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Abstract: To achieve multi-objective aerodynamics design optimization for a 1.5-stage transonic
compressor, a design platform incorporating blade parameterization methods, a BPNN surrogate
model, and the NSGA-II optimization method was developed. The stagger angle distribution of
three blade rows was selected as the optimization variable, with isentropic efficiency at the new
design condition and stall margin set as the goal functions. Results demonstrated that, without
altering the blade profile shape and endwall contour, the flow rate at design condition increased by
7.1%, stall margin increased by 1.8%, isentropic efficiency decreased by 0.0087, and total pressure ratio
experienced a slight increase. The flow field at different conditions before and after optimization was
compared and analyzed. The analysis indicated that the tangential velocity of rotor outlet becomes
the determining factor for the compressor’s work capacity. The relative Mach number at the rotor
inlet emerged as the key parameter affecting shock wave intensity and shock wave/boundary layer
interaction, which directly influenced the efficiency of the rotor passage. At near stall condition, the
stator vane root’s stagger angle is crucial for the compressor’s performance.

Keywords: transonic compressor; aerodynamics optimization; stagger angle; BPNN surrogate model;
NSGA-II

1. Introduction

As one of the three major components of gas turbines, compressor performance is
highly related to the performance and stable operating margin of gas turbines [1,2]. In
order to further improve the compression capability of the compressor, the transonic stage
is widely used in the design of the inlet stage. Due to the existence of a strong adverse
pressure gradient, shock wave-induced boundary layer separation, corner separation,
rotor-stator interaction, and other steady and unsteady complex flow problems in the
internal flow field of the transonic stage, the difficulty of compressor design is further
increased. Currently, the design of the transonic stage has reached a high level, but even
small efficiency improvements in the compressor can bring huge savings in terms of fuel
costs for the gas turbine, which is key to the success of a gas turbine product [3].

In recent years, evolutionary algorithms have been successfully applied to aerody-
namic optimization design problems by a large number of researchers due to their simplicity,
ease of use, wide application range, and global perspective [4]. Oyama et al. [5] developed
a reliable and efficient aerodynamic design optimization tool based on an evolutionary
algorithm and applied it to the aerodynamic redesign of NASA Rotor67. Entropy gen-
eration minimization was used as the objective function to achieve higher aerodynamic
efficiency. Benini [6] utilized a new genetic diversity evaluation method to establish the
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fitness allocation criterion in the conventional evolutionary algorithm and applied it to the
optimization of NASA Rotor37 to improve its efficiency.

In studies regarding aerodynamic performance optimization for compressors, multi-
objective optimization problems have gradually become mainstream. The most typical
genetic algorithm in evolutionary algorithms is widely used by researchers due to its high
adaptability in multi-objective optimization [7]. Lian and Lion [8] utilized the genetic
algorithm as an optimization tool to build a multi-objective and multi-disciplinary opti-
mization design platform, which was applied to optimize the aerodynamic structure of
three-dimensional transonic compressor blades, significantly reducing the calculation time.
Razavi et al. [9] employed a genetic algorithm optimizer for multi-objective optimization in
the lean and sweep design of NASA Rotor 67, improving its stage pressure ratio, efficiency,
and stall margin. Wang et al. [10] constructed a coupled optimization platform integrating
multi-objective genetic algorithms and approximate models, enhancing the accuracy of
mathematical prediction models, which was verified on NASA Rotor37. Li et al. [11] ap-
plied the sweep angle optimization design method based on surrogate models and genetic
algorithms to the optimization design under total pressure distortion inflow conditions
for a transonic axial compressor. In order to study the influence of aspect ratio and solid-
ity on the performance of heavy-duty gas turbine transonic compressors, Liu et al. [12]
built a multi-objective optimization platform based on genetic algorithms to improve the
efficiency and stall margin of an inlet 1.5 stage transonic compressor at design condition.
Although genetic algorithms are widely used as optimization tools in transonic compressor
optimization design, most studies focus on improving efficiency and stall margin. There
are few studies that focus on enhancing the flow capacity of transonic compressors. Flow
capacity is the so-called choke-limit, which can be altered by controlling aerodynamic and
geometric blockage. This implies that optimization tools can be employed to enhance the
compressor’s flow capacity.

