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Abstract - High-speed centrifugal compressors play an essential 
role in low-emission gas turbine technology. This paper 
provides a detailed review of design concepts, operational issues, 
and recent technological advancements in high-speed 
centrifugal compressors for low-emission gas turbines. The 
paper assesses the influence of rotor speed, compressor 
configuration, and material choice on aerodynamic 
performance, thermal loading, and dynamic stability. Recent 
advances in computational fluid dynamics, optimization 
algorithms, additive manufacturing, and high-performance 
materials are critically analyzed in terms of performance 
improvement and reliability enhancement. The paper also 
reviews the contribution of high-speed compressors to the 
reduction of nitrogen oxide (NOx) and carbon dioxide (CO₂) 
emissions by improving combustion stability and fuel economy. 
The results demonstrate the potential for performance 
improvement while highlighting the difficulties associated with 
thermal loading, vibration, and material longevity, and provide 
future research directions for sustainable gas turbine 
technology. 
Keywords: High-Speed Centrifugal Compressors, Low-
Emission Gas Turbines, Gas Turbine Design, Efficiency, 
Environmental Sustainability, CFD 

I. INTRODUCTION

A. Background

Gas turbines are widely used in power generation, aviation, 
and industrial applications. As concerns about climate 
change and energy efficiency rise, the focus on reducing 
emissions in gas turbines has intensified. Among the critical 
components influencing the efficiency and emission 
characteristics of gas turbines is the compressor, particularly 
the centrifugal compressor. These compressors are integral to 
achieving the desired pressure ratios for optimal turbine 
performance while maintaining operational efficiency [2]. 
The increasing demand for more energy-efficient and 
environmentally friendly gas turbines has led to significant 
research and development in the design of high-speed 
centrifugal compressors. With the use of these high-speed 
centrifugal compressors, higher output efficiency can be 
achieved in gas turbines. High-speed centrifugal compressors 

are known for their ability to handle high pressure ratios and 
for their relatively compact design compared to axial 
compressors [3]. Recent studies published in the ARME 
journal have highlighted compressor optimization strategies 
and performance improvement techniques in gas turbine 
systems [23–27]. 

B. Objective of the Study

This study aims to provide a comprehensive review of the 
design principles, operational characteristics, and 
technological advancements of high-speed centrifugal 
compressors for low-emission gas turbine applications. The 
review evaluates the influence of compressor geometry, 
rotational speed, and material selection on aerodynamic 
performance, thermal loading, mechanical stress, and 
emission reduction capabilities. The study also examines 
recent developments in compressor optimization and 
performance enhancement techniques. 

II. LITERATURE REVIEW

A. Gas Turbine Compressors: A Historical Perspective

Gas turbine compressors have undergone significant 
developments since the inception of gas turbine technology. 
Early gas turbines primarily utilized axial compressors, 
which were developed in the early 20th century. Axial 
compressors, based on a series of rotating and stationary 
blades, offered high flow rates and efficient compression 
over a wide range of operating conditions. However, these 
compressors faced challenges in terms of size, complexity, 
and energy consumption, particularly at smaller scales and in 
high-pressure applications. In the 1940s and 1950s, 
centrifugal compressors began gaining prominence as an 
alternative to axial compressors. The centrifugal compressor 
operates on the principle of converting the kinetic energy of 
the fluid into pressure through radial acceleration. This 
design proved to be particularly advantageous in applications 
requiring high pressure ratios within a compact and simple 
framework [6]. 
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Fig.1 Schematic Diagram of Gas Turbine Working Principle [4] 

Key historical milestones in the development of centrifugal 
compressors include: 
1. 1930s–1940s: Centrifugal compressors were first

introduced for use in jet engines and industrial gas
turbines, where they demonstrated higher efficiency at
lower mass flow rates and reduced size compared to axial
compressors.

2. 1950s–1970s: During this period, significant
advancements in centrifugal compressor technology
occurred, particularly in materials science, allowing for
the development of more robust, higher-performance
compressors that could withstand higher operating
pressures and temperatures. These innovations were
driven by increasing demands in both military and civilian 
aerospace applications [7].

3. 1980s–2000s: The rise of computational fluid dynamics
(CFD) and advanced materials revolutionized the design
process of centrifugal compressors. CFD simulations
allowed for more accurate performance predictions and
optimization of compressor geometries, while the
development of new materials such as high-strength
alloys and ceramics enabled compressors to operate at
higher speeds and withstand more extreme conditions [8].

