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Abstract: To improve the performance of electrically assisted turbochargers (EATs), the influences of
the hub profile and the casing profile on EAT performance were numerically studied by controlling
the upper and lower endwall profiles. An artificial neural network and a genetic algorithm were used
to optimize the endwall profile, considering the total pressure ratio and the isentropic efficiency at
the peak efficiency point. Different performances of the prototype EAT and the optimized EAT under
variable clearance sizes were discussed. The endwall profile affects an EAT by making the main flow
structure in the endwall area decelerate and then accelerate due to the expansion and contraction of
the meridional surface, which weakens the secondary leakage flow of the prototype EAT and changes
the momentum ratio of the clearance leakage flow and the separation flow in the suction surface
corner area. Because the tip region flow has a more significant influence on EAT performance, the
optimal casing scheme has a better effect than the hub scheme. The optimization design can increase
the isentropic efficiency of the maximum efficiency point by 1.5%, the total pressure ratio by 0.67%,
the mass flow rate by 1.2%, and the general margin by 6.4%.

Keywords: axisymmetric endwall; electrically assisted turbocharger; axial compressor; optimiza-
tion design

1. Introduction

As anew type of supercharger solution, the electrically assisted turbocharger (EAT) has
shown potential in reducing engine emissions and improving maneuverability [1]. In the
field of vehicle power (with the popularity of mild hybrid and moderate hybrid vehicles),
the 48-V onboard power system provides the basis for the large-scale installation of EATs [2].
In the field of fuel cells, the EAT is an important component for the miniaturization of fuel
cells [3]. In the marine power field, an EAT can be used as an alternative to the auxiliary
blower to improve the efficiency of the power plant and reduce the load on the power grid.
At present, EATs mostly use the radial compressor impeller of the existing turbochargers.
Consequently, the research team proposed a design idea of an axial compressor for the EAT
rotor, aiming at applications in large vehicle power plants and small ship power plants; that
is to say, systems with a high mass flow rate, a low-pressure ratio, and direct connections
with high-speed motors [4].

In the early design of compressors, linear and uniformly contracted endwall were often
used, such as the uniform-diameter design. However, with the accumulation of design
experience, researchers have gradually discovered that a linear endwall is not optimal
and appropriate axisymmetric endwall modeling significantly affects the compressor
performance by influencing the endwall flow structure. Hoeger [5] studied the influence of
the endwall shape on a shock wave system in a transonic plane cascade and tested a linear
hub and concave hub in a high-speed wind tunnel. He found that the original oblique
shock wave of the concave hub became a positive shock wave, which demonstrates that a
change in endwall shape can considerably affect the flow near the endwall and the flow
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field structure of the span direction. Georg [6,7] thoroughly studied the influence of an
axisymmetric casing on the performance of the second-stage rotor blades of the subsonic
high-pressure compressor of the Siemens AG and optimized the casing profile of the second-
stage rotor blades. After the transfer rules were obtained, the last six stages of the entire
compressor stage were optimized, and the entire stage compressor was simulated, the
results of which show that the optimized compressor can improve the isentropic efficiency
of the design point by 0.3%. Xu [8] studied the effects of concave, convex, and wavy hub
profiles on the performance of transonic compressor rotors and found that the hub profile
could affect the shock position and radial flow of the compressor rotors. Although the
concave hub can improve the rotor performance, considering the balance between load and
efficiency, the wavy hub was considered a more appropriate choice. Yang [9] investigated
how concave hubs affect the separation of the stator blades in transonic compressors and
discovered that modifying the hub can effectively improve corner blockage and restrain
separation. The optimal modification can increase the total pressure recovery coefficient
from 0.89 to 0.948 at a height of 10% of the stator blade. Zhang [10] examined the influence
of concave axisymmetric endwall on the performance of high-load compressor cascades
with large installation angles by extracting and extending the blade profiles into a plane
cascade and discussed the effects of the concave coverage depth and coverage distance in
terms of eliminating the separation of the suction surface using the plane cascade. Then, a
concave casing was applied to the stator blades of the last 1.5 stage compressor on a ground
gas turbine, improving the peak efficiency by 0.94%. Sun [11] studied the influences of
two types of hub profiles (concave-convex and concave—convex) on the performance of a
low-reaction-degree, highly loaded adsorption transonic compressor rotor and found that
the hub profile affects the intensity of both the blade tip leading edge shock wave and the
blade root outlet shock wave. The convex—concave hub profile increased the flow capacity
but decreased the peak pressure ratio and peak efficiency; in contrast, the concave—convex
profile reduced the flow capacity but increased the peak pressure ratio and peak efficiency.
Liu [12] analyzed the inhibitory effect of a concave hub on the backflow of the suction
surface in a large bypass ratio fan and revealed that the concave hub’s influence on the
flow at the root of the fan is achieved mainly by the increase in streamline curvature due
to the concave hub, thereby achieving a flow acceleration. The concave hub was further
reported to have a monotonic improvement in both the pressure ratio and the efficiency
with an increasing concave depth, and a concave shape closer to the separation location
was found to yield better results.