After a gas turbine is successfully developed, it can be used as a prototype to derive
many modified products according to the needs of different scenarios, thus bringing huge
economic benefits [13,14]. The object of research in this paper is the transonic inlet 1.5 stage
of a gas turbine multi-stage compressor. To further improve the output power of the gas
turbine, the design mass flow of the compressor usually needs to be increased. One of the
solutions one can use to achieve this involves increasing the flow capacity of the inlet stage
while keeping the endwall contour of flow passage unchanged, which can reduce the cost of
research and lead to the development of new gas turbines. According to traditional design
methods, this can be achieved by increasing the rotation speed and changing the stagger
angle of the three blade rows. To maximize the efficiency and stall margin of this new
1.5 stage transonic compressor under the constraints of mass flow rate and total pressure
ratio at design condition, a compressor aerodynamic optimization platform based on blade
parameterization, neural network surrogate models, and a multi-objective optimization
method called NSGA-II was built. The spanwise stagger angles of blade sections for the
three blade rows were taken as optimization variables, while the isentropic efficiency of the
new design condition and stall margin were considered as optimization objectives. The
optimized compressor’s total pressure ratio at design condition must not be less than that
of the prototype.

2. Optimization Method
2.1. Research Object

The research object of this paper is the transonic inlet 1.5 stage of a gas turbine multi-
stage axial compressor. Both the inlet guide vane and the stator vane are adjustable. Some
design parameters of the prototype are shown in Table 1. A small hub-tip ratio of about
0.37 was adopted in rotor design. The negative pre-swirl design is used near the hub to
strengthen the work capacity of the rotor root and reduce the radial mixing. A positive
pre-swirl design was adopted near the rotor tip to limit the relative Mach number at the
rotor inlet. At design condition, the total pressure ratio of this prototype 1.5 stage transonic
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compressor is 1.44, the isentropic efficiency is 0.8867, and the stall margin is 22.4%. The
stall margin is defined as follows:

SM = (
πNS/mNS

πDP/mDP
− 1)× 100% (1)

where π represents the total pressure ratio, m represents the flow rate, the subscript DP
represents the design point, and the NS represents the near stall condition. The near stall
condition is defined as the last converged point with the maximum average static pressure
at the stage outlet. When the outlet static pressure increases by 100 Pa, the numerical
calculation will blow up.

Table 1. Design parameters of 1.5-stage transonic compressor.

Number of Blade Hub-Tip-Ratio Solidity Aspect Ratio

IGV 42 0.39 1.04 5.54
Rotor 16 0.37 1.58 1.4
Stator 40 0.44 1.28 4.2

2.2. Optimization Objective

According to the design requirements for the new gas turbine, the target design mass
flow of the modified compressor needs to be increased by 7.1%, and the rotation speed
needs to be increased by 2%. To ensure the safety of the gas turbine, the stall margin of the
modified compressor needs to be at least 22.4%. Within the constraints of the design total
pressure ratio, the isentropic efficiency needs to be maximized. Under the condition where
the profile of the compressor remains unchanged, a significant increase in the design flow
rate will inevitably impact the compressor’s isentropic efficiency.

In this paper, the objective function of multi-objective optimization is selected as
efficiency drop value and margin improvement. Functions are defined as follows:

Obj1 = c1(ηre f − η), Obj2 = c2
SM − SMre f

SMre f
(2)

where the subscript ref refers to the performance parameters of the design condition and c1
and c2 are the weight coefficients of the objective function.

2.3. Numerical Calculation Method

The mesh required for three-dimensional numerical calculation was generated in
the AutoGrid5 module using the structural mesh of the O4H topology [15]. To assess
the influence of computational grid size on the accuracy of calculation results, the grid
independence of four different amounts of grids was studied. It can be found in Figure 1
that the simulation results tend to be consistent when the grid size exceeds 3 million.
Therefore, the total number of fluid grid was 3.72 million, which can not only take into
account the calculation accuracy but also maintain the calculation efficiency. The mesh near
the wall was refined to keep the y+ value below 5 to capture the flow details in the boundary
layer. The rotor tip clearance was 0.6 mm, and 17 layers of grids were arranged radially in
the clearance to accurately capture the variation of clearance flow. The calculation domain
and grid mesh on solid wall are shown in Figure 2.