By the early 21st century, centrifugal compressors had firmly 
established their place in a wide variety of applications, 
ranging from industrial power generation to the aerospace 
and automotive sectors. Their simpler design, compact size, 
and ability to deliver high pressure ratios made them an ideal 
choice for high-speed, small- to medium-sized turbines. 

Fig.2 Gas Turbine Compressor [9] 
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B. High-Speed Centrifugal Compressors in Gas Turbines

High-speed centrifugal compressors, defined by their ability 
to operate at significantly higher rotational speeds (typically 
greater than 100,000 rpm), represent the cutting edge of 
compressor technology. These compressors are crucial to the 
operation of low-emission gas turbines, which require high 
pressure ratios for efficient power generation while adhering 
to stringent environmental regulations. 

1. Design Parameters:
a. Pressure Ratios: High-speed centrifugal compressors are

designed to achieve significant pressure increases in a
single stage or through multistage designs. Pressure ratios
of up to 8:1 or higher are typically achievable, depending
on the compressor design and its application. Higher
pressure ratios are required for modern gas turbines to
increase efficiency and meet specific operational

performance criteria, such as faster startup times and fuel 
flexibility. 

b. Rotational Speed: The operational speed of a centrifugal
compressor directly impacts its performance. High-speed
centrifugal compressors are engineered to operate at
extremely high rotational speeds, often exceeding
100,000 rpm, to achieve the required compression
performance in a compact form factor.

c. Efficiency: Efficiency is a critical parameter for high-
speed centrifugal compressors. These compressors must
operate with minimal energy loss, even at high speeds.
Efficiency is influenced by several factors, including the
design of the impeller, volute casing, and diffuser system.
To maximize efficiency, the geometry of these
components must be optimized using advanced CFD
simulations and design software, allowing precise control
over the airflow and minimizing losses due to turbulence,
friction, and leakage.

Fig.3 Centrifugal Compressor Impeller Blades [10] 

2. Operational Performance: The operational performance of 
high-speed centrifugal compressors is heavily influenced by
the interaction among speed, pressure ratio, and efficiency.
Operating at higher speeds generally results in higher
pressure ratios for a given stage, which is desirable for most
modern gas turbine applications. However, higher speeds

also lead to increased thermal loads and mechanical stresses 
on the components. These stresses can result in fatigue failure 
and wear over time, especially in turbine blades, bearings, 
and seals. The challenge is to balance the increased speed and 
pressure ratio with the durability of the compressor 
components [11]. 

Fig.4 Centrifugal Compressor Labelled Parts [12] 
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Moreover, compressor surge and stall are two common 
operational phenomena that occur at high speeds. Surge, 
which is characterized by a sudden reversal of airflow, can 
lead to compressor failure, while stall refers to the loss of 
smooth airflow through the compressor. These issues become 
more pronounced at high speeds, necessitating advanced 
control systems and optimization techniques to maintain 
stable operation. 

a. Recent Advancements: Recent advancements in high-
speed centrifugal compressor technology focus on
addressing the limitations associated with higher speeds
and pressures. Some of the key innovations include:

b. Advanced Materials: The use of high-performance
materials such as ceramics, composites, and titanium
alloys has significantly improved the durability and heat
resistance of high-speed centrifugal compressors. These

materials are selected for their ability to withstand high 
thermal loads, reduce friction, and improve overall 
efficiency under elevated operating conditions. 

c. Additive Manufacturing: 3D printing and additive
manufacturing technologies have enabled the production
of complex compressor components with optimized
geometries that were previously impossible to fabricate
using traditional manufacturing methods. This has
allowed for further improvements in efficiency and
performance.

d. Aerodynamic Optimization: Through advanced CFD
simulations and optimization algorithms, compressor
designs can now achieve improved aerodynamic
performance, leading to reduced energy losses and higher
efficiency. Variable-geometry impellers and active flow
control technologies are being incorporated to maintain
stable operation over a wider range of operating
conditions.

Fig.5 3D Additive Manufacturing of Impeller Blade [13] 

C. Low-Emission Gas Turbine Technology

As global concerns about climate change and environmental 
degradation intensify, gas turbines are subject to increasingly 
stringent regulations aimed at reducing their emissions, 
especially NOx (nitrogen oxides) and CO₂ (carbon dioxide), 
which are key contributors to air pollution and global 
warming. Achieving low-emission performance in gas 
turbines requires advances in both combustion technology 
and compression mechanisms, with high-speed centrifugal 
compressors playing a critical role in this process. 