To date, many scholars and research institutions have studied the influence of the
endwall profile on compressor performance, focusing mostly on transonic compressors
and plane cascades. However, an EAT rotor works under subsonic conditions, and thus,
the tangential velocities of the hub and casing positions differ greatly. Moreover, the flow
radial migration phenomenon caused by the centrifugal force and the Coriolis force is
obvious. To improve the performance of the EAT rotor at the design point, the influences
of the hub profile and the casing profile on the EAT rotor were explored in this paper. In
addition, the EAT endwall profile was optimized by using an artificial neural network and
a genetic algorithm. The performance differences between the prototype and the optimized
EAT under different height clearances, and the reasons for these differences, were studied.

2. Research Object and Numerical Method
2.1. Research Object

The research object of this paper is a self-designed prototype EAT rotor. To maximize
the total pressure ratio of the EAT, a design with an equal outer diameter was adopted.
Table 1 shows the performance and geometric parameters of the prototype compressor at
the design point. Since there is no restriction on matching with the rear row of the vane, to
ensure efficiency, all bending angles and aerodynamic loads at the root, middle and tip of
the blade exceed the design limits of conventional compressors (load factor > 0.6). Figure 1
is the Smith chart which presented the ranges of the flow coefficient and load coefficient
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of traditional and high-load design compressors based on the tangential velocity at the
middle diameter of the blade. The load coefficient and flow coefficient of the prototype
EAT are clearly far from the high-load design area, but the prototype can maintain a high
isentropic efficiency. Figure 2 shows a 3D geometric model of the prototype EAT.

Table 1. Geometric parameters and design point performance of the self-designed electrically assisted
turbochargers (EAT) rotor.

Parameter Value Parameter Value
External diameter (mm) 83 Mean diameter solidity 1.64
Inlet hub ratio 0.45 Mass flow (kg/s) 0.629
Rotation speed (rpm) 60,000 Pressure ratio 1.346
Mean diameter aspect ratio 0.68 Isentropic efficiency 88.68%
1 v
Misen
® EAT 0.90
0.8r 1 oss
0.88
0.6 0.87
- 0.86
< 0.85
S04 0.84
0.83
0.82
0.2 0.81
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Figure 1. Smith chart.

Figure 2. 3D model of the prototype EAT.

2.2. Discrete Modification Scheme

A summary of the published studies reveals that a concave axisymmetric endwall
can significantly improve the performance of compressor rotors. Therefore, a concave
axisymmetric endwall was selected as the research object in this paper. Specifically, the
hub profile and the casing profile in the prototype blade area were evenly divided into
10 parts according to the axial chord length, and the leading and trailing edge points were
fixed. First, the influence of the concave position on the EAT performance was studied. The
performance peak was found while modifying the axial position as the variable and the
concave depth was varied: the depth of the concave shape was spaced at 3% blade height
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(h, height), and all modification profiles were smoothly connected by B-spline curves to
form different endwall shapes. To control the other variables, when modeling one axial
position, the remaining variables which control the other position were set at fixed values.
Figure 3 presents a schematic diagram of the endwall modification scheme and the specific
modeling schemes of the concave endwall are described in Table 2.

Shround  _—o=—_

10% 20% 30%

Rotor

Hub

Axial position
Figure 3. Schematic diagram of the endwall modification scheme.

Table 2. Specific modeling schemes of the concave endwall.

