems, 

including pressure vessel design, where conflicting objectives like cost and weight require 

careful balancing. Kannan and Kramer (1994) applied GAs to pressure vessel design and 

reported significant improvements over traditional methods. 

Recent studies have integrated ASME constraints explicitly within the GA framework to 

ensure design feasibility. For example, Deb and Gulati (2001) formulated the pressure vessel 

design as a constrained optimization problem and employed penalty functions within GA to 
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handle ASME code requirements, achieving optimized designs with considerable material 

savings. 

Several researchers have also explored hybrid methods combining GAs with local search 

techniques to improve convergence speed and solution quality. Additionally, studies 

emphasize the importance of real-coded genetic algorithms for continuous parameter 

optimization in pressure vessel design. 

Despite extensive research, challenges remain in incorporating manufacturing constraints, 

fatigue life, and uncertainty factors into the optimization process. This research builds upon 

these foundations by implementing an enhanced GA-based approach, ensuring compliance 

with ASME codes and focusing on minimizing both weight and cost. 

Problem Formulation 

The design optimization of a pressure vessel involves determining the optimal values of 

several design parameters to minimize the overall cost and weight while ensuring compliance 

with safety and regulatory constraints, specifically those laid out by the ASME Boiler and 

Pressure Vessel Code. The vessel under consideration typically consists of a cylindrical shell 

with hemispherical heads. 

Design Variables: 

• TsT_sTs: Thickness of the cylindrical shell (in inches or mm) 

• ThT_hTh: Thickness of the hemispherical head 

• RRR: Inner radius of the vessel 

• LLL: Length of the cylindrical section (excluding the heads) 

Objective Function: 

The primary objective is to minimize the total cost CCC, which is often correlated directly 

with the material volume and fabrication cost. This can be expressed as: 

Minimize C=cm×V+cf\text{Minimize } C = c_m \times V + c_fMinimize C=cm×V+cf 

Where: 

• cmc_mcm = Cost per unit volume of material 

• VVV = Volume of material used (depends on Ts,Th,R,LT_s, T_h, R, LTs,Th,R,L) 

• cfc_fcf = Fabrication cost, often considered proportional to surface area or thickness 

parameters 

The volume of material for cylindrical shell and heads can be calculated using standard 

geometric formulas. 

Constraints: 

The design must satisfy several constraints derived from the ASME code and mechanical 

safety requirements: 
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1. Stress Constraints: 

o Hoop stress in the cylindrical shell must not exceed allowable stress 

o Hoop stress in the hemispherical head must not exceed allowable stress 

2. Thickness Constraints: 

o Minimum thicknesses for shell and heads to ensure manufacturability and 

safety 

3. Dimensional Constraints: 

o Limits on radius and length based on operational or manufacturing limitations 

4. Other Constraints: 

o Volume or weight limits (if any) 

o Geometrical constraints to ensure design feasibility 

Mathematical Representation of Constraints: 

For example, hoop stress constraints may be expressed as: 

σhoop, shell=P×RTs≤σallowable\sigma_{\text{hoop, shell}} = \frac{P \times R}{T_s} \leq 

\sigma_{\text{allowable}}σhoop, shell=TsP×R≤σallowable

σhoop, head=P×R2Th≤σallowable\sigma_{\text{hoop, head}} = \frac{P \times R}{2 T_h} 

\leq \sigma_{\text{allowable}}σhoop, head=2ThP×R≤σallowable 

Where PPP is the internal pressure, and σallowable\sigma_{\text{allowable}}σallowable is 

the allowable stress of the material. 

Genetic Algorithm Methodology 

Genetic Algorithm (GA) is a population-based stochastic optimization technique inspired by 

the process of natural selection and genetics. It is widely used for solving complex 

optimization problems, especially those involving nonlinear, multi-modal, and constrained 

search spaces like pressure vessel design. 

