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Dynamic compressors are vital components in gas turbines and various industrial
applications such as transportation, power generation, oil refineries, and petrochemical
plants. The gas turbine at the Gas Turbine Laboratory of Sharif University of Technology
uses a two-stage combined compressor with an axial first stage and a centrifugal second
stage. This study investigates replacing the centrifugal stage with a multi-stage axial
compressor to enhance turbine performance. A one-dimensional model was developed
and validated against experimental data to predict compressor behavior under design and
oft-design conditions. Based on this analysis, a three-stage axial compressor and a new
stator were designed, forming a four-stage axial configuration. Performance predictions
indicate that the proposed design achieves 10.1-15.1% higher isentropic efficiency along
the operating line, and at speeds above 90% of the design point, its pressure ratio
surpasses that of the existing combined compressor by up to 9.4%. The results confirm
that replacing the centrifugal stage with the new axial compressor is both feasible and

performance improvement,
one-dimensional modeling.

beneficial, improving performance while reducing engine diameter.

Introduction

Gas turbines are crucial energy conversion systems in modern
industries, providing propulsion in aviation and maritime
applications, as well as power generation in thermal power
plants. Their performance largely depends on the efficiency
and reliability of compressors, which typically consume
about 50% of the turbine’s power [1]. Therefore, designing
efficient and reliable compressors is essential for maximizing
the overall turbine efficiency.

Centrifugal compressors, though compact and robust, often
incur higher aerodynamic losses in multi-stage gas turbines.
In contrast, axial compressors offer higher efficiency, better
scalability, and lower flow losses, especially when multiple
stages are used. Many gas turbines employ hybrid
arrangements, coupling an axial stage with a centrifugal
stage. However, this combination introduces flow turning,
diffuser losses, and geometric challenges.

At the Gas Turbine Laboratory of Sharif University of
Technology, the experimental gas turbine features a two-stage
combined compressor: an axial first stage and a centrifugal
second stage. This study aims to replace the centrifugal stage
with a newly designed three-stage axial compressor, forming
a four-stage purely axial system. The replacement is expected
to enhance isentropic efficiency and pressure ratio while
reducing engine diameter, enabling a more compact design.

This work contributes to axial compressor research by
demonstrating a practical replacement strategy and providing
performance predictions validated against experimental
results.

Methodology

The research methodology consisted of three main phases:
one-dimensional performance modeling, aerodynamic
design, and performance prediction of the axial compressor.
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¢ One-Dimensional Performance Modeling

A one-dimensional code predicted compressor performance
across a wide operating range, calculating pressure ratio and
isentropic efficiency while accounting for rotor and stator
losses. Validation against experimental data from the existing
axial-centrifugal compressor showed deviations of 2.2% in
pressure ratio (Fig. 11) and 4.9—12.8% in isentropic efficiency
(Fig. 12), confirming adequate accuracy.

¢ Aerodynamic Axial
Compressor
The design began with defining inlet stagnation conditions, a

design pressure ratio of 2.5, target efficiency of 87%, mass

Design  of a Three-Stage

flow rate, and rotational speed (Table 1). Specific speed
analysis indicated that three axial stages were required to
achieve the desired pressure ratio while maintaining
efficiency. The rotor hub and shroud diameters were
determined using the Cordier diagram (Fig. 3) and non-
dimensional parameters. Blade profiles were based on NACA
65-series airfoils, providing stable subsonic performance with
low losses [16]. Blade number, solidity, aspect ratio, and tip
clearance were determined from empirical correlations to
prevent stall and minimize leakage. A stator stage was also
designed to connect the existing axial rotor with the new
three-stage compressor, ensuring smooth flow transition and
reduced turning losses.

e Performance Prediction of the New Configuration

The designed three-stage compressor was integrated with the
existing axial stage, forming a four-stage configuration (Fig.
6). Using the one-dimensional model, performance maps of
pressure ratio and isentropic efficiency versus mass flow were
generated and compared with experimental data, confirming
the predictive capability and performance advantages of the
new design (Fig. 13 and 14).

Results and discussion
The he performance evaluation demonstrated significant
improvements when replacing the centrifugal stage with the
three-stage axial compressor.

- Ratio: At turbine rotational speeds above 90% of the design
speed, the pressure ratio of the four-stage axial compressor
exceeded that of the existing configuration, reaching 9.4%
higher at the design point (Fig. 13). This result indicates
stronger compression capability and more effective
utilization.
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- Isentropic Efficiency: Along the operating line, the
isentropic efficiency of the new compressor was consistently
10.1-15.1% higher than that of the original design (Fig. 14).
Such efficiency gains directly lead to lower specific fuel
consumption and improved overall turbine performance.

