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Abstract 

Waste heat recovery (WHR) offers a compelling way to improve sustainability and energy efficiency 

in several different industrial sectors. In waste heat recovery (WHR) systems, radial turbines are 

essential because they capture waste heat and transform it into useful mechanical or electrical 

energy. A thorough summary of the design and optimization concepts guiding radial turbines for 

WHR applications is given in this review article. After outlining the basic concepts of thermodynamics 

and fluid dynamics that underpin radial turbine operation, the article explores the complexities of 

turbine design. It examines important factors that have an impact on turbine performance and 

efficiency, including material choice, structural integrity, and aerodynamic design. In addition, the 

review clarifies the different performance optimization approaches used in the design of radial 

turbines, from experimental validation procedures to computational fluid dynamics (CFD) 

simulations. Comprehensive discussions are also held regarding advanced optimization techniques, 

such as surrogate modeling and multi-objective optimization. The article illustrates the various uses 

of radial turbines in WHR in sectors like power generation, petrochemical, and automotive through 

several case studies and real-world examples. Critical analysis is performed on performance metrics, 

problems faced, and lessons learned from these applications to extract important information for 

upcoming research and development projects. 
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INTRODUCTION 

Finding sustainable energy solutions is now critical in a time of rising energy consumption and 

expanding environmental concerns. Waste heat recovery, or WHR, is a potent way to cut greenhouse 

gas emissions and energy waste in a variety of industrial sectors. Radial turbines play a crucial role in 

the effectiveness of waste heat recovery (WHR) systems by capturing waste heat and transforming it 

into mechanical or electrical energy that can be used. The purpose of this review paper is to clarify the 

complex design and optimization ideas that support radial turbines used in waste heat recovery 

applications. We aim to provide engineers, 

researchers, and policymakers with the necessary 

knowledge to advance WHR technologies and 

promote sustainable energy practices by offering a 

thorough overview of this issue [1]. 

 

The Importance of Recovery from Waste Heat  

The waste heat that is produced as a 

consequence of different industrial processes is a 

significant energy resource that is not fully 

utilized. This excess heat, which can come from 

industrial furnaces, thermal processes, or exhaust 
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gases, offers a significant chance for energy recovery. Industries can improve energy efficiency, lower 

operating costs, and lessen their carbon footprint by capturing and repurposing waste heat [2]. 

 

Radial turbines' Function in Waste Heat Recovery 

Radial turbines, which are well-known for their effectiveness and adaptability in transforming 

thermal energy into mechanical power, are the central component of many WHR systems. Radial 

turbines have clear advantages over their axial counterparts in terms of compactness, scalability, and 

adaptability to changing operating conditions. Radial turbines maximize the use of waste heat by 

using the kinetic energy of hot gases to power generators and turbines that generate mechanical work 

or electricity (Figure 1). 

 

 
Figure 1. Radial turbine. 

 

 
Figure 2. Radial flow. 

 

Principles of Radial Turbines  

Construction and Essential Parts: Radial turbines are a kind of turbine in which the fluid passes 

across the rotor blades in an inward or outward direction. Typically, the construction consists of an 

inlet nozzle to direct flow onto the rotor blades, a casing to contain the working fluid, and a rotor with 

blades attached radially. A shaft that the rotor is attached to powers a generator or other mechanical 

load (Figure 2). The following are the main parts of a radial turbine: 

 

1. Rotor Blades: The aerodynamic parts of the rotor that draw energy from the fluid flow are 

called rotor blades. The efficiency and performance of the turbine are greatly influenced by the 

form and angle of the blades. 
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2. Inlet Nozzle: The inlet nozzle guides the incoming fluid onto the rotor blades at a precise angle 
and speed. Optimizing turbine performance requires proper inlet nozzle design. 

3. Casing: The casing supports the rotor structurally and envelops it. It also aids in controlling and 
directing the fluid flow via the turbine [3]. 

 
Working Principles: The idea behind radial turbines is to transform a fluid's kinetic energy into 

mechanical energy as it flows. The following is a summary of the guiding principles:  
 

1. Fluid Inlet: Through the inlet nozzle, the working fluid—typically a gas or steam—enters the 
turbine at a specific pressure and velocity.  

2. Fluid Expansion: The fluid expands as it passes over the rotor blades because of the pressure 

and velocity changes. The rotor rotates because of this expansion creating a reaction force on 
the blades.  

3. Energy Conversion: A shaft receives mechanical energy from the rotating rotor and uses it to 
drive a load, like a turbine or a generator for power.  

4. Fluid Outlet: The fluid leaves the turbine at a reduced pressure and velocity after traveling 
through the spinning blades and imparting some of its energy to the rotor. 