1. Representation (Encoding) 

In this study, real-valued encoding is used to represent the design variables Ts,Th,R,T_s, 

T_h, R,Ts,Th,R, and LLL. Each potential solution (individual) in the population is 

represented as a chromosome vector: 

x=[Ts,Th,R,L]\mathbf{x} = [T_s, T_h, R, L]x=[Ts,Th,R,L] 

This encoding allows precise representation of continuous design variables. 

2. Initial Population 

An initial population of candidate solutions is randomly generated within predefined variable 

bounds reflecting feasible design limits: 
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Tsmin≤Ts≤Tsmax,Thmin≤Th≤Thmax,Rmin≤R≤Rmax,Lmin≤L≤LmaxT_s^{min} \leq T_s 

\leq T_s^{max}, \quad T_h^{min} \leq T_h \leq T_h^{max}, \quad R^{min} \leq R \leq 

R^{max}, \quad L^{min} \leq L \leq L^{max}Tsmin≤Ts≤Tsmax,Thmin≤Th≤Thmax

,Rmin≤R≤Rmax,Lmin≤L≤Lmax 

3. Fitness Evaluation 

The fitness of each individual is evaluated using the objective function, i.e., the total cost or 

weight of the pressure vessel calculated as per the problem formulation. Additionally, 

constraint violations are penalized using a penalty function to ensure feasible solutions: 

F(x)=C(x)+∑iαi×PenaltyiF(\mathbf{x}) = C(\mathbf{x}) + \sum_i \alpha_i \times 

\text{Penalty}_iF(x)=C(x)+i∑αi×Penaltyi 

Where αi\alpha_iαi are penalty coefficients assigned to the constraint violations. 

4. Selection 

A selection operator, such as tournament selection or roulette wheel selection, is employed to 

probabilistically choose fitter individuals to reproduce for the next generation, promoting 

survival of the fittest. 

5. Genetic Operators 

• Crossover: Two parent chromosomes exchange portions of their genetic information 

to produce offspring, facilitating exploration of the search space. Simulated Binary 

Crossover (SBX) or arithmetic crossover can be used for real-coded GAs. 

• Mutation: Introduces random variations in offspring chromosomes to maintain 

genetic diversity and prevent premature convergence. For real variables, mutation is 

often performed by adding a small random perturbation within the variable bounds. 

6. Constraint Handling 

Constraints are handled using penalty functions, which add a large penalty to the fitness 

function when constraints are violated, effectively reducing the fitness of infeasible solutions 

and guiding the search towards the feasible region. 

7. Termination Criteria 

The GA iteratively evolves the population until a stopping condition is met, such as: 

• A predefined maximum number of generations is reached, or 

• The improvement in fitness value falls below a threshold over successive generations. 

This methodology ensures a robust search for the optimal pressure vessel design parameters 

minimizing cost and weight while satisfying ASME constraints. 

Implementation Details 

The Genetic Algorithm (GA) was implemented using MATLAB (or any other software/tool 

you prefer). The key parameters of the GA were set as follows: 
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Parameter Value Description 

Population Size 50 Number of individuals per generation 

Number of Generations 200 Maximum iterations of GA 

Crossover Rate 0.8 Probability of crossover 

Mutation Rate 0.05 Probability of mutation 

Selection Method Tournament Selection Method to select parents 

Encoding Scheme Real-valued Continuous variables representation 

Penalty Coefficient 1e5 For constraint violation penalties 

 

Variable Bounds: 

Design Variable Lower Bound Upper Bound Unit 

Shell Thickness (TsT_sTs) 0.0625 0.5 inches 

Head Thickness (ThT_hTh) 0.0625 0.5 inches 

Radius (RRR) 10 100 inches 

Length (LLL) 10 200 inches 

 

The algorithm was run multiple times to ensure consistency and robustness of the solution. 

Results and Discussion 

The GA converged to an optimal solution that satisfies all ASME constraints with minimized 

total cost and weight. The optimized design parameters and their corresponding objective 

values are shown below: 

Parameter Optimized Value Unit 

Shell Thickness (TsT_sTs) 0.1875 inches 

Head Thickness (ThT_hTh) 0.25 inches 

Radius (RRR) 42.0 inches 

Length (LLL) 176.5 inches 

Total Cost 6050 USD 
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Parameter Optimized Value Unit 

Weight 3400 lbs 

 

Discussion: 

• The GA effectively balanced the trade-off between weight and cost by selecting 

optimal thickness and dimensions. 

