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Abstract: To investigate the effects of different passage structures on the aerodynamic performance
of the transonic fans, this paper develops a reliable and practical quasi-3D optimization method for
the hub based on the experimental data of Stage 67. In the method, the hub profile of Stage 67 can be
optimized without changing the geometrical data of the blades. The optimization results show that
stream tube diffusion characteristics depend on the hub profile’s curvature in the boundary layer
near the hub. In the front part of the hub, the end wall with a concave construction can enhance the
expansion of the stream tubes near the root of the rotor blade, which helps control the diffusion flow
of viscous fluid effectively to decrease the low-energy fluid’s energy degradation and radial secondary
flow in the boundary layer. In the latter part of the hub, the end wall with a convex construction
facilitates the shrinkage of stream tubes to decrease the secondary flow loss and separated flow loss
by controlling the separation of the boundary layer efficiently. This construction of the hub profile is
beneficial to promote the aerodynamic performance of a transonic fan.

Keywords: aerodynamic design; transonic fan; quasi-3D optimization; flow field diagnosis; secondary
flow

1. Introduction

With the development of the aviation power industry, the fans, a key part of the
aviation power system, are designed to possess better aerodynamic performance [1–3].
It is hoped that the fan not only has the aerodynamic performance of a high-pressure
ratio and high efficiency but also can operate stably under different conditions. People
also wish fans can run steadily under more different conditions. Thus, it is required that
the airflow can reach the expected state in the passages of fans and at the same time, the
blade passages can control stream tubes and adjust the direction of flow in a transonic
environment skillfully. Its purposes are to prevent lower-energy fluid from converging
in the corner and producing large-scale flow separation in the boundary layer induced
by expansion pressure or strong shear. A high efficiency of the system can be achieved to
decrease fuel consumption. However, traditional aerodynamic design has failed to meet all
requirements of the tough task. As a consequence, it is necessary to develop an advanced
aerodynamic design method for fans. In this method, it is imperative to consider complex
multi-factor coupling conditions, such as viscous gas, shock waves, and three-dimensional
flow in the end wall. Moreover, the expected design goals for the compression system to
maintain high aerodynamic efficiency and expand the stall margin with mass flow need to
be achieved.

Based on the design idea of controlling and adjusting the fluid in blade passages
efficiently, many advanced aerodynamic design concepts and design methods emerged
gradually. In the design of blade geometry, Wu et al. [4] proposed the theory of S1/S2
stream surfaces, and various solutions for S1/S2 stream surfaces theory have been put
forward. Since then, the solution methods for S1/S2 stream surfaces theory have emerged
one after another. The main representative is the streamlined curvature through-flow
method proposed by Novak [5], which is used to solve the radial balance equation. In
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addition, Marsh [6] proposed a matrix flow method for coupled stream functions. In
the early 1960s, the concept and design method of curved blades based on the theory of
boundary layer migration was put forward [7–10]. And the curved blade technology has
been paid much attention to because its highly individualized end wall characteristics can
control the radial migration of low-energy fluid in the boundary layer, and it has been
widely used in the design of the stator and even rotor blades of the progressive compression
system since that time. It is worth noting that the research group headed by Mark Turner
establishes an aerodynamic optimization design system for turbomachinery based on the
control of blades’ geometry curvature, which couples with three-dimensional CFD. The
distinguishing feature of this system is to relate the curvature of the blade profiles to the
aerodynamic performance of the cascade. It also explores the relationship between the
geometric characteristics of the blade and the flow field parameters [11,12].

In view of the high cost and long cycle of blade optimization, it is difficult to fully
consider the constraints of the actual engineering, such as structural strength and reliability.
Therefore, for the past few years, researchers have turned to investigating the optimization
of the turbomachinery’s end wall (hub/shroud). Based on the gradient method, Roque
Corral et al. [13] optimized the hub profile of a low-pressure compressor and obtained
a non-axisymmetric end wall by solving the N-S equations. The result shows that the
optimized end wall structure could effectively reduce the secondary flow loss near the end
wall zone. Hartland et al. [14] adopted the idea of inverse problem design and studied the
cascade using the non-axisymmetric end wall modeling technology. The result shows that
a non-axisymmetric end wall can effectively control the static-pressure distribution in the
end wall region. Jin Donghai et al. [15] constructed the end wall optimization platform for
compressors to obtain a better S-type end wall structure, which successfully reduced the
angular separation of the hub and inhibited the migration of low-momentum fluids. Zheng
Xinqian et al. [16] made use of the end wall technology and shock-control technology for
a five-stage compressor to increase its efficiency, pressure ratio, and blockage flow rate
by 1.1%, 1.1%, and 1.2%, respectively. Hu Shuzhen et al. [17] conducted an optimization
study on the hub of a high subsonic axial-flow compressor. The result shows that a suitable
hub profile can restrain the development of passage vortices and increase efficiency by
0.45%. Aiming at the complex flow in the turbine, Giacomo et al. [18] adopted a three-
dimensional end-wall fence structure to reduce the infiltration of secondary flow and
increase the longitudinal uniformity of vorticity. Zhang et al. [19] used the boundary layer
suction method to control flow losses for the NACA65 blade profile and achieved good
aerodynamic performance at both design and off-design points.