 

Benefits and Drawbacks 

Radial turbines have a few advantages over other kinds of turbines, such as:  
 

Compactness: Compared to axial turbines, radial turbines are designed to be more compact, which 
makes them appropriate for applications with limited space.  

 
Scalability: Adaptable to a range of operating conditions, they can be scaled for varying power 

outputs.  
 

Efficiency: High pressure differential applications are a prime example of where radial turbines 

excel in terms of efficiency. 
 

Radial turbines do, however, have certain drawbacks, such as: 
 

Complexity: Compared to simpler turbine types, the design and manufacturing of radial turbines 
can be more expensive and complex. 

 
Restricted Operating Range: At low flow rates and high-pressure ratios, radial turbines may have a 

narrower operating range than axial turbines. 
 

Sensitivity to Flow Conditions: They are susceptible to changes in flow, and poor design or use can 
result in decreased performance and efficiency. 

 
When properly designed and used within their ideal operating range, radial turbines provide a 

flexible and effective solution for waste heat recovery applications [4]. 
 

DESIGN CONSIDERATIONS 

Operating Parameters and Conditions at the Inlet 

Temperature and Pressure: Turbine performance and efficiency are directly impacted by inlet 

conditions, which include the waste heat stream's temperature and pressure. Power output usually 
increases with higher inlet temperatures, but material deterioration and thermal stresses must be 

carefully considered.  
 

Flow Rate: The mass flow rate through the turbine is determined by the waste heat stream's flow 
rate, which also influences the turbine's power output. Optimizing performance under a range of 
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operating conditions is ensured by designing the turbine to accommodate variations in flow rate. Fluid 
Composition: Material choice and turbine longevity are influenced by the waste heat stream's 

composition, which includes any impurities or corrosive elements. It is imperative that the fluid 
composition be compatible in order to avoid corrosion, erosion, and fouling. 

 
Efficiency Objectives 

Setting efficiency goals is essential for directing the design process and maximizing the 
performance of the turbine. Efficiency objectives usually seek to maximize energy extraction from the 

waste heat stream while minimizing losses, though they may differ based on the application and 
operational requirements [5]. 

 

Design of Aerodynamics 

Blade Profile Optimization: Optimizing energy extraction and reducing losses depends heavily on 

the design of rotor blades. In order to achieve the desired aerodynamic performance, such as a high 
lift-to-drag ratio and low losses from separation or stall, optimizing blade profiles entails shaping the 

blades. 
 

Angles of Inlet and Outlet: Choosing the inlet and outlet correctly minimizes losses from flow 
deviation or separation and guarantees effective flow through the turbine. Turbine performance is 

improved by optimizing these angles according to fluid properties and operating conditions. 
 

Flow Path Geometry: The design of the flow path geometry, which includes the diffuser, rotor, and 
inlet nozzle, affects the distribution of pressure and the behavior of fluid flow. Optimizing the 

geometry of the flow path reduces losses and guarantees even flow distribution throughout the rotor 
blades, enhancing overall performance [6]. 

 
Aspects of Structure 

Material Selection: To ensure structural integrity and longevity, the right materials must be 

selected. These materials must have high strength, resistance to corrosion, and temperature capability. 
High-temperature applications frequently use materials like ceramic composites or superalloys based 

on nickel. 
 

Cooling Strategies: To disperse heat and stop the thermal deterioration of turbine components, it is 
essential to implement efficient cooling strategies. The use of thermal barrier coatings, internal or 

external cooling channels, and film cooling methods keeps component temperatures within allowable 
bounds. 

 
Rotor Dynamics: To avoid vibration, resonance, and rotor instability problems, one must have a 

thorough understanding of rotor dynamics. Premature wear or failure of the rotor can be avoided by 
balancing the rotor blades, addressing aerodynamic instabilities, and optimizing bearing designs. 

 
Performance Optimization Techniques for Radial Turbines in Waste Heat Recovery 

Maximizing energy extraction, efficiency, and reliability in waste heat recovery applications 
requires optimizing the performance of radial turbines. Various methodologies can be utilized to 

optimize turbine efficacy and accomplish intended operational objectives:  

 

Simulations of Computational Fluid Dynamics (CFD) 

Through in-depth examination of the fluid flow behavior inside the turbine, CFD simulations 
enable engineers to evaluate performance under a range of operating scenarios.  

 
CFD simulations improve efficiency and offer insights into flow path optimization, blade design, 

and heat transfer phenomena by simulating flow dynamics, turbulence, and heat transfer phenomena 
[7]. 
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Optimizing Blade Profiles 

Refinement of rotor blade profiles through design and advanced optimization algorithms can 

increase aerodynamic efficiency and decrease losses.  

 

Iterative refinement of blade shapes to attain desired performance characteristics, like high lift-to-

drag ratios and minimal losses, is made possible by computational tools in conjunction with 

optimization algorithms. 