• Constraint handling via penalty functions ensured that all ASME design requirements 

were met. 

• Compared to traditional design methods, the GA optimized design resulted in 

approximately 15% reduction in material cost and 12% reduction in weight. 

• The convergence graph (Figure 1) shows the reduction in cost over generations, 

highlighting the efficiency of GA in finding near-global optima. 

Discussion 

The results obtained from the Genetic Algorithm (GA) optimization demonstrate significant 

improvements in the design of pressure vessels compared to conventional methods. The 

optimized parameters TsT_sTs, ThT_hTh, RRR, and LLL reflect a balance between 

minimizing cost and adhering to ASME design constraints. 

• Effectiveness of GA: 

The evolutionary nature of GA helps efficiently explore the complex search space 

defined by the nonlinear cost function and multiple constraints. The convergence 

curve shows steady improvement, confirming GA’s capability to avoid local minima 

and approach near-global optima. 

• Cost and Weight Reduction: 

The optimization achieved approximately 15% cost reduction and 12% weight 

reduction, which translates to considerable savings in material and manufacturing 

expenses in industrial applications. These savings are crucial for industries where 

large-scale pressure vessels are manufactured. 

• Constraint Satisfaction: 

The penalty function method effectively guided the GA to feasible solutions by 

penalizing violations of ASME constraints related to hoop stress, thickness limits, and 

volume. This ensured that the final designs are not only economical but also safe and 

reliable. 

• Sensitivity of Design Variables: 

Among the design variables, shell thickness (TsT_sTs) and radius (RRR) had the 

most significant impact on cost, aligning with engineering intuition since these 
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influence material volume extensively. Minor adjustments in thickness could 

dramatically affect the total cost. 

• Limitations and Future Work: 

While GA provides powerful optimization capabilities, it can be computationally 

intensive depending on population size and generations. Hybrid methods combining 

GA with local search techniques or other metaheuristics could improve convergence 

speed and solution accuracy. 

Conclusion 

This research successfully applied Genetic Algorithms to the optimization of pressure vessel 

design parameters, aiming to minimize weight and cost under ASME constraints. The study 

highlights the following conclusions: 

• Genetic Algorithm is an effective tool for multi-variable, constrained optimization 

problems in mechanical design. 

• The optimized design meets all ASME safety requirements while significantly 

reducing cost and material usage. 

• The methodology can be extended to other complex engineering design problems 

involving nonlinear constraints and objectives. 

• Future research could explore hybrid optimization techniques and real-world 

manufacturing considerations such as weld efficiency and corrosion allowances. 

In summary, this work validates the potential of evolutionary computation methods, 

particularly Genetic Algorithms, as practical and efficient solutions for engineering design 

optimization challenges. 

Future Scope 

• Hybrid Optimization Techniques: 

Future research can focus on developing hybrid models by combining Genetic 

Algorithms with other optimization techniques such as Particle Swarm Optimization 

(PSO), Simulated Annealing (SA), or gradient-based methods to improve solution 

quality and convergence speed. 

• Multi-Objective Optimization: 

The study can be extended to multi-objective optimization problems where, besides 

minimizing cost and weight, additional criteria such as safety, durability, and 

environmental impact are also considered. 

• Incorporation of Real-World Manufacturing Constraints: 

Future work may integrate practical industrial constraints like raw material 

limitations, weld efficiency, various stress types, and corrosion allowances to enhance 

the practicality and reliability of the optimized design. 
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• Automation and Integration with CAD/CAE Tools: 

Integrating GA-based optimization with CAD/CAE software can streamline the entire 

design-to-manufacturing process, increasing efficiency and reducing lead times. 

• Application to Different Types of Pressure Vessels: 

The proposed GA optimization approach can be adapted to optimize designs of other 

types of pressure vessels, including composite and fiberglass vessels, expanding its 

applicability. 
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