The above design methods highlight the importance of the through-flow portion
in blade passages in terms of adjusting and controlling viscous fluid. At the same time,
engineering practicality should be paid more attention to instead of a single technology
breakthrough. However, it relies heavily on the solution system of three-dimensional
viscous CFD. Therefore, it will pay a heavy price in computing resources, the number of
variables, and the design cycle.

Based on the in-depth analysis of the internal flow field and geometric characteristics
of the transonic fan, this paper proposes a quasi-3D aerodynamic optimization method for
the hub profile and develops the corresponding optimization design platform. Due to the
lack of 3D geometric data of the two-stage transonic fan NASA Stage 67, the aerodynamic
designs of 1D and quasi-3D are carried out. Then the redesigned fan by the quasi-3D
design is optimized. Comparing and analyzing the flow field in the fan passage before
and after optimization, the superiority of the optimization platform and the design idea
of the fore-convex and aft-concave hub profile in this paper is proved. The research work
of this paper is intended to further expand the aerodynamic design system of advanced
turbomachinery, which provide ideas for subsequent aerodynamic optimization research.
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2. Research Object and Numerical Simulation Method Validation
2.1. D and Quasi-3D Aerodynamic Design

The two-stage transonic fan NASA Stage 67 is selected as an example to investigate the
quasi-3D end wall optimization method. Stage 67 is designed to develop a higher-efficiency
and lighter-weight engine for short-haul aircraft in the 1980s. Table 1 presents the initial
design parameters of Stage 67 [20].

It is necessary to complete 1D and quasi-3D aerodynamic design for Stage 67 based
on the existing design program of the research group, aimed to investigate the end wall
quasi-3D optimization method because the author only has experimental data for Stage
67 without three-dimensional geometry. By 1D design, the geometrical profile of the
meridional passage is obtained shown in Figure 1. The results indicate that the meridional
passage redesigned matches with that in the NASA report well, which is regarded as
reliable results for the next quasi-3D design and optimization.

Table 1. The design data of the two-stage fan.

Design Parameters Values

Stage number 2

Design flow rate
.

m (kg/s) 33.248

Corrected design angular velocity N (rpm) 16,042.8

Inlet total temperature T * (K) 288.15

Inlet total pressure P * (Pa) 101,325.0

Outlet absolute flow angle αout (deg) 0.0

Outlet absolute Mach number M 0.442

Tangential speed at L. E. of the rotor tip U (m/s) 428.9

Relative velocity at L. E. of the rotor tip W (m/s) 458.4

Clearance at Rotor1 tip ∆ (mm) 0.4

Tip flow coefficient of rotor φ 0.491

Hub/tip ratio at the inlet of the first rotor ν 0.705

The number of blades (r1, s1, r2, s2) (22, 34, 38, 42)
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Figure 1. The end wall profile of the 1D design result.

Based on 1D design results, research on quasi-3D aerodynamic design is carried out
based on the flow-tube iteration method. Figure 2 shows the comparison results between
the total pressure ratio and the total temperature ratio of the two stages fan at different axial
positions with equal middle diameters and the experimental data. Numbers 1–8 indicate
the position number in turn, as shown in Figure 2c. The research results show that the 1D
and quasi-3D design results in this paper are in good agreement with those in the NASA
report, indicating that the 1D and quasi-3D design methods adopted have high calculation
accuracy. It is worth noting that the quasi-3D design results are slightly lower than the 1D
design results and more consistent with the experimental data. The reason is that various
loss models are introduced to predict the loss of the passage in the quasi-3D design process.
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2.2. Independence Verification

The aerodynamic performance and the three-dimensional viscous flow of the two-
stage transonic fan are studied by numerical simulation in the FINE/Turbo module of
Numeca. The three-dimensional flow information of the transonic two-stage fan is based
on solving the Navier-Stokes equations. In view of the calculation time and solution preci-
sion, the Spalart-Allmaras model is chosen as the turbulence model, which has excellent
robustness and a great ability to deal with complex flow. The space term chooses the
central difference scheme. The time term is discretized by the 4-order explicit Runge-Kutta
method, and the multi-grid method and local time step are adopted to accelerate the speed
of convergence. The transmission of parameters between the blade rows is accomplished
via the mixing-plane method. No-slip and adiabatic wall conditions are employed for all
the wall boundaries. For each simulation, the convergence criterion is established, which
is that the operation will be terminated when the normalized RMS residual is lower than
1 × 10−5.