Hub Axial Concave Casing Axial Concave

Modification Position Depth Modification Position Depth
Hub-10%-0.06 h 10% 0.06 h Shr-10%-0.03 h 10% 0.03h
Hub-20%-0.06 h 20% 0.06 h Shr-20%-0.03 h 20% 0.03h
Hub-20%-0.09 h 20% 0.09h Shr-20%-0.06 h 20% 0.06 h
Hub-20%-0.12 h 20% 0.12h Shr-20%-0.09 h 20% 0.09h
Hub-20%-0.15h 20% 0.15h Shr-30%-0.03 h 30% 0.03h
Hub-30%-0.06 h 30% 0.06 h Shr-40%-0.03 h 40% 0.03h

2.3. Numerical Method

For the numerical simulation, a Numeca/Autogrid5 software was employed for mesh-
ing, and the solver was Numeca/FINE. The simulation type was a 3D steady simulation.
The grid height of the first layer was 0.34 um, and the Y+ value of the first layer was
approximately 1. The inlet was set to a total pressure inlet of 101,325 Pa, the outlet was set
to a middle-diameter static pressure of 108,500 Pa, and the other positions were assigned
by a radial equilibrium equation. For both lateral sides in the computation zone, the
periodic boundary condition was applied. The walls were set as smooth, adiabatic, and
nonslip walls. To ensure the grid independence of the numerical solution, four sets of
grids with total grid numbers of 0.6 x 10%,0.9 x 10°, 1.2 x 10°, and 1.5 x 10° were drawn
(named coarse, medium1, medium?2, and fine, respectively). The characteristic lines at
the design speed for these four grids are plotted in Figure 4, which reveals that when the
number of grids reaches 1.2 x 106, the performance parameters and flow field details are
independent of the number of grids. Therefore, 1.2 x 100 grids are employed in this paper
for further research.
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Figure 4. Grid independence research.

To validate the numerical simulation results, there was no relevant test result, since the
EAT is still in the aerodynamic design stage. Hence, the Spalart—Allmaras (5-A) turbulence
model was used in this simulation, which originated from an airfoil field simulation of an
outflow field and has strong robustness to complex flow fields with an adverse pressure
gradient. As a compromise between the 0-equation Baldwin-Lomax model and the 2-
equation k—¢ model, the S—-A model can reduce the time consumed by many numerical
simulations due to automatic optimization and accurately simulate the details of the flow
field. The turbulence models for the transonic compressor rotor studied by Zhang [9]
and the subsonic rotor studied by Gao [13] are both low Reynolds number S—A models,
whose characteristic Reynolds number ranges include the Reynolds number of the EAT
rotor. Thus, for the EAT rotor, the S-A model was deemed capable of simulating the actual
situation with relative accuracy for the separation caused by tip leakage flow. Figure 5
depicts the prototype EAT grid division and the design flow point boundary condition
settings.

Figure 5. Prototype EAT grid.

3. Analysis of the Results
3.1. Characteristic Line Comparison

The characteristic lines of the normalized mass flow—total pressure ratio and normal-
ized mass flow-isentropic efficiency after the axisymmetric concave modification of the hub
and casing are plotted in Figure 6a,b, respectively. An analysis of the results reveals that, at
3% concavity, the hub part had no obvious effect on the rotor performance, so the relevant
characteristic lines were not drawn. For the hub modification, with an increase in concave
axial position, the pressure ratio and efficiency first increased and subsequently decreased.
The optimal concave position was at 20% of the axial chord length. With increasing concave
depth, both pressure ratio and efficiency increased first and subsequently decreased, and
the optimal concave depth was at 12% of h. The casing modification exhibited the same
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variation trend as the hub modification; the optimal concave position was at 20% of the
axial chord strength, and the optimal concave depth was at 6% of h.

Total Pressure Ratio

Isentropic Efficiency

Total Pressure Ratio

Isentropic Efficiency

L —=—Ori
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Figure 6. (a) Hub modification characteristic lines; (b) casing modification characteristic lines.