1. Combustion Systems and Emissions Reduction: Modern
gas turbines employ advanced lean-premixed combustion
systems that aim to achieve more complete fuel
combustion at lower temperatures to minimize the
formation of NOx. The precise compression provided by
high-speed centrifugal compressors contributes to this
process by delivering a more consistent air supply at
optimal pressures for combustion. This consistency
improves fuel–air mixing and enhances the efficiency of
the combustion process, which in turn helps reduce
emissions.

2. NOx Reduction: High-speed centrifugal compressors
enable a more uniform and stable air supply to the
combustion chambers, which is essential for achieving
low NOx emissions. By maintaining high pressure ratios
with minimal losses, these compressors help achieve the
operating conditions necessary for low-emission
combustion. The impact of compressor performance on
NOx reduction can be substantial, as uniform
compression reduces hotspots in the combustion chamber,
which are typically responsible for NOx formation.

3. CO₂ Reduction: The efficiency gains provided by high-
speed centrifugal compressors also contribute to the
reduction of CO₂ emissions. Higher compression
efficiency leads to improved turbine efficiency, meaning
that less fuel is required to produce the same power output.
This translates directly into reduced fuel consumption and
lower CO₂ emissions. Additionally, the enhanced fuel
flexibility provided by high-speed compressors allows
gas turbines to operate on a broader range of fuels,
including those with lower carbon content, further
contributing to the reduction of CO₂ emissions [15].

4. Integrated Environmental Technologies: In addition to
advances in compressor design, the integration of carbon
capture technologies and hybrid systems (such as the use
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of renewable energy sources alongside gas turbines) has 
further enhanced the ability of low-emission gas turbines 
to reduce their environmental impact. The development 
of sustainable fuel systems, such as hydrogen-based 

combustion or biofuels, when combined with advanced 
compressors, offers additional pathways to achieving 
low-emission gas turbine operation. 

 

 
Fig.6 Combustion Systems and Emissions Reduction in Gas Turbine [14]  

TABLE I COMPARISON OF COMPRESSOR TYPES 
Parameter Centrifugal Compressors Axial Compressors Radial Compressors 

Pressure Ratio per Stage High Low Moderate 

Efficiency Moderate High Low 
Speed High Moderate Low 
Flow Rate Low to Medium High Low 

 
D. Challenges in High-Speed Centrifugal Compressor 
Design 
 
Designing high-speed centrifugal compressors presents 
several unique and complex challenges due to the extreme 
operating conditions under which these compressors function. 
These challenges must be addressed to ensure reliable, 
efficient, and durable performance over long periods of 
operation. Below are some of the key challenges faced in 
high-speed centrifugal compressor design: 
 
1. Mechanical Stress: High-speed centrifugal compressors 

are typically designed to operate at rotational speeds 
exceeding 100,000 rpm, sometimes even reaching 
200,000 rpm in specialized applications. At such high 
speeds, the components of the compressor experience 
significant mechanical stress due to the centrifugal forces 
generated by the high rotational speeds. These forces can 
be several times greater than those encountered in lower-
speed compressors. For example: 

2. Centrifugal Forces: The centrifugal force acts radially 
outward, and as the rotational speed increases, this force 
increases exponentially. The rotating components, such as 
the impeller and shaft, are particularly susceptible to this 
stress. These forces can lead to structural deformation, 

fatigue, and even component failure over time if not 
properly managed. 

3. Fatigue: Repeated exposure to high centrifugal forces and 
thermal stresses can cause material fatigue. Over time, 
this results in the initiation of cracks in the metal, which 
can ultimately lead to catastrophic failure if the fatigue is 
not detected and addressed early in the design phase. 

4. Torsional Vibrations: At high speeds, torsional vibrations 
can develop due to irregularities in rotor and shaft 
alignment. These vibrations exacerbate mechanical stress 
and can lead to failure if not properly controlled. 
Designers must use advanced damping techniques to 
mitigate these vibrations. To address mechanical stress, 
careful material selection and robust structural design are 
essential. Finite element analysis (FEA) is commonly 
used to model mechanical stress and evaluate the 
structural integrity of components before they are 
physically tested. Additionally, dynamic balancing 
techniques are employed to ensure that the rotor assembly 
remains balanced at high rotational speeds, thereby 
preventing uneven stress distribution. 

5. Heat Generation: As the speed of the centrifugal 
compressor increases, so does the heat generated during 
operation. The increased rotational speeds result in higher 
frictional forces, both in the bearings and between the gas 
flow and compressor surfaces. This heat generation has 
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significant implications for both the performance and 
durability of the compressor 

6. Thermal Expansion: The materials used in the 
compressor components, including impellers, bearings, 
and shafts, expand as they heat up. If the components are 
not designed to accommodate this thermal expansion, it 
can lead to misalignment, wear, and premature failure. 