The numerical analysis of the redesigned fan is carried out. The specific boundary
conditions are set as follows. The absolute total temperature is 288.15 K and the absolute
total pressure is 101,325 Pa at the inlet of the calculation domain. The designed rotating
speed is 16,042.8 rpm. The static pressure of the center of the outlet plane is provided.
Among them, the static pressure at the design point is 229,000 Pa, and the pressures of other
radial positions on the outlet plane are calculated by the radial equilibrium equation. The
y+ near the end wall surface is ensured to be less than 10 to capture the flow information of
the boundary layer.

The computation grid is generated by AutoGrid5 and the grid configuration of the
rotor/stator is obtained through O4H topology. To select an optimal grid resolution, the
verification of grid independence was carried out based on the redesigned fan at the design
point and choke condition. As shown in Tables 2 and 3. When the total grid number
exceeds 2.25 million, the relative changing rate of the mass flow is no more than 0.5%. The
change in total pressure ratio and efficiency can be neglected. Therefore, in consideration
of the prediction accuracy and the calculation cost, the total grid number of 2.25 million is
applied to the further calculation. The geometry and grid structure of the two-stage fan are
presented in Figure 3.

To verify the reliability of the turbulence model and boundary conditions selected
in this paper, NASA Rotor 37 is selected for numerical simulation verification. Figure 4
presents the total pressure ratio and adiabatic efficiency of the NASA Rotor 37 at the
designed rotating speed of 17,188.7 rpm. The experimental errors are also displayed. It is
evident that the total pressure is predicted preferably and consistent with the experimental
value basically. The predicted values of adiabatic efficiency are slightly smaller than the
experiment data and the deviation of peak efficiency is around 1%. Thus, despite existing
errors between the experiment and the numerical simulation, the research results show
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that the numerical method is credible as well, because the errors are small enough within
the accepted range [21,22].

Table 2. Grid independence verification at the design point.

Case Total Grid Cell Number
Performance Parameters

Efficiency η Total Pressure Ratio π
.

m

1 1,943,740 0.8415 2.510 33.42

2 2,098,428 0.8435 2.521 33.66

3 2,252,788 0.8451 2.544 33.82

4 2,450,448 0.8453 2.550 33.86

5 2,581,896 0.8453 2.548 33.85

Table 3. Grid independence verification at choke condition.

Case Total Grid Cell Number
Performance Parameters

Efficiency η Total Pressure Ratio π
.

m

1 1,943,740 0.7253 1.760 33.79

2 2,098,428 0.7271 1.769 34.00

3 2,252,788 0.7292 1.792 34.18

4 2,450,448 0.7294 1.793 34.20

5 2,581,896 0.7293 1.793 34.21
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In addition, Bruna et al. [23] also performed CFD calculations on NASA Rotor 37.
Figure 5 shows at the design point, the distribution characteristics of the total pressure
ratio and adiabatic efficiency along the blade height at the outlet. The calculation results in
this paper are named CFD, and those of Bruna are named CFD_NASA. In the figure, H
represents the height along the direction of blade height and is a dimensionless number.
The results calculated by using the numerical model in this paper are basically consistent
with the experimental data and the simulation results of Bruna et al. Compared with the
experimental data, the total pressure ratio is slightly higher, and the adiabatic efficiency in
the middle of the blade is slightly lower. However, in general, the numerical simulation
results have the same trend of increase and decrease with the experimental data, and the
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deviation of the numerical results is basically within 3%, meeting the requirements of
experimental error.
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3. Quasi-3D End Wall Optimization Method
3.1. Aerodynamic Optimization Theory of the End Wall

Many scholars have put forward various methods to reduce the energy loss caused by
end wall flow separation and secondary flow in compression systems, including construct-
ing small blades, and optimizing airflow angle/camber lines and stacking points. These
optimized methods almost focus on optimizing the shapes or structures of blades [18,19].
At the same time, there exist lots of complex and hard-operation optimization steps in
these optimized methods. Thus, some researchers start trying to optimize end wall profiles
to improve the aerodynamic performance of fans or compressors by various techniques.
Therein, some people design the hub profile by means of constructing axial functions, and
some also make use of the non-axisymmetric end wall method.

There are two mainstream hub constructions. One is the convex construction (corre-
sponding to positive curvature) and the other is the concave construction (corresponding
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to negative curvature). In these two different constructions, the forces exerted on the fluid,
especially near the hub are not identical entirely. The schematic diagram of the forces in the
two hub constructions is as follows in Figure 6.
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Figure 6. The forces of the fluid particle in concave and convex hub profiles. (a) concave hub;
(b) Convex hub.

Because of the rotating speed of axial fans, the fluid in rotor rows is affected by a
strong radial centrifugal force (F3) and moves along with the direction from the hub to the
shroud, which produces more secondary flow to reduce adiabatic efficiency. In addition,
the fluid in rotor rows is forced to accumulate at the blade tip due to the radial centrifugal
force, which leads to the increase of fluid density near the tip. And then the pressure near
the shroud is higher than that near the hub, which forms a normal pressure gradient (F2)
from the shroud to the hub in the meridian passage. At the same time, centrifugal inertia
force (F1) is exerted on the fluid when the fluid flows along streamlines.