According to the characteristic line comparison, the hub concave profile can weakly
improve the EAT performance, while the casing concave profile can significantly improve
it. This discrepancy is due to the high EAT rotating speed (60,000 rpm) and the moderate
hub ratio. Hence, the tangential velocity of the blade increases with the blade height,
which makes the absolute flow capacities at the blade root and blade tip greatly differ.
Moreover, under the effect of centrifugal force, the flow from the leading edge of the
hub into the flow passage starts to rise from the mid-chord position to the tip position,
which intensifies the flow nonuniformity in the spanwise direction. The definition of the
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throughflow coefficient is shown in Equation (1), where p is the density, V' is the axial
velocity, and U is the blade tangential velocity. Figure 7 shows the distribution of the outlet
mass-averaged throughflow coefficient along the blade height at the peak efficiency point.
Table 3 describes the surface integral results of the mass-averaged throughflow coefficient
in the blade root area (0-30% blade height), the middle area (30-80% blade height) and the
tip area (80-100% blade height).

¢=pVz/U (1)
1.0 -
0.8 |
0.6 |
5
&
04 —=—Ori
—— Hub
0.2 Shl‘
0.0 e e Pt !
0.0 0.4 0.8 1.2 1.6

Through Flow Coefficient

Figure 7. Through flow coefficient distribution.

Table 3. Surface integral results of mass-averaged throughflow coefficient.

Root Midspan Tip
Prototype 1.165 0.984 0.587
Optimal Hub 1.171 0.985 0.591
Optimal casing 1.151 0.984 0.621

The throughflow coefficient represents the throughflow capacity at a given tangential
velocity. As shown in Figure 7, at the peak efficiency point, the concave hub enhances the
flow capacity below the 15% span, while the flow capacity above the 15% span remains
basically unchanged. The flow capacity of the concave casing below 65% is smaller than
that of the prototype, whereas the flow capacity of the span of 65-100% is larger than that
of the prototype. Table 3 shows that the concave hub improves the flow coefficient at the
root by 0.5% and that at the tip by 0.7%; in contrast, the concave casing reduces the flow
coefficient at the root by 1.2% and increases the flow coefficient at the tip by 5.7%. From the
definition of the throughflow coefficient, on the premise of a constant coefficient value, a
higher tangential velocity has a higher absolute flow capacity. This means that the concave
casing has a more obvious influence on the EAT performance than does the concave hub.
Therefore, in the following analysis, after briefly analyzing the reasons for the performance
improvement of the concave hub, the main reasons for the performance improvement of
the concave casing will be analyzed in detail.

3.2. Flow Detail Analysis

Figure 8 shows a comparison between the distributions of the static pressure coefficient
(Cp) and the isentropic Mach number (iMa) on the 5% span chordwise blade surface of the
prototype EAT and the optimal concave hub EAT at the peak efficiency point. Cp is defined
in Equation (2), wherein Py, is the relative total pressure and P, is the atmospheric pressure.
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Figure 8. Chordwise distributions of the static pressure coefficient (Cp) and the isentropic Mach
number (iMa) at 5% of the span of the prototype and the optimal concave hub.

Figure 8 demonstrates that the concave hub increases the static pressure on the suction
surface at 10-60% of the chord length, while the static pressure on the pressure surface
basically remains unchanged. Thus, the pressure difference between the suction and the
pressure surface is reduced, which reduces the front chord aerodynamic load and improves
the flow state. According to the iMa distribution, from 20% of the chord length, the flow
velocities on the suction surface and the pressure surface are lower than those of the
prototype, but these velocities are consistent with those of the prototype at 80% of the
chord length. The reason for this is that the curvature change of the concave hub makes
the meridian channel first exhibit a local expansion and then appeared a contraction shape
on the basis of overall contraction. The flow in the concave area exhibits a deceleration—
acceleration phenomenon, which weakens the leading edge suction peak of the prototype,
reduces the blade profile loss, and improves the flow efficiency.

Figure 9 shows a comparison between the distributions of Cp and iMa on the 95%
span chordwise blade surface of the prototype EAT and the optimal concave casing EAT
at the peak efficiency point. From this figure, as a result of the concave casing, the Cp
on the suction surface is lower than that of the prototype at 25% of the chord length; in
the following flows, the Cp is higher than that of the prototype, reflecting a front-loaded
characteristic. Beyond 70% of the chord length, the Cp is identical to that of the prototype.
Regarding the iMa distribution, the change in the meridian plane shape in the tip area
affects the element blade profile flow and the clearance leakage flow near the casing, so the
iMa at 95% of the span reaches the maximum value in advance at 20% of the axial chord
length, which is higher than that of the prototype. In contrast, the iMa is smaller than that
of the prototype from 25% to 70% of the axial chord length, and from 70% of the chord
length to the trailing edge, the iMa is restored to the value of the prototype. Compared
with the prototype EAT, the implementation of a concave casing makes the original once
“acceleration—deceleration” trend on the suction surface become twice, the Mach number
on the blade surface to increase more smoothly, and the efficiency in the tip area to improve.
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Figure 9. The chordwise distributions of Cp and iMa at 95% of the span of the prototype and the
optimal concave casing.