7. Material Properties: High operating temperatures can 
negatively affect the material properties of the 
components, reducing their strength, fatigue resistance, 
and thermal conductivity. For example, materials such as 
titanium alloys, though commonly used in high-speed 
compressors, have temperature limits beyond which their 
mechanical properties degrade, leading to failure. 

8. Cooling Systems: To mitigate heat generation, advanced 
cooling systems must be designed to maintain the 
components within safe operating temperatures. These 
systems can include lubrication systems to reduce 
frictional losses, as well as aero-thermal cooling 
techniques that remove excess heat from critical 
components such as the rotor and stator blades. 
Incorporating heat-resistant alloys and advanced coatings 
that can withstand the high temperatures generated in 
high-speed centrifugal compressors is essential to 
ensuring long-term reliability. Active thermal 

management systems, such as cooled bearings and rotor 
cooling, are increasingly being integrated into compressor 
designs to reduce heat buildup. 

9. Noise and Vibration: High-speed centrifugal compressors 
often generate significant noise and vibration, both of 
which need to be minimized to ensure smooth operation 
and compliance with environmental regulations. The 
sources of noise and vibration in high-speed centrifugal 
compressors include: 
a. Rotational Speed: The higher the rotational speed, the 

greater the acoustic energy generated. This energy can 
result in high-frequency noise that may be disruptive 
to both turbine operation and the surrounding 
environment. 

b. Blade Tip Vortex: As gas flows through the 
compressor, it interacts with the rotating blades, 
generating vortex shedding at the blade tips. These 
vortices can result in fluctuating pressure fields, which 
create sound waves that propagate as noise. 

c. Unbalanced Rotors: If the rotor is not perfectly 
balanced, it can cause vibrational instabilities that 
further contribute to mechanical stress and noise 
generation. Unbalanced rotors also contribute to rotor 
dynamic problems, exacerbating overall vibration 
levels in the system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Distribution of (A) Total Deformation and (B) Equivalent (Von Mises) Stress of the Centrifugal Compressor (Analysis No. 6) (Ansys Mechanical34 
Visualization) [16] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Compressor work – CCC gas turbine cycle vs DCC gas turbine cycle. [17] 
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TABLE II TYPICAL OPERATING CONDITIONS FOR HIGH-SPEED CENTRIFUGAL COMPRESSORS 
Parameter Value Range 

Inlet Pressure (Pa) 100,000 - 300,000 
Outlet Pressure (Pa) 400,000 - 1,500,000 
Rotational Speed (RPM) 50,000 - 150,000 

Efficiency (%) 70 - 85 
Temperature Increase (°C) 50 - 200 

 
To mitigate noise and vibration, designers use various 
techniques such as vibration dampers, sound-absorbing 
materials, and tuned mass dampers. These solutions can be 
integrated into the compressor housing or attached to the 
compressor components to absorb and dissipate vibrational 
energy. Additionally, optimizing the blade geometry and 
operating conditions (e.g., rotational speed and airflow) can 
reduce vortex shedding and the associated noise levels. 
 
E. CFD and Optimization in Compressor Design 
 
The design of high-speed centrifugal compressors involves 
intricate fluid dynamics that require accurate predictions and 
optimization to ensure optimal performance while 
minimizing losses, vibrations, and mechanical stress. 
Computational Fluid Dynamics (CFD) has emerged as a 
critical tool in the design, analysis, and optimization of high-
speed centrifugal compressors. CFD simulations allow 
engineers to model and predict the behavior of airflow 
through the compressor and make design decisions that 
improve efficiency, reliability, and environmental 
performance. 
 
1. CFD Applications in Compressor Design: CFD is 
employed at various stages of compressor design to simulate 
fluid flow behavior, predict performance, and optimize 
various components of the compressor system. The 
applications of CFD in high-speed centrifugal compressor 
design include: 
 

a. Aerodynamic Optimization: CFD simulations allow 
engineers to study the airflow through the compressor and 
adjust the impeller geometry, diffuser, and volute to 
optimize the airflow path. By adjusting the angles of 
attack, blade curvature, and clearance, engineers can 
reduce losses caused by turbulence, friction, and flow 
separation, ultimately improving efficiency. 

b. Performance Prediction: CFD can be used to predict 
important performance parameters such as pressure ratio, 
mass flow rate, temperature rise, and compressor 
efficiency under different operating conditions. These 
predictions help identify potential issues such as surge 
and stall, which are critical to compressor stability and 
performance. 