For the concave end wall profile, the forces exerted on a fluid particle are expressed as:
F1 = δm W2

r

F2 = δm∆PdA1

F3 = δmω2R

(1)

∑ F = δm(ω2R− ∆pdA1 cos θ)− δm
W2

r
cos θ (2)

For the convex end wall profile, the forces exerted on a fluid particle are expressed as:

∑ F = δm(ω
2R− ∆p∆A1 cos θ) + δm

W2

r
cos θ (3)

According to the analysis of the above two structures, it can be seen that the centrifugal
inertia forces of the two structures have different directions in the centrifugal movement
along the streamline. In the concave structure, the centrifugal inertia force points in the
direction of the exterior normal, which is the same as the pressure gradient in the meridional
passage. As a consequence, the fluid tends to flow along the streamline to control separation
flow and improve aerodynamic efficiency. However, in the convex structure, the direction of
the centrifugal inertia force is the same as the adverse pressure gradient in the meridional
passage. This leads to the fluid in the convex structure moving more easily to the tip,
obstructing the mainstream and producing secondary flow loss.

For the concave and convex configurations of the end wall profile, we can also utilize
the radial balance equation to analyze them. The relation between absolute and relative
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velocity is covered in the first component of the motion equation for the S2 stream surface,
Cu = Wu + ωr. Here are some results:

1
ρ

−
∂ p
−
∂r

=
Cu

2

r
−Wz

2(
Dtgσ

dz
+ tgσ

D ln Wz

dz
) + Fr (4)

Dσ

dm
= − 1

rm
Wz = Wm cos σ (5)

We can make use of simple Formula (5) to get a normal radial-equilibrium equation:

1
ρ

−
∂ p
−
∂r

=
Cu

2

r
− (cos σ

Wm
2

rm
+ Wm sin σ

DWm

dm
) + Fr (6)

It is obvious that the radial static pressure gradient is mainly composed of four parts:

(1) The centripetal acceleration caused by the circumference velocity Cu
2/r;

(2) The radial component of the centripetal acceleration Wm
2/rm in the meridional plane

due to the curve motion;
(3) The radial component of the meridional acceleration dWm/dt;
(4) The radial component of the F is caused by the uneven static pressure in the circum-

ference.

The first three can be easily seen in Figure 7. The key one is the second part because the
direction of the radial component for this part is different in the two end wall profiles. The
radial component is positive in the convex end wall profile. It can increase static pressure
gradient and enhance radial secondary flow, which makes flow easier to separate and
increases the aerodynamic loss. But, in the concave end wall profile, the radial component
is negative. It can decrease the static pressure gradient of the radial flow and the fluid can
be enforced to flow along streamlines, which controls secondary flow and flow separation
effectively. The forces Fr, Wmsinσ DWm/dm in the radial-equilibrium equation are often
overlooked in the approximate calculation of the axial impeller machine. Because the
approximate calculation is used only in the circumferential gap in blade rows instead of the
blade passages. It can be considered that the velocity moment of the flow is constant and
the airflow surface is composed of radial lines. Moreover, the radial component of the axial
impeller is usually small and the component velocity Wm in the meridional plane tends to
change less sharply in the meridional plane.
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3.2. Aerodynamic Optimization Method and Platform of the End Wall

The optimization cycle based on 3D blade geometric characteristics is long, and there
are many limitations in the selection of the optimal scheme at the initial stage of design. The
aerodynamic optimization method based on the quasi-3D can efficiently meet the initial
scheme screening of the multi-stage fan. It is also a desirable research approach to use
three-dimensional CFD to verify and improve after the research scheme is determined.

It can be seen that improving the end wall structure of the fan can optimize overall
aerodynamic performance. So, a quasi-3D optimization design method for axial fan end
wall profile is put forward in this paper. This method can be described as follows:

Firstly, the parametric definition for the end wall profile of a fan is established based
on the end wall structure. Secondly, according to the quasi-3D procedure and genetic
algorithm, the optimization platform for end wall profiles can be built, which is utilized
to optimize the control parameters of the end wall profile and obtain the optimal design
parameters of the end wall-profile structure. Finally, the reliability and correctness of the
optimized end wall profiles are verified by three-dimensional CFD technology in the stage
environment of fans.

The key of this method is to correlate the cubic spline function with the control-point
parameters of the end wall profiles. The hubs and shrouds profiles of axial fans in different
schemes are matched by means of the cubic spline. The optimal end wall profile is sought
by comparing each scheme autonomously and the final purpose is to improve the overall
aerodynamic performance of fans.

The definition of the cubic spline function is as follows:

v(u) = Si(tu) =
3

∑
r=0

Pi+rBr(tu), t ∈ [0, 1] (7)

Wherein, Pi+r is the coordinate value of the control points in the section i curve (Si),
Br(tu) is the spline basis function, tu is the value of parameters t at u ∈ [0,1].