Figure 10a,b show the outlet entropy contours of the prototype and the optimal
concave casing, respectively, at the peak efficiency point. The entropy of the prototype
outlet section is 8.06 J/(Kg*K), while the mass-averaged entropy of the concave casing
outlet section is 7.50 J/(Kg*K). From these contours, the large-scale loss caused by tip
leakage is inhibited in the concave casing, which results in decreased entropy. Near the
casing, a small number of high-entropy zones that are not found in the prototype appear
because of a separation flow in the suction surface corner caused by the contraction of
the casing. The concave casing limits the high-entropy region to the tip. Although a
local region with a higher entropy than the prototype appears near the casing, the overall
influence range of the high-entropy region at the tip is smaller than that of the prototype.
Figure 11a,b show the static pressure distributions at 99% of the span height on the S1
surface of the prototype EAT and the optimal concave casing EAT, respectively, at the
peak efficiency point. The static pressure chute in the tip area represents the direction of
the clearance leakage vortex [14]. The static pressure distribution shows that the concave
casing slows down the flow at the leading edge, enlarges the angle between the tip leakage
vortex and the chord direction of the blade, and expands the low static pressure area
inside the whole tip passage. As shown in Figure 11a, the middle chord of the blade has
an area with a large pressure gradient and a small static pressure chute appears, which
corresponds to the secondary leakage flow. In the optimal concave EAT, this secondary
leakage phenomenon is suppressed because the contraction section of the concave casing
enhances the velocity of the clearance leakage vortex to maintain the original direction of
the movement.

Entropy (J/Kg*K)

0 60 140

(a) prototype

Figure 10. Cont.
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(b) optimal concave casing

Figure 10. Outlet entropy contours.

Static Pressurc (Pa)

55000 85000 122000

(b) optimal concave casing

Figure 11. The S1 surface static pressure contour at 99% of the span.

Figure 12 shows the entropy distribution at 99% of the span on the S1 surface of
the prototype EAT and the optimal concave casing EAT at the peak efficiency point. In
the prototype, there is a strong entropy increase at the middle and rear chord of the
tip. This high-entropy zone across the entire channel is due to the excessive load of the
prototype. Due to this excessive load, not all of the leakage fluid flows out of the current
channel; instead, some of the fluid crosses the pressure surface of the adjacent blades,
resulting in secondary leakage. In contrast, the deceleration—acceleration trend caused by
the concave casing allows most of the clearance leakage fluid to flow out of the current
channel; although the front-slowing expansion causes tip clearance leakage flow, the high-
entropy area expands, but the whole concave casing still shows an inhibitory entropy effect,
improving the whole tip flow efficiency.
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Entropy (J/Kg*K)

0 60 140

(a) prototype

(b) optimal concave casing

Figure 12. The S1 surface entropy contour at 99% of the span.

Figure 13 shows the prototype EAT and the optimal concave casing tip leakage
streamlines colored by the axial velocity, which passes the leading edge to 5% of the chord
at the peak efficiency point. The secondary leakage of the prototype demonstrates that the
fluid leakage at a large angle with the original suction surface passes the pressure surface
of the adjacent blade at 30-50% of the blade after passing through the tip position and then
mixes with the fluid that leaks near the suction surface of the adjacent blade and flows
out of the blade channel. This secondary leakage is the main reason for the loss in the
tip area of the prototype EAT. The deceleration—acceleration effect of the concave casing
causes the clearance leakage fluid to decelerate at the leading edge; thus, the angle between
the tip leakage vortex and the suction surface grows. In the middle chord region of the
channel, the leakage flow accelerates again, and its ability to maintain the original direction
of the movement becomes stronger, which significantly weakens the secondary leakage
phenomenon, reduces the loss in the tip area, and improves the flow efficiency.