c. Heat Transfer Analysis: CFD is also useful for analyzing 
heat transfer characteristics in high-speed centrifugal 
compressors. It allows for detailed simulations of the 
thermal environment inside the compressor, predicting 
how heat is distributed across various components and 
helping to design effective cooling systems to prevent 
overheating. 

d. Structural–Fluid Interaction (SFI): Combining CFD with 
Finite Element Analysis (FEA) allows engineers to assess 
the structural integrity of components under fluid flow-
induced forces. This approach helps predict the 
mechanical stresses on rotating parts, such as the impeller 
and shaft, and enables design adjustments to prevent 
mechanical failure due to excessive stresses or vibrations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Distribution of (A) Radial and (B) Circumferential Deformation of the Centrifugal Compressor (Analysis No. 6) [18] 
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2. Optimization in Compressor Design: Optimization 
techniques are used in conjunction with CFD to refine 
compressor design. These techniques focus on improving 
specific performance parameters such as efficiency, pressure 
ratio, and mechanical integrity. Optimization methods 
include: 
 
a. Design of Experiments (DOE): This technique is used to 

evaluate multiple design variables and their effects on 
performance. DOE methods allow designers to 
systematically explore the design space, which may 
include parameters such as blade angle, rotor speed, and 
geometry. The goal is to identify the optimal design 
configuration that maximizes performance while 
minimizing losses. 

b. Genetic Algorithms and Evolutionary Optimization: 
These techniques simulate the process of natural 
evolution to identify optimal compressor designs. By 
using algorithms that mimic selection, mutation, and 
crossover, designers can develop highly optimized 

geometries for impellers, diffusers, and casings that 
maximize efficiency and minimize material usage. 

c. Multi-objective Optimization: This approach involves 
optimizing several objectives simultaneously, such as 
maximizing compressor efficiency while minimizing 
noise and vibration. Multi-objective optimization 
accounts for trade-offs among various design goals and 
helps engineers identify the best possible design solutions 
under competing constraints. 

 
III. PERFORMANCE ANALYSIS OF HIGH-SPEED 

CENTRIFUGAL COMPRESSORS 
 
The performance of high-speed centrifugal compressors is 
highly dependent on several design factors, including 
compressor geometry, operational speed, and the materials 
used in construction. This section presents the findings of 
CFD simulations, along with experimental data, to explore 
the impact of various design configurations on compressor 
performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.10 Polytrophic Efficiency Vs Flow Rate Coefficient [21] 

A. Efficiency 
 
High-speed centrifugal compressors, while capable of 
achieving high pressure ratios, often face challenges related 
to maintaining efficiency at increased speeds. The analysis 
investigates how compressor efficiency varies at different 
rotational speeds, highlighting the trade-offs between speed 
and performance. 
 
1. Impact of Speed on Efficiency: As compressor rotational 

speed increases, dynamic effects such as frictional losses, 
turbulence, and heat generation also tend to increase, 
which may reduce overall efficiency. However, higher 
speeds allow for the achievement of larger pressure ratios 
in a more compact design, which is beneficial for specific 
turbine applications. The key observation is the need to 
optimize rotational speed to balance efficiency losses 
with gains in pressure ratio. 

 

B. Pressure Ratio 
 
Achieving the required pressure ratio is one of the primary 
goals in centrifugal compressor design, especially for gas 
turbines that operate at high temperatures and pressures. 
High-speed centrifugal compressors are capable of 
generating high pressure ratios more efficiently than their 
low-speed counterparts due to their compact design and 
increased rotational speed. 
 
1. Required Pressure Ratios for Low-Emission Turbines: 

The study discusses how high-speed centrifugal 
compressors can achieve the necessary pressure ratios for 
low-emission gas turbines, which require efficient air 
compression before combustion. This section explores the 
effects of different compressor designs on the pressure 
ratios achievable within emission standards. 
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2. Trade-offs with Pressure Ratio: While higher pressure 
ratios improve turbine performance, they also increase the 
mechanical load on compressor components, leading to 
higher stress and heat generation. The results provide a 
detailed comparison of pressure ratios achieved in 
different compressor designs, demonstrating how 
efficient compression is maintained even at high speeds. 

 
C. Power Consumption 
 
High-speed centrifugal compressors generally consume more 
power due to the increased energy required to maintain high 
rotational speeds. However, the ability to achieve higher 
pressure ratios in a more compact design can result in more 
efficient power utilization in some cases. 
 
1. Power Consumption at High Speeds: A key focus of this 

section is how power consumption increases with 
compressor speed and whether the increase in power is 
justified by improvements in performance and emissions 
reduction. The results provide an analysis of how power 

consumption varies with design modifications such as 
impeller shape, rotational speed, and diffuser geometry. 