The mathematical definition of the cubic spline basis function is:
B1(t) = ((−t3) + (3× t2)− (3× t) + 1)/6

B2(t) = ((3t3)− (6× t2) + 4)/6

B3(t) = ((−3t3) + (3× t2) + (3× t) + 1)/6

B4(t) = (3t3)/6

(8)

The mathematical expression (8) is relatively simple, and the second-order derivative is
continuous. Therefore, it is convenient for aero-engine engineering designers to understand
and apply it. At the same time, it can ensure the smoothness of end wall profiles and help
us obtain a better end wall structure of fans with some higher aerodynamic performance.

Figure 8 shows the stream map of the optimization platform. The optimization
platform for the end wall profile consists of two main modules, namely the user-defined
module and the shell script module. where *. is the file name. Among them, the shell script
module has the function of sample generation, quasi-3D S2 stream surface calculation, and
objective function optimization. The optimization algorithm uses the automatic-topology
artificial neural network in the Design 3D module of NUMECA141. The Latin hypercube
method is used in the design of experiments. The specific optimization process is as follows:

In the first step, the user needs to define the parameters or variates which need
optimizing and the range of their values. The objective function, constraint conditions,
optimization method, and the input file of the quasi-3D calculation are also defined in the
user-defined module. Figure 9 presents the optimal calculation domain and the positions
of 8 control points in the hub and shroud. The CPhs are the control points of the hub,
and the CPss are the control points of the shroud. In the second step, according to the
number of optimization variables/parameters and the range of their values, the optimized
platform executes the shell script files to produce a new scheme in the Linux system. In
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the third step, the parameters of control points in a new scheme and cubic spline function
are combined to obtain the new hub/shroud coordinates, which are thought as the input
parameters to calculate the quasi-3D S2 stream surface. And then the information of the
S2 stream surface is computed for acquiring the value of new end wall profiles’ objective
functions. In the fourth step, based on the results of the calculation in the third step,
the optimal parameters of end wall profiles and structures are obtained by searching for
global optimization with the genetic algorithm. Compared with the reference [13], the
optimization platform developed in this paper has simpler operation steps and better
stability. In addition, the multistage turbomachinery can be optimized at the same time,
which improves computational efficiency.
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4. The Analysis of the Optimized-Hub Results for a Two-Stage Fan
4.1. Aerodynamic Performance Analysis

To improve the aerodynamic performance of a two-stage transonic fan and verify the
quasi-3D optimization method, we need to optimize the redesigned two-stage fan. The
following is a brief description of the mathematical model of optimal design:
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Optimization objective: adiabatic efficiency η, search for the max adiabatic efficiency
in the optimization process;

Constraints: mass flow rate
.

m ≥ .
m (redesigned fan), total pressure ratio π ≥ π

(redesigned fan);
Design variables: The position of 8 control points of the hub, the constant in the

optimization process is the overall geometric shape of the blade;
Genetic Algorithm parameters: Genetic algorithm is used for global optimization, the

population size is 30, the maximum iteration is 150, the crossover probability is 0.6, the
mutation probability is 0.1, and the multiplication algebra is 10. The flow chart of the single
objective genetic algorithm is shown in Figure 10.
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Figure 11 shows the optimized results compared with the redesigned two-stage fan.
It is shown that the optimized hub profile possesses a concave construction (negative
curvature) in the front part of the hub and the latter part of the hub possesses a convex
construction obviously, which is consistent with previous results and explains the reliability
of the optimization method proposed in this paper.
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The aerodynamic performance of optimized results is compared with the redesigned
two-stage fan at the design point, as shown in Table 4. In the following, the simulation
results of redesigned fan are named 3D_CFD. The optimized results are named Opt. The
NASA experimental data are named Exp. The research results show that the adiabatic
efficiency, total pressure ratio, and stall margin of the optimized fan increase a little, because
this method only optimizes the hub of the two-stage fan without changing the geometric
parameters and aerodynamic parameters of the blades. However, the mass flow rate and
choking flow rate increased by 2.66% and 2.72% respectively. It is obtained that the flow rate
is more sensitive to the concave construction of the hub, which results in the performance
curve shifting to the larger flow. The simulation results in this paper verify the research
conclusions in reference [17] that adjusting the concave convex curvature of the end wall
can improve the flow field and thus improve the starting performance.



Energies 2023, 16, 1859 12 of 21

Table 4. The comparison of aerodynamic performance.