- Validation with Experimental Data: When comparing the
one-dimensional predictions with laboratory measurements
of the existing compressor, the differences were limited to
2.2% in pressure ratio (Fig. 11) and below 13% in efficiency
(Fig. 12). This confirms that the developed prediction code is
reliable for evaluating and validating compressor
performance.

- Geometric Advantages: The proposed configuration
eliminates the bulky centrifugal stage, thereby reducing the
overall engine diameter. This geometric improvement results
in a lighter and more compact engine, which is particularly

advantageous for mobile and aerospace applications.

In summary, replacing the centrifugal stage with the newly
designed three-stage axial compressor enhances acrodynamic
performance, improves efficiency, and provides geometric
benefits without compromising predictive accuracy.

Conclusion

This study successfully demonstrated the feasibility of
replacing a centrifugal compressor stage with an equivalent
multi-stage axial compressor in a micro gas turbine. The
results confirm that such replacement can be achieved
without  compromising  stability ~ while  improving
aerodynamic performance. The new four-stage axial
configuration achieved up to 9.4% higher pressure ratio and
15.1% higher isentropic efficiency at the design point
compared to the original combined compressor (Fig. 15 and
16). The one-dimensional prediction model proved reliable
and accurate for preliminary compressor design and
performance evaluation. Furthermore, eliminating the bulky
centrifugal stage reduces the overall engine diameter, offering
practical benefits for compact integration in industrial and
propulsion systems. Overall, the proposed replacement
strategy enhances both thermodynamic efficiency and
geometric compactness, providing a practical pathway
toward improved gas turbine compressor design.
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Figure 1: Schematic diagram of the centrifugal
compressor of the gas turbine at Sharif University of
Technology.
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Table 1. Input data for compressor design.

Quantity Value
Working fluid Air (ideal gas)
Inlet stagnation temperature 327.2K
Inlet stagnation pressure 1.4 bar
Design mass flow rate My
Design rotational speed A\
Total-to-total pressure ratio 2.5
Expected isentropic 0.87
efficiency
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11 Chen

12 Karrabi
13 Rannou

4 Tip clearacne
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Table 2. Specific speed of compressor stages.
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Figure 2: Schematic of the axial compressor.
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Figure 6: Side view of the four-stage compressor.
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Table 3. Flow coefficient values in the designed
compressor stages.

First Second Third

Quantity Stage Stage Stage

Flow Coefficient 0,61 0.59 0.54
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Table 4. Loading coefficient values in the designed
compressor stages.

First Second Third

Quantity Stage  Stage Stage

Loading Coefficient
) 0.46 0.37 0.39
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Figure 5: Algorithm for calculating the flow properties
at the stator outlet.
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Figure 7: Schematic of a single stage of the axial
compressor.
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Table 5: Reaction coefficient values in the designed
compressor stages.

First  Second Third
Stage Stage Stage

Reaction Coefficient (R) 0.72 0.73 0.73

Quantity

oo oS Slib )0 (50 o g g Y Sue polie F Jguo
.cwib‘_?b.b

Table 6. Haller number and diffusion coefficient
values in the designed compressor stages.

Quantit First Second Third
y Stage Stage Stage
Haller Number 0.71 0.75 0.72
DF 0.43 0.38 0.40
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Figure 8: Algorithm for calculating the flow characteristics at section 2 (rotor outlet).
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Figure 9: Algorithm for calculating the flow characteristics at section 3 (stator outlet).
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Figure 11: Compressor pressure ratio versus mass flow
parameter for the axial compressor.
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Figure 12: Efficiency versus mass flow parameter for
the axial compressor.
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Figure 14: Isentropic efficiency versus mass flow
parameter.
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Figure 15: Efficiency versus mass flow parameter for the
COmpressor.

Isentropic efficiency(-)

0.8 1

0.7 4

0.6

0.5 1

0.4 1

0.3

g oS Gl e 1y 0y ol cans 003l Hloges VO S

e Design point
HTEN xlomwb
95%Np
0%Np
5%Np
|
170%Np
5%Np
160%N,

60 80 100 120 140 160 180

Mass Parameter (m[ka/s]V To[K1/Pslbar])

Figure 16: Efficiency versus mass flow parameter for
the four-stage axial compressor.
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Figure 13: Total-to-total pressure ratio versus mass flow
parameter.
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