Vz (m/s)

120

(a) prototype

Figure 13. Cont.
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(b) optimal concave casing
Figure 13. Tip leakage flow streamlines.

4. Endwall Optimization Design
4.1. Optimization Process and Result

Comparing different abilities of a concave casing and concave hub to improve the
EAT performance shows that because the concave casing improves the clearance leakage
flow, the casing has a significant effect on the overall performance. In other words, the
abovementioned discrete combination of the depth and position of the concavity improves
the EAT rotor performance. Therefore, to realize the full potential of concave endwall
modification, this paper proceeds with an EAT endwall optimization design. The details of
the optimization progress are shown in Figure 14. The optimization was carried out on an
CPU 17-6700K RAM 16 GB PC and took 83.7 h to complete.

EAT Endwall Design Variables
parameterization Hub(r5,r6), Casing(r5,r6)

Database Generation
Agent model Random among discrete
Artificial neural network levels (5 levels of each),
P | total size:300,valid size:279,
L. —.— Genetic Algorithm =« =« = |
New Population J

Size:50,max repeat time:25

Convergence?
penalty function

Figure 14. Optimization process.

Figure 15 shows comparisons between the characteristic lines of the prototype EAT
and the optimized EAT and between their respective meridian surface profiles. The concave
position of the optimized casing begins from the leading edge position and ends at 80% of
the axial chord; the maximum concave position is at 64% of the axial chord, and the shape
height is at 5.1% of h. In contrast, the optimized hub is a convex hub. The convex position
starts at 12% of the axial chord and ends at the trailing edge; the maximum convex position
is located at 45% of the axial chord, and the shape height is 2.5% of h. When applying the
same boundary conditions as those employed for the prototype EAT design flow point, the
total pressure ratio of the optimized EAT is increased by 0.67%, the isentropic efficiency is
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increased by 1.5%, and the mass flow rate is increased by 1.2%. In terms of stability margin,
the widely used equation employed for the general margin is shown in Equation (3).

Tltall X M
margin = |l T 415 100% 3)
&
TCymax X Mstal]

2
€137
f 1.36
5[ —=—Ori
2
$ 134 ——Opt
< £
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g 40
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‘ i 930
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I . —
E 090 | = Ori E 20 I
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5 0.87
2 L L L L L L L :
080 085 090 095 100 105 L0 LIS 120
Normalized Mass Flow(m/mdesign)
(a) Characteristic lines (b) Meridian endwall profiles

Figure 15. Comparisons between the prototype EAT and the optimized EAT.

The general margin of the prototype EAT is 13.6%, while that of the optimized EAT
is 19.96%, which constitutes an increase of 6.36%. In practical engineering applications,
the working state of EAT is calibrated via flow. Therefore, this paper replaces the peak
efficiency point parameter in Equation (3) with the design flow point parameter to obtain
the design flow margin. Consequently, the design flow margin of the prototype EAT is
19.93%, and the design flow margin of the optimized EAT is only 17.03%. Compared with
the prototype EAT, the design flow margin of the optimized EAT is reduced by 2.89%,
which indicates that the prototype EAT can achieve a stable working state with a lower
flow rate. However, comparing the characteristic lines demonstrates that at the 0.629 kg/s
design flow point, the isentropic efficiency and pressure ratio of the optimized EAT are
higher than those of the prototype EAT.

The concave hub is the result of the summary based on the previous study (which
was conducted by other researchers). The author assumed that the concave hub can also
make a positive effect on the performance of EAT, and it turned out exactly as we expected.
The convex hub is the optimization result (which was generated by the algorithm), and the
author tended to think that the combination effect of the convex hub and the concave casing
resulted in the improved performance. The major reason is still the casing optimization.

4.2. Analysis of the Optimization Results

To compare the differences in clearance flow between the optimized EAT and the
prototype EAT at the design flow point and the near-stall point, this paper defines two
dimensionless axial momentum coefficients, as shown in Equations (4) and (5).

rcasing an VZ
Ttip (pV” VZ)ref

V'V
jj pg}z Vz) ref ©®)

dr @)

Vi is the velocity component vertical with respect to the clearance, V; is the axial velocity, 7
is the uniform clearance height, A is the clearance area, y is the radial integral value, and
Cy is the surface integral value [15]. Due to the small curvature of the tip element camber
at the leading edge and trailing edge, part of the velocity distribution is oriented in the
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same direction as the mainstream velocity at the leading edge and trailing edge where i >
0. Therefore, to distinguish the different directions between the tip leakage flow and the
main flow, C;, will be integrated according to the sign.

