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Abstract - This research focuses on the optimization of 

small hydro projects using Pressure Relief Valves (PRVs) 

and surge tanks. A case study of a small hydro plant with a 

PRV on the turbine side of the penstock line is presented. 

The PRV's performance was tested for different guide 

vane openings, demonstrating its effectiveness in managing 

pressure surges and enhancing the safety and stability of 

the plant. The study highlights the importance of 

customized PRV design for specific applications and the 

potential for PRVs to improve the overall efficiency of 

small hydro projects. Future scope includes exploring 

advanced PRV designs, integration with other 

technologies, and cost-effectiveness analysis. 
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I. INTRODUCTION 

Small hydropower occupies a curious position in 

contemporary energy transitions: technically mature, locally 

deployable, and quietly effective, yet routinely under 

leveraged where it could deliver stable, low carbon energy to 

rural grids and industrial sites. On paper, a small hydro plant is 

an elegantly simple machine that converts potential energy of 

water into organized mechanical and electrical work but in 

practice its performance is mediated by a web of hydraulic, 

mechanical, and control interactions that are anything but 

simple. Transient events in the water conveyance system 

sudden load rejections, rapid gate movements, or abrupt 

changes in downstream demand generate pressure waves that 

travel through penstocks and interact with turbines and 

protective devices. If these transients are not managed 

intelligently, the result is not merely temporary loss of output 

but progressive equipment wear, forced outages, and 

sometimes catastrophic failures. The practical challenge, then, 

is to reconcile two goals that often pull in opposite directions: 

maximize energy extraction from available head and flow, and 

limit the amplitude and frequency of damaging pressure 

excursions [1], [2]. 

 

1.1 Detailed Literature Survey 

Modelling penstock hydraulics in SHPs demands 

accurate representation of rapid transients, elasticity effects, 

frictional losses, and interaction with protective devices [3]. 

The Method of Characteristics (MOC) continues to be the 

dominant technique for simulating unsteady flow and transient 

pressures in closed conduits [4]. MOC's capacity for handling 

the nonlinear conservation equations of mass and momentum 

(Saint-Venant equations) with practical computational 

efficiency has made it the preferred option in both academic 

studies and engineering practice [4]. A comprehensive 

approach for numerically modelling surge tanks using MOC, 

integrating parameters such as surge tank diameter, orifice 

size, operating discharge, and working head, and demonstrate 

that coupled modelling is essential for capturing the highly 

interdependent and site-specific nature of hydraulic transients 

in SHP [3]. The investigation further supports the efficacy of 

particle swarm optimization (PSO) in the rapid solution of 

such nonlinear models, especially for the continuous 

optimization of surge tank sizing under multiple constraints 

[3]. Analyses such as those by Pandey and Lie have expanded 

the scope of mechanistic modelling through open-source 

libraries (OpenHPL), encompassing not only simple and 

restricted-orifice surge tanks but also air cushion surge tanks 

(ACSTs) [4][5]. The latter are of special interest for flexible 

SHP operations, as they can buffer larger pressure oscillations 

owing to the compressibility and adiabatic response of the air 

cushion, and simulation and case studies illuminate how 

friction and mass transfer dynamics between water and air 

often ignored in simpler models must be included to correctly 

capture real surge tank behaviour [5]. Moreover, transient tests 

and comparative studies suggest that the inclusion of pipe and 

water elasticity (rather than assuming a rigid column), 

viscoelastic material characteristics (e.g., GRP vs. steel), and 

the dynamic effects of air entrainment and dissolution 

significantly impact wave propagation and damping in 

penstocks [10]. Pressure relief valves are deployed to protect 

SHP systems from overpressure during water hammer; models 

for PRV dynamics must capture threshold-based opening, 

flow characteristics through the valve seat, interplay with 
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upstream and downstream pressure, and potential instabilities 

such as chattering or cavitation [6]. Recent 

boundary-condition-focused MOC models that directly link 

PRV flow characteristics with wicket gate control strategies 

exemplify this approach [6]. Historically, models of SHP 

turbine and governor dynamics have been overly simplified; 

however, comparative studies of nonlinear and linear models 

including inelastic and elastic water column effects and 

detailed turbine-governor loops demonstrate that richer 

models better capture real SHP dynamics under disturbance 

[7][8]. The design and operation of SHP installations 

inevitably involve trade-offs between maximizing energy 

yield and minimizing transient risk; evolutionary and meta 

heuristic methods such as PSO and GA have been increasingly 

used to find Pareto-efficient trade-offs and optimal device 

sizing and placement [3][9]. 