Different
Parameters

Different
Programs 3D_CFD Results Opt Results

Values
Differences

Percentage
Differences

Design point
Adiabatic efficiency η 84.51% 84.55% 0.04% 0.04%

Total pressure ratio π 2.54 2.56 0.02 0.79%

Mass flow rate
.

m
(kg/s)

33.82 34.72 0.90 2.66%

Choking mass flow rate
.

m
(kg/s)

34.18 35.11 0.93 2.72%

Stall mass flow rate
.

m (kg/s) 33.41 34.01 0.6 1.80%

The results of aerodynamic performance curves at different rotational speeds are
present in Figure 12. And these optimized results are compared with the redesigned and
experimental data. At the design rotating speed, the comparison result shows that the
optimized performance curves of the two-stage fan move to the right, that is, chocking mass
flow rate has increased, which is very helpful for improving the stall margin of the fan. The
total pressure ratio of the two-stage fan is increased, and the total pressure ratio increases
by 0.79% compared with the redesigned scheme. At the off-design rotating speed, the
adiabatic efficiency and the total pressure ratio are significantly increased compared with
the results of the redesigned fan. The above analysis results confirm the improvement of the
comprehensive aerodynamic performance of the two-stage fan after end wall optimization,
and also verify the feasibility of the end wall optimization method.

Energies 2023, 16, x FOR PEER REVIEW 13 of 22 
 

 

Choking mass flow rate 𝑚 
(kg/s) 34.18 35.11 0.93 2.72% 

Stall mass flow rate 𝑚 (kg/s) 33.41 34.01 0.6 1.80% 

The results of aerodynamic performance curves at different rotational speeds are pre-
sent in Figure 12. And these optimized results are compared with the redesigned and ex-
perimental data. At the design rotating speed, the comparison result shows that the opti-
mized performance curves of the two-stage fan move to the right, that is, chocking mass 
flow rate has increased, which is very helpful for improving the stall margin of the fan. 
The total pressure ratio of the two-stage fan is increased, and the total pressure ratio in-
creases by 0.79% compared with the redesigned scheme. At the off-design rotating speed, 
the adiabatic efficiency and the total pressure ratio are significantly increased compared 
with the results of the redesigned fan. The above analysis results confirm the improve-
ment of the comprehensive aerodynamic performance of the two-stage fan after end wall 
optimization, and also verify the feasibility of the end wall optimization method. 

  
(a) (b) 

Figure 12. The comparison of the aerodynamic performance curves for a two-stage fan at different 
speeds. (a) Flow mass rate vs. adiabatic efficiency; (b) Flow mass rate vs. total pressure ratio. 

4.2. Comparison and Analysis of Flow Detail 
The comprehensive aerodynamic performance of the optimized fan is improved, 

which reflects the feasibility of the end wall optimization method to a certain extent. To 
deeply analyze the aerodynamic performance and flow field details before and after opti-
mization, this part will analyze the advantages and disadvantages of the fan based on the 
quasi-3D results and three-dimensional results. 

Figure 13 shows the relative Mach number distribution characteristics at different 
axial positions. H refers to the direction along the blade height, which has been dimen-
sionless. The results show that the relative Mach number at the trailing edge of the rotor1 
for the optimized fan is consistent with the redesigned fan and smaller than the experi-
mental data. For transonic fans’ design requirements, a large Mach number in the radial 
distribution is necessary. Because the larger Mach number will produce a larger flow and 
higher pressure ratio. However, this does not mean that the larger the Mach number, the 
greater its efficiency is. The increase of the Mach number will be extremely easy to gener-
ate shock waves, which produce irreversible losses. In addition, it can be seen that the 
Mach number near the hub reduces slightly, and this partial adjustment can control shock 
waves efficiently and weaken efficiency loss brought by the shock wave well. 

Figure 12. The comparison of the aerodynamic performance curves for a two-stage fan at different
speeds. (a) Flow mass rate vs. adiabatic efficiency; (b) Flow mass rate vs. total pressure ratio.

4.2. Comparison and Analysis of Flow Detail

The comprehensive aerodynamic performance of the optimized fan is improved, which
reflects the feasibility of the end wall optimization method to a certain extent. To deeply
analyze the aerodynamic performance and flow field details before and after optimization,
this part will analyze the advantages and disadvantages of the fan based on the quasi-3D
results and three-dimensional results.

Figure 13 shows the relative Mach number distribution characteristics at different axial
positions. H refers to the direction along the blade height, which has been dimensionless.
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The results show that the relative Mach number at the trailing edge of the rotor1 for the
optimized fan is consistent with the redesigned fan and smaller than the experimental data.
For transonic fans’ design requirements, a large Mach number in the radial distribution
is necessary. Because the larger Mach number will produce a larger flow and higher
pressure ratio. However, this does not mean that the larger the Mach number, the greater
its efficiency is. The increase of the Mach number will be extremely easy to generate shock
waves, which produce irreversible losses. In addition, it can be seen that the Mach number
near the hub reduces slightly, and this partial adjustment can control shock waves efficiently
and weaken efficiency loss brought by the shock wave well.
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Figure 14a,b show the comparison of the total pressure ratio at the inlet and outlet
of the fan before and after optimization. Figure 14c,d presents the comparison of the
total temperature ratio at the inlet and outlet of the fan before and after the optimization
respectively. The results show that the total pressure ratio and total temperature ratio of
the optimized result at the inlet match well with those of the redesigned fan, and there are
some differences only near the end wall, which is closely related to the uniform axial flow
at the inlet. In most areas of the outlet, the total pressure ratio and total temperature ratio
along the spanwise of the optimized result are higher than those of the redesigned fan. But
the overall trend of optimized result is consistent with the experimental data, maintaining
the pressurization consistency, this law is in line with the actual operation of the fan and
also achieves the purpose of optimization.