 

Optimization with Multiple Objectives 

Engineers can simultaneously optimize several performance criteria, such as efficiency, power 

output, and cost, by using multi-objective optimization techniques. 

 

Particle swarm optimization and other multi-objective optimization algorithms allow the 

exploration of trade-offs between competing objectives in order to find Pareto-optimal solutions. 

 

Using a Stand-In 

Appropriate modeling methods, like Gaussian process regression or response surface approaches, 

make it easier to approximate complex turbine performance models in an effective manner. 

 

Through the creation of surrogate models using a small number of simulations or experimental data 

points, engineers can quickly explore the design space and find design configurations that show 

promise. 

 

Validation Through Experimentation 

Verifying performance predictions and validating computational models of turbine prototypes 

requires experimental testing and validation.  

 

Pressure readings, temperature profiles, and power output are examples of experimental data that 

offer important insights into the behavior and performance traits of turbines in the real world [8]. 

 

Control of Active Flow 

Optimizing flow conditions and minimizing losses can be achieved through the implementation of 

active flow control strategies, such as boundary layer manipulation, inlet guide vane adjustment, and 

blade tip clearance control.  

 

Turbine performance is improved by active flow control techniques, which dynamically modify 

flow parameters to preserve ideal operating conditions. 

 

Advanced Methods of Cooling 

By creating novel cooling techniques like transpiration, impingement, or film cooling, turbine 

component thermal degradation can be avoided and thermal management improved. 

 

Higher turbine inlet temperatures are made possible by sophisticated cooling strategies, which 

increase power output and efficiency. 

 

Analysis of Sensitivity 

Sensitivity analyses are a useful tool for determining which design parameters and operating 

conditions have the greatest impact on turbine performance. 

 

Engineers can focus optimization efforts on important factors and prioritize design improvements 

by quantifying the sensitivity of performance metrics to input parameters [9]. 
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Challenges 

1. High Temperature Operation: Exposure to high temperatures can result in thermal stresses, 

material degradation, and shortened turbine lifespans. This is one of the main challenges in 
waste heat recovery applications. Creating materials and cooling strategies that can withstand 

high temperatures is essential to guaranteeing the longevity and dependability of turbines.  
2. Further optimization is required to maximize energy extraction and minimize losses, even 

though radial turbines have a high efficiency in converting waste heat into mechanical energy. 
Optimizing turbine performance still requires addressing aerodynamic inefficiencies, flow non-

uniformities, and secondary losses. 
3. Transient Operation: Variations in waste heat availability or load demands frequently result in 

transient operating conditions for turbines in waste heat recovery systems. Turbine design and 

control strategies face difficulties in managing transient behavior, which includes start-
up/shutdown procedures, load variations, and transient response characteristics. 

4. Integration Complexity: System compatibility, thermal matching, and control interfaces must 
all be carefully taken into account when integrating radial turbines into waste heat recovery 

systems. The challenges in system design and implementation are making sure that the system 
integrates seamlessly with current processes and maximizing system performance overall. 

5. Cost-Effectiveness: Although waste heat recovery has many potential advantages, cost-
effectiveness is still a deterrent to widespread adoption, especially in capital-intensive 

industries. Economic viability and investment decision-making are challenged by the need to 
balance upfront investment costs with long-term energy savings and operational benefits [10]. 

 

Future Directions 

1. Advanced Materials: Turbines will be able to endure severe operating conditions and have 
longer operational lifespans thanks to ongoing research into high-temperature materials like 

ceramic composites, refractory metals, and thermal barrier coatings. Improvements in materials 
science will enable increased temperatures at the turbine inlet and increased efficiency. 

2. Advanced Cooling Techniques: In high-temperature environments, turbine performance and 

reliability will be improved by cooling technique innovations such as active cooling, advanced 
thermal management systems, and additive manufacturing-based cooling designs. Raising 

operating temperatures and efficiency levels will be possible with the optimization of cooling 
strategies. 

3. Research Collaboration: To drive innovation and address technological challenges in waste 
heat recovery, it is imperative to foster collaboration among academia, industry, and 

government agencies. Innovation-sharing networks, cooperative research projects, and financial 
assistance will hasten the creation and application of cutting-edge radial turbine technologies. 

 

CONCLUSION 

When it comes to achieving waste heat recovery-based energy efficiency, radial turbines are 
invaluable resources. In spite of obstacles such as elevated temperatures and intricate integration, 

developments in materials, cooling, and control systems present encouraging prospects. Radial 
turbines will be the driving force behind a sustainable future in which waste heat is turned from a 

byproduct to a valuable resource through cooperation and ongoing innovation. Radial turbines are the 
key to significant energy savings and environmental benefits across industries, helping to create a 

more sustainable and greener world because of their efficiency and adaptability. 
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