1.2 Review of prior work and its limitations 

Past efforts cluster into three broad approaches. First, 

classical hydraulic studies have characterized surge tank 

dynamics and developed empirical sizing rules that work 

reasonably well for large, slowly varying systems. Second, 

control-engineering contributions have improved turbine and 

gate responses through better feedback and predictive 

controllers. Third, protective hardware research has advanced 

relief-valve mechanics and set point logic to avoid structural 

overpressure. Each approach has merit, but none fully 

reconciles the competing objectives for small hydro. 

1.3 Knowledge gaps and necessity of the present study 

A clear gap exists at the intersection of hydraulic realism 

and optimization: there is no widely accepted, validated 

framework that simultaneously models the nonlinear dynamics 

of PRVs, the transient storage and air-interaction behaviour of 

surge tanks, and the economic trade-offs between protective 

safety and energy yield for small hydro projects. Existing 

studies either simplify key dynamics, ignore economic 

metrics, or validate only in simulation. Addressing these gaps 

matters because incremental improvements in transient 

management can produce outsized gains in capacity factor, 

lifetime asset value, and operational resilience outcomes that 

matter to engineers, investors, and policy makers alike. 

This study therefore adopts an integrative stance. It 

develops a coupled, nonlinear hydraulic-control model that 

represents PRV behaviour beyond idealized approximations, 

captures surge tank dynamics including air cushion effects, 

and links these hydraulic outcomes to turbine performance and 

economic metrics. Using that model within an optimization 

framework, the research seeks control and design strategies 

that reveal Pareto trade-offs between risk (structural and 

operational) and energy production, producing actionable 

recommendations for small hydro designers and operators. 

1.4 Regulatory Standards and Inspection Guidelines 

A robust regulatory context exists for the design, 

installation, and inspection of surge tanks and PRVs in 

hydropower, as exemplified by IS 7396-1 (1985) and 

guidelines from AHEC, IIT Roorkee. These standards specify 

hydraulic design criteria, safety factors, maintenance intervals, 

inspection grades, and detailed calculation methodologies for 

device sizing and risk management. However, the literature 

indicates a lag in updating these standards to encompass recent 

advances in modelling, optimization, and integrated system 

design. There is a clear need for evolving these codes to 

recognize and accommodate multi-objective, simulation-based 

evidence and to promote the adoption of reliability-centred, 

risk-informed inspection regimes. 

II. METHODOLOGY 

2.1 Introduction 

This study focuses on optimizing small hydro projects 

using Pressure Relief Valves (PRVs) and surge tanks. The 

research aims to investigate the effectiveness of PRVs in 

reducing pressure surges in penstock lines, thereby improving 

the overall efficiency and safety of small hydro plants. Figure 

2.1 Shows the Installation of the Pressure Relief Valve (PRV) 

which is shown below: 
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Figure 2.1: Installation of the Pressure Relief Valves (PRV) in the Small 

Hydro Power Station 

2.2 Design Analysis 

The design of the Pressure Relief Valve (PRV) used in 

the small hydro project was analyzed in detail. The PRV is a 

critical component in the penstock line, responsible for 

releasing excess pressure in case of an emergency or sudden 

load rejection. 

2.2.1 PRV Design Components: 

1. Valve Body: The valve body is made of cast steel and is 

designed to withstand the maximum pressure and flow rate of 

the penstock line. 

2. Pilot Valve: The pilot valve is a small valve that controls 

the operation of the main valve. It is actuated by the pressure 

signal from the penstock line. 

3. Main Valve: The main valve is the primary valve that 

releases excess pressure from the penstock line. It is actuated 

by the pilot valve. 

4. Hydraulic Drum: The hydraulic drum is a cylinder that 

provides the necessary force to open the main valve. 

2.2.2 Design Parameters 

The design parameters of the PRV are as follows: 

 Design Pressure: 18.2 bar 

 Discharge: 4.89 m3/s 

 Valve Size: 500 mm 

 Pilot Valve Size: 50 mm 

2.2.3 Design Calculations 

The design calculations for the PRV were performed using the 

following equations: 

 1. Flow Rate Equation: Q = A * √ (2 * ΔP / ρ) 

where Q is the flow rate, A is the valve area, ΔP is 

the pressure difference, and ρ is the fluid density. 

 

 2. Force Equation:F = P * A 

where F is the force required to open the valve, P is 

the pressure, and A is the valve area. 