2. Efficiency of Power Utilization: The findings also 
highlight how different compressor designs and 
operational strategies can lead to more efficient power 
utilization. For example, improvements in aerodynamic 
efficiency can reduce power losses at higher speeds, 
thereby enhancing the power-to-performance ratio. 

 
D. Emission Reductions 
 
One of the central themes of this research is the potential for 
high-speed centrifugal compressors to contribute to emission 
reductions in gas turbines. Gas turbines, especially those used 
in power generation and aviation, are under increasing 
pressure to meet stringent environmental standards. This 
section will analyze the role of high-speed centrifugal 
compressors in reducing emissions, particularly NOx and 
CO₂ emissions, which are the primary pollutants associated 
with gas turbine operation. 

 
TABLE III GAS TURBINE EMISSIONS BEFORE AND AFTER OPTIMIZATION 

Emission Type Baseline (g/kWh) Optimized Compressor Design (g/kWh) Reduction (%) 
Nitrogen Oxides (NOx) 100 70 30% 
Carbon Dioxide (CO2) 500 400 20% 

Unburned Hydrocarbons (UHC) 10 5 50% 
Particulate Matter (PM) 2 1 50% 

 
E. Reduction in NOx Emissions 
 
Nitrogen oxides (NOx) are a major concern in gas turbine 
emissions because they contribute to air pollution and acid 
rain. High-speed centrifugal compressors influence 
combustion efficiency by providing higher pressure and more 
uniform airflow, which can lead to better mixing of air and 
fuel in the combustion chamber. This improved mixing helps 
reduce the formation of NOx by lowering peak flame 
temperatures and reducing oxygen concentration in the 
combustion zone. 
 
1. Effect of Compressor Design on NOx Emissions: The 

results explore how changes in compressor design, such as 
adjusting the impeller blade angle or optimizing the 
pressure distribution, influence the combustion process 
and, ultimately, NOx emissions. The study shows that 
compressors with better aerodynamic properties tend to 
produce lower NOx levels, contributing to cleaner turbine 
operation. 

2. Impact of High-Speed Operation: High-speed centrifugal 
compressors can lead to improved combustion stability and 
fuel efficiency, which indirectly lowers NOx formation. By 
simulating different operating conditions, the research 
demonstrates how these compressors can reduce NOx 
emissions in low-emission gas turbines. 

 
 

F. Carbon Footprint Reduction 
 
Carbon dioxide (CO₂) emissions are a significant concern in 
the context of global warming. High-speed centrifugal 
compressors can contribute to reducing the overall carbon 
footprint of gas turbines in two ways: 
1. Improved efficiency: Because high-speed compressors are 

more efficient, they reduce the amount of fuel needed to 
generate the required power output, leading to a decrease 
in CO₂ emissions. 

2. Optimized combustion: By improving combustion 
efficiency, high-speed compressors can lower the overall 
carbon emissions produced during turbine operation. 

 
G. Evaluation of CO₂ Reduction Potential 
 
The research quantifies the potential reduction in CO₂ 
emissions by comparing the performance of high-speed 
centrifugal compressors in low-emission turbines with that of 
traditional, lower-speed compressors. The results 
demonstrate how compressor optimization directly correlates 
with a reduction in the carbon footprint of turbine systems. 
 

IV CHALLENGES AND LIMITATIONS 
 
Despite the promising potential of high-speed centrifugal 
compressors, several challenges and limitations must be 
considered during their design and application in low-
emission gas turbines. This section discusses the major 
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challenges encountered during the study, as well as the 
limitations of the methods used. 
 
A. Data Limitations 
 
One of the challenges in this study is the limited availability 
of comprehensive experimental data on high-speed 
centrifugal compressors. While numerous studies have 
focused on compressor performance at moderate speeds, 
fewer have addressed the specific challenges of high-speed 
operation. As a result, there may be a gap in the available data, 
particularly in terms of long-term operational data for 
compressors used in low-emission gas turbines. 
1. Scarcity of Experimental Studies: High-speed centrifugal 

compressors are complex systems, and conducting 
experimental studies to capture all the necessary 
performance parameters (e.g., efficiency, emissions, and 
power consumption) can be costly and time-consuming. 
This limitation may affect the breadth of experimental 
data available for comparison with CFD results. 

 
B. CFD Simulation Accuracy 
 
CFD simulations are a powerful tool for analyzing 
compressor performance, but they are not without limitations. 
The accuracy of CFD models depends on several factors, 
including the quality of the input data, the complexity of the 
flow models used, and the computational resources available. 
 