In this paper, the NUMECA Fine/Turbo EURANUS solver was used to perform the
steady numerical simulation [16]. The finite volume scheme and Spalart–Allmaras turbu-
lence model were used to solve the three-dimensional compressible Reynolds-averaged
Navier–Stokes equations of each component in the relative coordinate system, and the
multigrid method was used to accelerate the convergence. The inlet boundary condition
was given as total temperature, total pressure, flow direction, and the working fluid was
the ideal gas. The mass flow was given as the outlet boundary at the design condition,
and the average static pressure was given at other conditions. The solid wall was under
adiabatic non-slip conditions. When calculating different samples, the mesh topology and
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grid distribution, and boundary conditions were consistent to eliminate possible errors
caused by the calculation.
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The research team conducted a test on a reduced-scale 1.5-stage transonic compressor
of a heavy-duty gas turbine and obtained the compressor characteristic curve [12]. To verify
the accuracy of the numerical calculation, a three-dimensional numerical simulation of
the test piece was performed using the same meshing topology and boundary condition
settings as the numerical calculation carried out in this paper. In Figure 3, the numerical
results of total pressure ratio and isentropic efficiency agree well with the experimental
results, but there was a little deviation in value and stall margin. The total pressure ratio
of the test was higher than the calculation results. The isentropic efficiency of the test at
small mass flow conditions was less than the calculation results. The stall margin of the
compressor test was significantly higher than that of the numerical simulation because
the steady numerical calculation could not accurately predict the near stall condition of
the compressor.

2.4. Blade Parameterization Method

In this paper, the three-dimensional blade parameterization was completed based
on the Autoblade module in NUMECA software [17]. The blade profile was fitted using
the camber superposition thickness approach with six control points of the 5-order Bezier
curve adopted to fit the thickness distribution and eight control points of the 7-order
Bezier curve adopted to fit the camber curve. The leading and trailing edge points of
the profile each occupied one control point. A three-dimensional blade was formed by
stacking the blade profiles along the center of gravity. The stacking line was fitted by a
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three-dimensional line. The geometric fitting results are shown in Figure 4. These results
indicate that the difference between the original and the fitted profiles only appears near
the leading and trailing edges and that the difference was quite small. Figure 5 shows the
performance comparison of the compressor before and after parameterization. The results
demonstrate that the performance curves of the parameterized compressor, including
aspects such as peak efficiency and stall margin, are in good agreement with the prototype
compressor, which indicates that the prototype compressor can be substituted by the
parameterized compressor.
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2.5. Optimization Variables

Prior to optimization, a large number of three-dimensional numerical calculations and
aerodynamic analyses based on the prototype compressor were completed. The results
showed that a decrease in the guide vane stagger angle would increase the flow rate of
the compressor, but it would also decrease the isentropic efficiency and stall margin. The
decrease in the rotor stagger angle would have the same effect. The stagger angle of the
stator mainly affects the mass flow at peak efficiency conditions.

Based on the above analysis, the spanwsie stagger angles of blade sections for the three
blade rows was chosen as the optimization variable. Considering that there are 11 sections
in each row of blades, resulting in a total of 33 control variables, it is indeed crucial to
reduce the optimization variables in order to enhance the optimization efficiency. In this
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paper, three third-order Bezier curves are used to control the spanwise distribution of
stagger angles for blade section for each blade row. This approach improves optimiza-
tion efficiency, ensures the smoothness of the optimized blades, and greatly reduces the
calculation sample space.
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For the prototype 1.5 stage transonic compressor, the spanwise distribution of stagger
angle for the three blade rows is shown in Figure 6 with discrete symbols, and the fitted
curve with three third-order Bezier curve is also shown in Figure 6. For each blade row,
the Bezier curve can represent the spanwise stagger angle of each blade row reasonably
well. During optimization, the abscissa of the control point moves horizontally while the
spanwise position remains unchanged. Thus, the twist shape of each blade row is changed.
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2.6. Aerodynamic Optimization Method

NUMECA is a high-precision CFD software that integrates the functions of geometric
parameterization, meshing, three-dimensional numerical calculation, and post-processing
of turbomachinery. All modules can run automatically through corresponding scripts. An
automatic optimization platform based on MATLAB was built in this paper. The platform
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includes an initial sample generation module, a three-dimensional numerical calculation
module, an optimization module, and a convergence judgment module. The optimization
flow chart is shown in Figure 7. The functions and specific implementation methods of
each module are discussed in detail below.
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Figure 7. Flow chart of aerodynamic optimization.