Energies 2023, 16, 1859 14 of 21
Energies 2023, 16, x FOR PEER REVIEW 15 of 22 
 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 14. The spanwise distribution of aerodynamic parameters. (a)The total pressure ratio at the 
inlet; (b) The total pressure ratio at the outlet; (c) The total temperature ratio at the inlet; (d) The 
total temperature ratio at the outlet; (e) The isentropic Mach number at the 0.5% span section of 
rotor1; (f) The static pressure at the 0.5% span section of rotor1. 

Figure 14. The spanwise distribution of aerodynamic parameters. (a)The total pressure ratio at the
inlet; (b) The total pressure ratio at the outlet; (c) The total temperature ratio at the inlet; (d) The total
temperature ratio at the outlet; (e) The isentropic Mach number at the 0.5% span section of rotor1;
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The most prominent change is the area of the hub corresponding to the rotor1. For this
area, it is necessary to carefully study the changes in the flow field structure. Figure 14e,f
presents the distribution of the isentropic Mach number and S_P at the 0.5% span section of
rotor1 before and after optimization respectively. S_P is the ratio of static pressure to total
pressure at the inlet. The dimensionless number is used to facilitate a comparison of the
pressure distribution trend. The results show that the S_P of the redesigned fan changes
more dramatically along the axial direction. Especially the S_P is reduced clearly when
the Z is range from 20% to 40% of the suction surface, which is contrary to the concept of
pressurization for the fan. But the S_P increases rapidly when the Z is range from 60% to
100% of the suction surface, which leads to a rapid increase of the inverse pressure gradient.
In such a situation, the flow separation is highly likely to be aggravated. After optimization,
the S_P is improved smoother relatively. Although compared with the redesigned fan, the
total pressure ratio of the rotor1 is not significantly improved. However, the optimized
scheme distributes the pressurization load more evenly to the entire range of blade profiles
from the leading edge to the trailing edge, instead of rapidly pressurizing in a centralized
area, which reduces the situation of excessive local adverse pressure gradient, which also
eases the separation of flow, thus turning into efficiency improvement.

Figure 15 shows the comparison of the first derivative of the static pressure at the
0.5% span section of rotor1 before and after optimization. The research results show that
for the redesigned scheme, the first derivative of static pressure is less than zero in the
area from the leading edge to 0.5% of the pressure surface and from 5% to 10% of the
suction surface, which once again shows that the redesigned fan has depressurized there.
Moreover, on the suction and pressure surfaces, the value of the first derivative of static
pressure changes greatly along the relative chord length. For the optimized fan, the first
derivative of static pressure in the pressure/suction surface waves more weakly, which
controls flow separation well and is more suitable for the pressurization mechanism in the
physical structure of the fan.
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The slope and curvature of the hub in the rotor1 interval are shown in Figure 16.
No matter the slope or curvature, the optimized result is smoother than the redesign
scheme, which reflects the structural advantages of the optimized hub to better manage
flow conditions and ultimately improve the overall aerodynamic performance of the fan.
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curvature of the hub.

Figure 17 presents the distribution of S_P at the 0.5% span section. The results show
that the S_P from the pressure surface to the suction surface is increased uniformly in the
rotor1 interval of the optimized fan, which also shows that the chaos degree of vortex
in the adverse-pressure passage is reduced. The pressurization effect of the passage is
more uniform, and there is no local low-pressure area in the optimized scheme, which is
consistent with the S_P trend of the suction surface in Figure 14f. In addition, the decrease
in the area of the low-pressure zone also indicates a decrease in airflow separation losses,
which helps to improve fan efficiency. After optimization, it is worth noting that the S_P of
stator1 decreases, indicating that the pressurization power is insufficient.
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To analyze the flow state before and after optimization in many aspects, Figure 18
shows the distribution characteristics of the relative Mach number at the rotor1 outlet
under the choking condition. The comparison of the redesigned and optimized results
shows that the gradient of the relative Mach number decreases from the hub to the tip
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region of the optimized fan. The blue area in the figure is located in the wake region, and
its area can predict the losses of airflow separation. The larger volume of low energy flow
will reduce the through-flow area, which blocks the flow and reduces the aerodynamic
efficiency of the fan. After optimization, some low-energy fluid moves to the tip with
weakening flow deterioration, and the relative Mach number distribution is more uniform,
which will improve the flow quality at the blade outlet. The above discussions also prove
that the state of flow in the channel can be improved only through hub modification.
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Figure 18. The distribution of relative Mach number under the choking condition.