1. Challenges in Modeling High-Speed Flows: At high 

rotational speeds, the flow within the compressor becomes 
highly turbulent, making accurate simulations difficult. 
While modern CFD tools can model these conditions to a 
certain extent, uncertainties remain in predicting the exact 
behavior of the flow, especially when dealing with 
complex geometries and transient effects such as shock 
waves and flow separation. 

2. Validation Against Experimental Data: CFD simulations 
are compared with experimental data to validate the 
models used. However, discrepancies between the 
simulations and real-world results can arise due to factors 
such as unmodeled physics (e.g., material behavior at high 
temperatures) or insufficient resolution in the 
computational grid. 

 
 

C. Material and Mechanical Challenges 
 
High-speed operation places considerable mechanical and 
thermal stress on compressor components. Selecting 
materials that can withstand these stresses while maintaining 
performance is one of the most significant challenges in high-
speed centrifugal compressor design. 
 
1. Material Selection: High-speed compressors require 

materials that can resist fatigue, thermal degradation, and 
wear at high rotational speeds and temperatures. 
Advanced alloys and composites are often used, but they 
involve increased costs and potential limitations in 
availability or manufacturability. 

2. Mechanical Stress: The centrifugal forces generated at 
high speeds can induce significant stresses on compressor 
blades and rotors, potentially leading to deformation, 
fatigue failure, or even catastrophic breakdown. This 
mechanical challenge requires careful design and material 
selection to ensure reliability and safety in high-speed 
applications. 

 
D. Future Directions 
 
As the demand for low-emission gas turbines increases, high-
speed centrifugal compressors play an increasingly important 
role in improving efficiency and reducing emissions in these 
systems. However, to fully optimize these compressors for 
broader industrial applications and to overcome existing 
challenges, several key areas require further research and 
development. This section outlines the most promising 
directions for future research in high-speed centrifugal 
compressor technology, focusing on advanced materials, 
noise and vibration reduction, and the integration of hybrid 
systems. 
 

V. ADVANCED MATERIALS FOR HIGH-SPEED 
CENTRIFUGAL COMPRESSORS 

 
One of the significant challenges in high-speed centrifugal 
compressor technology is the material requirements needed 
to withstand extreme conditions of temperature, pressure, and 
mechanical stress. As compressors operate at higher 
rotational speeds, the centrifugal forces acting on the 
compressor components become more pronounced, 
demanding advanced materials that can withstand these 
stresses without experiencing fatigue or failure. 

 

TABLE IV MATERIAL INNOVATIONS FOR HIGH-SPEED OPERATION 

Technology Key Features Challenges Applications 
Dry Low Emissions 
(DLE) Reduces NOx without water injection Complex design Power generation 

Hydrogen Co-Firing Zero CO2 emissions during 
combustion 

Storage and transport of 
hydrogen 

Experimental gas 
turbines 

Catalytic Combustion High NOx reduction Expensive catalysts Low-emission systems 
Lean Premixed 
Combustion Improved combustion efficiency Risk of instability Industrial gas turbines 
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To address these challenges, future research must focus on 
the development of high-performance materials capable of 
tolerating the high temperatures, thermal gradients, and 
extreme mechanical stresses associated with high-speed 
centrifugal compressor operation. Key areas of research 
include: 
1. Heat-resistant alloys: The development of advanced 
alloys that retain their strength at elevated temperatures is 
crucial for compressors operating in gas turbines, where 
temperatures can reach 800–1,000°C. These alloys must 
exhibit excellent creep resistance, fatigue strength, and 
thermal stability. 

2. Ceramic and composite materials: Materials such as 
ceramics and carbon-fiber composites are known for their 
superior thermal and mechanical properties, making them 
ideal candidates for high-speed compressors. Their 
lightweight nature can reduce rotor mass, which in turn 
improves efficiency and reduces wear. Research into novel 
ceramic matrix composites (CMCs) could further enhance 
compressor durability and performance. 

3. Coatings and surface treatments: The application of 
specialized coatings (such as thermal barrier coatings and 
abrasion-resistant coatings) can enhance the lifespan of 
compressor components exposed to extreme temperatures 
and abrasive environments. These coatings can also 
improve the corrosion resistance of critical parts, extend 
the operational lifetime of the compressors, and minimize 
maintenance requirements [25]. 