The initial sample generation module, indicated by a red dotted line, involves obtain-
ing the stagger angle distribution of blade rows through the three-dimensional parame-
terization of the prototype compressor. The compressor modeling can then be realized
with 12 control points. The sample space of this paper was obtained by Latin hypercube
sampling, which ensured that the samples were fully distributed in the range of all vari-
ables. Each sample contained 12 different control points, and a program code was written
to calculate the stagger angles of different blade spans. The parameterization file was
generated after parameterization, and the parameterization file of the new compressor
could be obtained by a program to replace the original stagger angle distribution in the file.
This approach ensured that only the stagger angle distribution of the compressor varied
between different samples while other design parameters were kept unchanged. The main
function of this module was to obtain parameterization files for all initial samples.

The numerical calculation module, indicated by a blue dotted line, mainly includes
functions such as geometric generation, grid meshing, three-dimensional numerical simula-
tion, and CFD results post processing. The automatic operation of the above functions can
be realized by a MATLAB program that can call different modules in NUMECA software
through different scripts. The main function of this module is to perform a numerical
simulation of the input parametric files and export the results.

The optimization module, indicated by a green dotted line, mainly includes two func-
tions: surrogate model training and multi-objective optimization. The surrogate model uses
BPNN (Back Propagation neural network)—optimized by GA (Genetic Algorithms)—and
the NSGA-II (Non-Dominated Sorting Genetic Algorithms II) algorithm was adopted in the
multi-objective optimization. In practical optimization problems, using mathematical surro-
gate models instead of high-precision simulation to improve the efficiency of optimization
has become one of the most commonly used approaches.

Compared with conventional artificial neural networks, BPNN uses the principle of
gradient descent to calculate the correction of network connection weights and constantly
corrects the weights until the error meets the predetermined requirements [18]. However,
BPNN is sensitive to the initial weights and biases randomly generated in the network
during training. To improve the accuracy of model prediction, a single-objective genetic
algorithm is used to optimize BPNN. The error of the training set is used as the fitness
function, and the weight and bias of each node in the neural network are used as the
optimization independent variables to optimize the forward propagation of network pa-
rameter initialization. The model is retrained after obtaining the optimal initialization
parameters. Two neural networks were used to train the standard data set (Abalone Data)
to verify the optimization function of genetic algorithm on BPNN. The training results are
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shown in Figure 8. The results for the 10-times repeated training showed that the mean
error of BPNN optimized by GA decreased by 12.8% compared to the original BPNN. The
number of hidden layers of the neural network was finally selected as seven by multiple
experiments on the sample set, providing a better compromise between the efficiency of
training and the accuracy of the model. The structure of the neural network is shown in
Figure 9.
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The optimization algorithm used in this paper is NSGA-II, which is a widely used
multi-objective genetic algorithm [19]. It reduces the complexity of non-inferior sorting
genetic algorithms and advantages of the algorithm include fast running speed and good
convergence of solution set. Due to its wide application, it has become a benchmark for
measuring the performance of other multi-objective optimization algorithms.
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3. Optimization Results

The optimization in this paper is a continuous iterative process, and the convergence
criterion is to meet the optimization objectives while ensuring that the relative error between
the neural network prediction value and the three-dimensional CFD result is less than 1%.

Ten instances of repeated training will be carried out for the BPNN prediction model.
The two models with the largest and smallest errors are selected for multi-objective opti-
mization, and then some of the advantages are added to the sample set of the previous
generation. Such measures can avoid falling into local optimum and improve the prediction
accuracy of neural network. The performance distribution and Pareto front of all sample
points is shown in Figure 10. The green dots represent the performance of the prototype
compressor, while the remaining black dots represent other samples.
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Considering the matching with subsequent stages, the optimized compressor exhibits
a limitation on the total pressure ratio, as illustrated by the blue dotted line. While the
efficiency of all sample points declines after the design flow rate of the compressor increases,
the efficiency of the maximum efficiency point experiences the least severe reduction and
meets the constraint conditions. However, the point of maximum margin lies outside the
limits and does not fulfill the design requirements. Consequently, taking various factors
into account comprehensively, this study selects the maximum efficiency point as the final
optimization result for the compressor.

Figure 11 displays a performance comparison between the prototype and optimized
1.5 stage transonic compressors, labeled as ORI and OPT, respectively. It highlights choke
(choked condition), DP (design condition), and NS (near stall condition). Table 2 lists the
key performance parameters for both compressors. In comparison to ORI, OPT shows
a slight increase in the total pressure ratio at design condition, a decrease in isentropic
efficiency by 0.0087, an increase in margin by 1.8%, and a 7.1% increase in design mass flow.