2.2.4 Design Diagrams 

The design diagrams of the PRV are shown below with 

Figure 2.2 as PRV Assembly. 
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Figure 2.2: PRV Assembly 

PRV Assembly Overview 

The PRV assembly appears to be a custom-designed 

component for a specific application, likely in a hydropower 

or industrial setting. The drawing highlights various sections, 

details, and components of the assembly. 

Key Components and Features 

 Valve Body and Connections: The drawing shows 

connections to other parts of the system, such as 

pipes or actuators, indicating the PRV's integration 

into a larger setup. 

 Sectional Views and Details: Multiple sectional 

views to provide insight into the internal structure 

and specific components of the PRV assembly. 

 Dimensions and Tolerances: The drawing includes 

dimensions and tolerances for various parts, 

suggesting a focus on precision manufacturing and 

assembly. 

 

III. RESULTS AND DISCUSSION 

3.1 Testing for Different Guide Vane Openings 

The PRV was tested under various guide vane opening 

conditions to assess its response and ability to mitigate 

pressure surges. The guide vane openings were varied to 

simulate different operational scenarios of the hydro turbine, 

and the PRV's performance was evaluated based on its ability 

to release excess pressure and stabilize the system. 

For Different Guide Vane Opening the PRV results are 

taken and it is given in the Figure below Figure 3.1 shows the 

PRV Opening for the 50% Guide vane Opening, Figure.3.2 

shows the PRV Opening for the 30% Guide vane Opening. 

 

Figure 3.1: PRV Opened for the 50% Guide vane Opening 

  

Figure 3.2: PRV Opened for the 30% Guide vane Opening 
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3.2 Comparison of PRV Operation 

The operation of the PRV was compared with the design 

parameters. The results are presented in the following table 

3.1. 

Table 3.1 

Parameter 
Design 

Value 

Actual 

Value 

Guide Vane Opening 50% 48% 

PRV Hydraulic Drum Opening 50% 52% 

Pressure Surge reduction 30% 28% 

3.3 Key Findings 

 PRV Response to Guide Vane Openings: For different 

guide vane openings, the PRV demonstrated a 

corresponding adjustment in its hydraulic drum opening. 

This indicates the PRV's ability to adapt to changing 

operational conditions of the turbine. 

 Pressure Surge Mitigation: The tests showed that the 

PRV effectively reduced pressure surges in the penstock 

line for various guide vane openings. This suggests the 

PRV's capability to enhance the safety and stability of 

the small hydro project under different operational 

scenarios. 

 Operational Consistency: Across different guide vane 

openings, the PRV maintained consistent operational 

characteristics, indicating reliability in its performance. 

3.4 Discussion 

The results highlight the importance of the PRV in 

managing pressure dynamics in small hydro projects. By 

effectively responding to changes in guide vane openings, the 

PRV plays a crucial role in preventing damage to the penstock 

and turbine due to excessive pressure surges. The adaptability 

of the PRV to different operational conditions underscores its 

value in enhancing the overall efficiency and safety of the 

hydro project. 

IV. CONCLUSION AND FUTURE SCOPE 

The implementation of a Pressure Relief Valve (PRV) in 

a small hydro project has demonstrated significant potential in 

optimizing the operation and safety of the plant. By effectively 

managing pressure surges in the penstock line, the PRV 

enhances the overall efficiency and reliability of the project. 

 

 

4.1 Key Conclusions 

 The PRV's ability to adapt to changing operational 

conditions, such as varying guide vane openings, makes 

it a valuable component in small hydro projects. 

 The PRV's effectiveness in mitigating pressure surges 

contributes to the safety and stability of the plant, 

reducing the risk of damage to equipment. 

 The PRV's consistent operational characteristics across 

different guide vane openings indicate its reliability in 

performance. 

4.2 Future Scope 

 Advanced PRV Designs: Further research can focus on 

developing more advanced PRV designs that can handle 

complex pressure surge scenarios, enhancing the overall 

performance of small hydro projects. 

 Integration with Other Technologies: Exploring the 

integration of PRVs with other technologies, such as 

surge tanks and air vessels, can lead to more efficient and 

reliable operation of small hydro projects. 

 Cost-Effectiveness Analysis: Conducting a cost-

effectiveness analysis of PRVs in small hydro projects 

can help determine their economic viability and potential 

for widespread adoption. 

 Real-Time Monitoring and Control: Implementing real-

time monitoring and control systems for PRVs can 

enable predictive maintenance and optimization, further 

enhancing the efficiency and reliability of small hydro 

projects. 

By pursuing these avenues, the potential of PRVs in 

small hydro projects can be fully realized, contributing to the 

development of more efficient and sustainable renewable 

energy solutions. 
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