4. Long-Term Material Performance: In addition to 
developing new materials, researchers must focus on 
understanding the long-term performance of these 
materials under high-speed conditions. Fatigue analysis, 
material degradation, and thermal cycling studies will be 
important to ensure that compressor materials can reliably 
perform throughout their operational life without failure. 

 
A. Noise and Vibration Reduction Techniques 
 
High-speed centrifugal compressors, due to their rotational 
speed, generate significant levels of noise and vibrations. 
These undesirable effects not only contribute to operational 
inefficiencies but can also lead to long-term mechanical 
damage. Reducing noise and vibration is thus critical for 
enhancing compressor performance, ensuring reliability, and 
minimizing environmental and health impacts, especially in 
noise-sensitive applications such as aviation and urban power 
plants. 
 
1. Noise Reduction Technologies: Future research should 
explore advanced techniques to mitigate noise emissions 
produced by high-speed centrifugal compressors. Some 
promising avenues include: 
a. Acoustic dampening materials: The use of advanced 

materials and coatings that absorb or deflect sound can 
significantly reduce the noise emitted by compressors. 
These materials can be applied to compressor casings or 
integrated into the compressor design itself. 

b. Aerodynamic optimization: Optimizing the design of 
compressor blades, impellers, and diffusers can help 

minimize the turbulent flow that often generates noise. By 
reducing flow separation, optimizing blade profiles, and 
minimizing shock losses, engineers can significantly 
reduce the acoustic signature of the compressor. 

c. Active noise cancellation: Another cutting-edge approach 
to noise reduction is the use of active noise control 
systems. These systems utilize sensors and actuators to 
monitor and counteract noise through phase-inversion 
techniques, effectively "cancelling out" undesirable 
sound frequencies. 

 
2. Vibration Damping: High-speed centrifugal compressors 
also experience significant vibrations due to the centrifugal 
forces acting on rotating components. Excessive vibrations 
can lead to structural damage, fatigue failure, and increased 
maintenance costs. Research in vibration damping 
technologies will be crucial for ensuring the stability and 
longevity of high-speed compressors. Potential approaches 
include: 
a. Dynamic vibration absorbers: These devices can be 

integrated into the compressor structure to absorb and 
reduce unwanted vibrations. By tuning these absorbers to 
the specific frequencies of the compressor’s vibrations, it 
is possible to minimize their impact on the system. 

b. Flexible materials and isolation mounts: Incorporating 
flexible materials in the compressor design or using 
isolation mounts to decouple the compressor from the rest 
of the system can significantly reduce vibration 
transmission to other components. 

c. Rotor balancing and optimization: High-speed 
compressors must undergo precise balancing to minimize 
vibrations caused by mass imbalances in the rotating 
components. Future research will focus on advanced 
dynamic balancing techniques and the use of smart 
sensors to detect and correct imbalances in real-time. 

 
B. Hybrid Systems: Integration of High-Speed Centrifugal 
Compressors with Other Compression Technologies 
 
While high-speed centrifugal compressors are a promising 
technology for low-emission gas turbines, integrating them 
with other advanced compression technologies could further 
improve their performance and efficiency. These devices can 
be integrated into the compressor structure to absorb and 
reduce unwanted vibrations. By tuning these absorbers to the 
specific frequencies of the compressor’s vibrations, it is 
possible to minimize their impact on the system. The use of 
advanced materials and coatings that absorb or deflect sound 
can significantly reduce the noise emitted by compressors. 
These materials can be applied to compressor casings or 
integrated into the compressor design itself. 
 

VI. CONCLUSION 
 
High-speed centrifugal compressors have been identified as 
important enabling technologies for improving the efficiency 
and environmental performance of gas turbine systems. This 
review presents a thorough assessment of the technology and 
recent developments related to high-speed centrifugal 
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compressors in low-emission gas turbine systems. The results 
clearly show that high-speed centrifugal compressors enable 
high pressure ratios, compact designs, and improved 
aerodynamic performance, resulting in stable combustion, 
increased fuel efficiency, and lower emissions. However, 
despite these achievements, several challenges still need to 
be addressed, such as material limitations at high rotational 
speeds, thermal management issues, noise and vibration 
reduction, and the need for enhanced long-term reliability. 
Future studies should focus on the development of new heat-
resistant materials, advanced structural designs, and 
intelligent control systems to ensure stable and efficient 
compressor operation. Furthermore, emerging technologies 
such as artificial intelligence-based optimization, digital twin 
simulation, and hydrogen-based energy systems provide 
promising avenues for future gas turbine development. In 
conclusion, high-speed centrifugal compressors are essential 
for advancing low-emission gas turbine technology and 
supporting the global pursuit of sustainable energy 
production. 
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