Figure 12 illustrates the spanwise distributions of stagger angles for the three blade
rows. The black dotted line in the figure marks the boundary of the blade profile’s stagger
angle during optimization. The inlet guide vane stagger angle for OPT generally shifts to
the left, with greater variation below the 30% span. OPT’s rotor stagger angle is similar
to ORI’s near the endwall, but within the main blade span, it is notably smaller, with
the maximum deviation occurring around mid-span. OPT’s stator vane stagger angle,
overall, shifts to the right, with decreasing variation toward the shroud wall and the
largest decrease near the 20% span. In order to further analyze the impact of stagger angle
variations on compressor performance, the flow field of the compressor under different
operating conditions is examined in the following sections.
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4. Discussion
4.1. Flow Field Analysis at Design Condition

The primary focus of this paper is to analyze the impact of stagger angle change on
performance at the design point. Figure 13 displays the spanwise distributions of total
pressure, total temperature, and isentropic efficiency at the rotor outlet. OPT’s total pressure
is smaller than ORI’s above 80% span and below 20% span, while it is larger within the
remaining span. The comparison of total temperature between ORI and OPT mirrors that
of total pressure. The total temperature at the rotor outlet represents the work performed by
the compressor with respect to the airflow, suggesting that work is intensified in the passage
for OPT and weakened near the endwall. The isentropic efficiency of OPT above 90% span
aligns with ORI’s but is slightly lower below 90% span, and the isentropic efficiencies of
the two coincide near the 10% span.
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Figure 13. Spanwise distribution of aerodynamic parameters at rotor outlet.

To gain a more intuitive understanding of how changes in stagger angles impact
airflow incidence at the rotor inlet, Figure 14 presents velocity triangle diagrams for
three typical blade spans. In the figure, pink denotes ORI and blue signifies OPT. Since
the rotor stagger angles at the blade tip and root remain almost constant, rotor blades are
represented by black curves. At 5% span, the reduction in the guide vane stagger angle
causes a corresponding decrease in rotor counter-swirl, leading to a diminished rotor inlet
airflow incidence. As the optimization in this study did not involve adjusting blade profiles,
the working capacity of OPT blade roots declines significantly when both incidence and
inlet Mach number decrease. At 50% span, the decrease in the guide vane stagger angle
also results in reduced airflow angles at the rotor inlet. However, the decline in the rotor
stagger angle for mid-span is more pronounced than that of the airflow angle, ultimately
causing OPT’s incidence in mid-span to exceed that of ORI.

Figure 15 presents the spanwise distributions of the inlet incidence, flow turning angle,
and working coefficient of the transonic compressor’s rotor blade. In Figure 15a, it can
be observed that, below 20% blade span, the OPT inlet incidence is smaller than that of
ORI incidence. From 20% to 80% blade span, the OPT inlet incidence increases, while
above 80% blade span, the OPT incidence slightly decreases compared to the ORI. Based
on previous analysis, this variation is attributed to changes in the stagger angle of the
guide vane and rotor blade. While the blade profile remains unchanged, alterations in the
stagger angle lead to significant changes in the tangential velocity of the outlet. Figure 15b
demonstrates that the tangential velocity of the OPT is generally higher than that of the
ORI, with a significant improvement in the mid-span region and minor variations near the
endwall. Figure 15c reveals that the loading coefficient of the OPT is only slightly higher
than that of the ORI within the 30% to 60% span range, while at other locations, the loading
coefficient of the OPT is lower than that of the ORI. Considering the total temperature
distribution at the rotor outlet, although the work done by the rotor blades increases, the
OPT rotational speed also increases by 2%. Therefore, the actual loading on the rotor blade
near the mid-span does not show a significant improvement but rather a notable decrease
near the endwall. With the increase in rotational speed, the overall tangential velocity at
the outlet of the moving blades should increase. However, due to the combined effect of
changes in the stagger angle of the guide vane and rotor blade, the tangential velocity near
the endwall remains nearly unchanged. In summary, the changes in the stagger angles
of the rotor and guide vane alter the distribution of tangential velocity at the rotor outlet,
consequently affecting the performance of the compressor in terms of work capability.

To effectively illustrate the variations in the loss of the three blade rows at the design
condition, the total pressure loss coefficient for each blade row is provided in Figure 16.
Loss coefficient is defined as follows:
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ω =
p∗1 − p∗2
p∗1 − p1

× 100% (3)

where the subscripts 1 and 2 represent the blade inlet and outlet, respectively; the super-
script * represents the stagnation state.
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Figure 14. Velocity triangle diagram of three span of rotor inlet.