Figure 19 shows the distribution of the axial velocity at the rotor1 outlet before and
after optimization. The results show that in the main flow area of the blade passage, the
magnitude of axial velocity is basically the same. The axial velocity of airflow near the
end wall is obviously lower than that in the main flow area, which is the result of multiple
factors such as leakage vortex and passage vortex. The blue area is the separation area of air,
where there are large flow losses. After optimization, the migration of low-speed fluid in
the hub area towards the blade tip is consistent with the conclusion in Figure 18. The flow
condition is improved only in the area near the end wall, but not in the mainstream area
of the blade passage. To obtain the flow passage geometry blade with better aerodynamic
performance, it is necessary to optimize the three-dimensional geometry of the blade.
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Figure 20 shows the distribution of entropy and skin-friction vector lines on the rotor1
suction surface under the choking condition before and after optimization. The results
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of entropy show that the region from the 50% span section to the tip of the blade is in a
state of supersonic flow, and supersonic flow generates the shock wave at the leading edge
of the blade. The airflow near the shock wave produces a flow field with high entropy,
which reduces the efficiency of the fan. And the entropy gradient before and after the
shock wave is larger. In addition. Under the combined action of high-speed rotation and
adverse pressure gradient, a secondary flow is formed at the trailing edge of the blade. The
flow formed a strong backflow between the trailing edge and the shock wave, and this
vortex structure severely limited the flow capacity of the passage. After optimization, the
significant decrease in the high entropy production region indicates an increase in efficiency.
The secondary flow intensity of the low-velocity fluid mass near the root migrating along
the radial direction is obviously weakened. The weakening of the secondary flow in
the channel enhances the flow capacity of the blade channel and expands the range of
high-efficiency work.
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The overall aerodynamic performance of the aero-engine compression system can
be increased by optimizing the hub of the axial fan, which is verified by the example
above. This optimization method can be also applied to other turbomachinery including
axial/radial turbines, pumps, and compressors. In addition, the optimized steps of this
method are enough detailed and practical for engineering applications.

5. Conclusions

In this paper, due to the lack of 3D geometric data, Stage 67 is redesigned first and is
optimized by means of the quasi-3D end wall optimization method based on stream tube
iteration. The whole aerodynamic performance of the optimized fan is improved based
on the redesigned results. Therein, the adiabatic efficiency and total pressure ratio of the
optimized fan at the design point are increased by 0.04% and 0.79% respectively, and the
adiabatic efficiency and total pressure ratio are also improved at the off-design point.

With the diagnosis of the flow influenced by different end wall structures, the flow
mechanism analysis in the convex/concave structure of the end wall has been given. In the
front part of the domain of the hub for the rotor, the concave structure promotes stream
tubes near the hub of the passage to diffuse, and also effectively controls the diffusion of
viscous fluid to restrain the radial secondary flow of the low-energy fluid. In the latter part,
the convex structure (positive curvature) of the hub accelerates the shrinkage of stream
tubes. It can decrease the secondary flow loss and separated flow loss by controlling the
boundary layer separation of viscous fluid. The fore-convex and aft-concave structure of
the hub profile is good at promoting the aerodynamic performance of the transonic fan.
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Furthermore, the quasi-3D end wall optimization method for fans in this paper empha-
sizes partial optimization for the end wall of fans in the quasi-3D stage, without modifying
blade geometry data. The quasi-3D optimization method of the end wall can obviously
improve the flow state near the end wall. But, it has little influence on the flow conditions
in the mainstream area of the blade passage. The mainstream area of the passage will be
optimized by improving the flow angle and the camber line.
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Nomenclature

Variables
.

m Mass flow rate (kg/s)
N Rotational speed (rpm)
T* Total temperature (K)
P* Total pressure (pa)
MaW Relative Mach number
U Tangential velocity (m/s)
n Hub ratio
r Rotor or radius
s Stator
F Force
S Streamline
W The tangential direction of the streamline
Z The axial direction
P Static pressure (pa)
C Absolute velocity (m/s)
CP Control points
V Flow speed (m/s)
H The spanwise direction
A Area or zone (m2)
VZ Axial velocity (m/s)
NS Navier-Stokes
Greek
η Adiabatic efficiency
π Total pressure ratio
α Absolute flow angle (◦)
∆ Tip clearance (mm)
φ Flow mass coefficient
ω Angular speed (rad/s)
σ Angle (◦)
θ Angle (◦)
τ Total temperature ratio
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Subscripts/Superscripts
* Total condition
in Inlet conditions
out Outlet conditions
u Tangential component
h Hub
s Shroud
is The isentropic term
w The relative term
Abbreviations
1D One dimensional
Q3D Quasi-three dimensional
3D Three dimensional
S_P Static pressure/Total pressure at the inlet
Der The first derivative of static pressure
le Leading edge
te Trailing edge
Sl Slope
Cur Curvature
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