Figure 16 demonstrates that the losses of the three blade rows for OPT are all higher
than those for ORI, with the rotor loss experiencing the most significant increase. The
airflow in the guide vane is characterized as accelerated flow, and the increase in its loss is
attributed to the rise in Mach number resulting from the enhanced flow rate.

The loss within the rotor mainstream flow domain is primarily divided into shockwave
loss and profile loss. Shock wave loss is predominantly influenced by the inlet Mach
number, while profile loss mainly stems from wake mixing and airflow separation on the
blade surface. The spanwise isentropic efficiency distribution in Figure 13 reveals that the
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isentropic efficiency of ORI surpasses that of OPT below 90% span. Figure 17 demonstrates
that, at 5% span, OPT’s surface isentropic Mach number is substantially greater than ORI’s,
with no shockwave occurrence in passage. Given the significantly higher surface isentropic
Mach number of OPT compared to ORI, due to the same blade profile, the blade loss
induced by OPT is markedly greater than that of ORI. Consequently, this results in lower
isentropic efficiency near the hub for OPT compared to ORI. At 50% and 95% span, the
Mach number in front of shock wave of OPT is greater than that of OPT, indicating that the
shock loss of OPT is higher than that of ORI.

Within the transonic rotor’s passage, shockwave/boundary layer interaction occurs on
the suction surface, with the associated loss being proportional to the shockwave intensity.
Moreover, airflow separation resulting from shockwave/boundary layer interaction also im-
pacts wake mixing. Figure 18 presents the limiting streamline and isentropic Mach number
contours on the suction surface of the rotor blade. The streamline distribution reveals that
some of OPT’s streamlines are noticeably disrupted by the shockwave, indicating that the
shockwave-boundary layer interaction in OPT is significantly stronger, ultimately leading
to a decrease in OPT’s isentropic efficiency. The difference arises solely from the variation
in the stagger angle, suggesting that the inlet Mach number primarily influences the rotor
blade. In conclusion, the main reason for the discrepancy in the spanwise distribution of
rotor blade isentropic efficiency is the variation in the inlet Mach number.
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Figure 15. Spanwise distribution of inlet incidence, tangential velocity, and load coefficient at rotor 

domain: (a) incidence; (b) tangential velocity; (c) load coefficient. 
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where σ Indicates the solidity of the stator vane; V indicates absolute velocity. 
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Figure 18. Isentropic Mach number contour and limiting streamline on suction surface of rotor blade.

Due to the low hub-tip ratio adopted in the rotor design, the rim speed near the hub
is low. In order to improve the working ability of the rotor root, a counter swirl of the
guide vane and a large camber angle of the rotor root are adopted. However, these designs
lead to a large rotor outlet velocity, which is not conducive to the flow of the stator root.
The spanwise distribution of the total pressure loss coefficient, the inlet absolute Mach
number, and diffusion factor of the stator blade are shown in Figure 19. The diffusion factor
is defined as follows:

D = 1 − V2

V1
+

∆Vt

2σV1
(4)

where σ Indicates the solidity of the stator vane; V indicates absolute velocity.
The overall stator inlet velocity of OPT is higher than that of ORI, primarily due to

OPT having a larger flow rate, which results in a corresponding increase in its axial velocity.
The distribution of loss coefficient depicted in the figure reveals that the difference between
ORI and OPT is minimal, but the loss coefficient is larger in vane roots. The average relative
loss of the vane in Figure 16 also corroborates this observation, indicating that the stator
loss does not change significantly at the design point. Moreover, the distribution of the
stator diffusion factor discussed in the paper demonstrates that the loading of OPT is higher
than that of ORI overall, and the loading of the stator blade progressively decreases from
the vane root to the vane tip.
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To analyze the changes in the stator flow field, Figure 20 presents the limiting stream-
lines and isentropic Mach number contours on the suction surface of the stator vane. The
figure clearly shows that a significant corner separation exists in the root region of the ORI
stator, which is primarily caused by the excessively high inlet Mach number. However,
an even larger corner separation appears in the root region of the OPT stator, with the
separation initiation location moving upstream. The inlet Mach number at the root of
the ORI stator is already quite high, and as the stagger angle of the OPT stator decreases,
the root loading further increases, leading to a more extensive stall. Although the inlet
Mach number and loading of the OPT stator have both increased overall, the differences in
streamlines in the remaining suction surface locations are not significant. This indicates
that the stator is still operating within a low-loss range outside the root region—consistent
with the total pressure loss distribution.
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4.2. Flow Field Analysis at Near Stall Condition

To analyze the impact of stagger angle variation on the flow field at the design point of
the compressor, the flow field at near-stall conditions is examined in detail below. Figure 21
presents the total pressure loss coefficient for the three rows of blades near stall condition—
using the same calculation method as in Figure 16. Compared to the design point, the
loss in the guide vane is reduced, which is primarily due to the decreased flow rate and
flow velocity within the guide vane passage. The loss in the rotor passage dominates
the compressor loss, and although the loss increases compared to the design point, OPT
experiences a greater increase. In comparison to the design point, the vane loss increase
for ORI is minimal, but the vane loss for OPT nearly doubles. Based on the performance
curve of the compressor, the isentropic efficiency of OPT drops sharply near stall condition,
indicating a significant loss in the stator vane of OPT. The isentropic efficiency of the ORI
rotor is 0.814, while the isentropic efficiency of the OPT rotor is 0.79. In summary, the sharp
losses in the passage of the OPT rotor blade and vane combined leads to a rapid decline in
its stage performance.
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Figure 21. Total pressure loss coefficient of three blade rows at near stall condition.

Figure 22 displays the spanwise distribution of the rotor outlet total temperature,
total pressure, and isentropic efficiency. Compared to ORI, OPT’s total pressure is higher
at mid-span, lower at the blade root, and slightly lower near the blade tip. The total
temperature distribution demonstrates that, at near stall condition, the working capacity
of the rotor blade tip is significantly improved while the profile remains unchanged. In
comparison to ORI, OPT’s working ability at the blade root is weakened, increasing at
mid-span and remaining almost the same at the blade tip. Efficiency distribution indicates
that OPT experiences greater losses than ORI above 50% span. Figure 23 presents the
spanwise distribution of rotor inlet incidence, relative Mach number, and axial velocity.
The distribution of incidence reveals that the incidence near OPT’s tip is greater than that
of ORI, and the distribution at other positions is consistent with distribution at the design
condition. Although the inlet Mach number distribution variation between OPT and ORI is
similar, the difference between them is minimal. The axial velocity distribution represents
the airflow distribution through different sections. Compared to the design condition, the
proportion of flow through the tip is significantly reduced. This is primarily due to the
decreasing flow rate, which causes the shock wave’s position to gradually move towards
the leading edge and increases the shock wave’s strength, thereby limiting the flow rate in
the passage.
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Figure 22. Spanwise distribution of aerodynamic parameters at rotor outlet at near stall condition.
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Figure 24 aims to explore the reasons for the decrease in rotor blade efficiency above
50% span by showing the entropy contour of the rotor blade tip region. The initial position
of the tip leakage vortex is close to the leading edge, and the development of the leakage
vortex has a severe impact on the downstream and flow field of the lower span. In addition,
compared to ORI, the suction surface separation of OPT is more serious, and under the
influence of blade tip leakage, the high entropy area in the flow field becomes larger. In
summary, tip leakage and suction surface separation are the main reasons for the decline in
tip efficiency.

Figure 25 displays the isentropic Mach number contour and limiting streamlines on
the suction surface of the rotor blade. Compared to the design point, the position of the
shock wave moves toward the leading edge, the intensity of the shock wave increases,
and the corner separation of the blade root intensifies. According to the previous analysis,
the increase in shock wave intensity leads to greater separation of the suction surface.
Compared with ORI, the upwash phenomenon on the suction surface of OPT is more
pronounced, which is one of the main reasons for OPT’s lower efficiency compared to ORI.
Figure 26 shows the spanwise distribution of stator static pressure at the rotor exit. The
distribution of static pressure indicates that it remains nearly constant between 15% and 60%
span, suggesting an imbalance in the load distribution of OPT at near stall condition. As a
result, the flow will move upward under the action of centrifugal force, forming upwash.



Machines 2023, 11, 631 18 of 22

Machines 2023, 11, x FOR PEER REVIEW 18 of 22 
 

 

0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

S
p

a
n

 [
-]

Incidence [degree]

 ori

 opt

0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

S
p

a
n

 [
-]

Relative Mach Number [-]

 ori

 opt

20 60 100 140 180
0.0

0.2

0.4

0.6

0.8

1.0

S
p

a
n

 [
-]

Axial Velocity [m/s]

 ori

 opt

 

(a) (b) (c) 
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Figure 25. Isentropic Mach number contour and limiting streamline on suction surface of rotor blade
at near stall condition.

Figure 27 displays the spanwise distribution of the stator total pressure loss coefficient,
incidence, and diffusion factor at near stall condition. The total pressure loss coefficient
reveals that OPT has a larger total pressure loss below 50% span. The incidence distribution
indicates that the incidence of OPT increases rapidly below 80% span. This is primarily
due to the significant decrease in the stagger angle of the stator vane of OPT, especially
around 15% span. Figure 27c shows that the diffusion factor of OPT is slightly lower than
ORI above 50% span, while it is higher than ORI below 50% span. To explain the change in
stator loading, a more detailed analysis of the flow field is required.
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Figure 26. Spanwise distribution of static pressure at rotor outlet.

Figure 28 presents the entropy contour and limiting streamline of the suction surface
of the stator vane at different span. The figure clearly illustrates that the root of the vane
has severe corner separation, and the airflow separation range of OPT reaches 30% span.
This observation suggests that the greater loss at the root of the stator is due to the serious
corner separation at the stator root and the severe airflow separation on the suction surface
of OPT below 40% span, which ultimately results in significant total pressure loss.
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stator blade at near stall condition: (a) total pressure loss coefficient; (b) incidence; (c) diffusion factor.

From Figure 27 and previous analysis, we can conclude that the stagger angle near the
stator root of OPT is significantly reduced, causing the stator to operate at an incidence far
beyond its normal range. This ultimately results in severe separation on the suction side of
the blade, leading to decreased loads and increased losses.
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Figure 27. Spanwise distribution of total pressure loss coefficient, incidence, and diffusion factor of 

stator blade at near stall condition: (a) total pressure loss coefficient; (b) incidence; (c) diffusion fac-
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5. Conclusions

In this study, a compressor aerodynamic design optimization platform, which incor-
porates a Non-Dominated Sorting Genetic Algorithm II (NSGA-II) and a Backpropagation
Neural Network (BPNN) optimized by a Genetic Algorithm (GA) surrogate model, is devel-
oped and applied to optimize a 1.5-stage transonic compressor. The prototype compressor
and optimized compressor with maximum efficiency are analyzed to assess the impact of
the spanwise distributions of the stagger angles for three blade rows at the design condition
and near stall condition. The primary findings are as follows:

(1) Utilizing the stagger angle distribution of the three blade rows as the optimization
variable, the optimization objective is successfully achieved, with minimal alterations
via the compressor aerodynamic optimization platform. Consequently, the design
mass flow of optimized compressor experiences a 7.1% increase, the total pressure ratio
improves by 0.002, and the isentropic efficiency decreases by 0.0087 at the updated
design condition. Simultaneously, the stall margin experiences a 1.8% increase.

(2) At the design point, variations in stagger angle affect the tangential velocity of the
rotor outlet, which, in turn, influences the load of the rotor blade. The inlet Mach
number exerts a significant influence on the intensity of the shock wave and the
shock wave/boundary layer interaction within the transonic rotor, rendering the inlet
relative Mach number as the crucial factor impacting the isentropic efficiency of the
rotor blade.

(3) At near stall condition, the decline in compressor efficiency is primarily due to the
combined effects of tip leakage, shockwave loss, and shock/boundary layer inter-
ference in the rotor passage. Additionally, the inlet incidence in the stator passage
surpasses the normal range, causing corner separation in the blade. As the incidence
continues to increase, the flow separation spreads radially, resulting in a substantial
rise in the number of losses. These factors ultimately contribute to the deterioration of
the compressor’s performance.

It should be clarified that the content presented in this paper forms only the first step
in the redesign process of the gas turbine compressor inlet stage. Subsequent considerations
will involve modifications to the subsequent stages and even matching with the turbine.
Although the optimized compressor meets design requirements, there is still room for
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improvement. At the new design condition, the efficiency of the optimized compressor
is lower than that of the original compressor. To further improve performance, blade
design parameters (such as bending angle and suction surface profile) can be optimized.
Additionally, the performance of the optimized compressor declines significantly under off-
design conditions; therefore, this issue should be thoroughly considered in future studies
pertaining to design optimization research.
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