Figure 16 shows that at the design flow point, the maximum leakage flow strength
of the prototype EAT is located at 35% of the chord, and secondary leakage occurs at
60-80% of the chord length. In contrast, the optimized EAT decelerates the flow in the
leading edge region of the blade tip. Additionally, compared with the prototype EAT,
the leakage flow strength of the optimized EAT reaches its peak at 25% of the chord
length, and the maximum strength is higher than that of the prototype EAT, but due to
the concave endwall contraction effect, the leakage flow accelerates out of the channel. At
the near-stall point, due to the increased aerodynamic load, the leakage peak position of
the prototype EAT moves forward to 10% of the chord length, and the extent of secondary
leakage is also expanded to 40-75% of the chord, causing greater loss. Compared with the
prototype EAT, as a result of the leading edge deceleration effect of the optimized EAT,
the peak leakage flow is still greater than that of the prototype EAT, but the axial forward
movement of the leakage peak is lower than that of the prototype EAT. This indicates that
the influence region of high-strength leakage flow in the optimized EAT is smaller than that
of the prototype EAT under variable working conditions. In addition, there is no obvious
secondary leakage in the optimized EAT, indicating that with an increase in aerodynamic
load, the acceleration effect of the concave endwall in the second half is also enhanced. At
this time, the mainstream and leakage flows are simultaneously accelerated by meridian
contraction, which suppresses the occurrence of secondary leakage.

20 20

Sccondary leakage area

Scecondary leakage arca
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. M L . L 1 ) E I | L1 | L
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(a) Design flow point (b) Near-stall point

Figure 16. Distribution of the tip clearance dimensionless axial momentum coefficient.

On the basis of the area integration results for the dimensionless axial momentum
coefficient plotted in Figure 17, the optimized EAT has higher leakage flow strength than
does the prototype EAT at the design flow point, At the same time, the leakage part with
the same direction as the mainstream flow in the optimized EAT is also stronger than that
in the prototype EAT. According to Figure 16, due to the deceleration—-acceleration effect of
the concave endwall on the flow, part of the flow oriented in the same direction as the main
flow is concentrated between 80% of the chord length and the trailing edge; this part of
the flow enhances the low-energy flow that accumulates at the suction surface tip and the
trailing edge corner. At the near-stall point, the tip leakage flow strength of the optimized
EAT is weaker than that of the prototype EAT, and some flow remains with a positive axial
momentum at the trailing edge, which enhances the low-energy flow.
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Figure 17. The area integral of the nondimensional axial momentum coefficient in tip clearance.

To compare the different flow structures between the prototype EAT and the optimized
EAT under approximately the same flow blockage state, the flow coefficient ¥ is defined
in Equation (6), where vy is the mass average axial velocity from 98% of the span to the
casing and Uy, is the tangent speed of the blade tip.

Y= Ux/utip (6)

Figure 18 compares the inlet flow angles at the prototype EAT peak efficiency point
(Y = 0.478), the optimized EAT peak efficiency point (¥ = 0.517), and the optimized EAT
point (¥ = 0.478). The incoming flow angle at the optimized EAT point is lower than that at
the prototype EAT peak efficiency point in the full span range, which weakens the leading
edge separation phenomenon caused by an increase in the incoming flow angle.

1~

= Ori-PE-0.478
—&— Opt-PE-0.517
— (Opt-0.478

T T TR
Flow Angle(W /W )

Figure 18. Comparison of the inlet angle at different working points.

The separation at the leading edge caused by the increase in the inlet angle in a single
rotor occurs due to two main mechanisms. The first mechanism is the separation of flow at
the suction surface blade tip corner area. This separation acts on the entire blade channel,
causing the incoming flow of adjacent blades to be deviated, thereby increasing the inlet
flow angle and causing the flow at the leading edge of the tip to separate. The second
mechanism is an increase in the inlet angle caused by the tip leakage vortex. These two
mechanisms can inhibit each other under a certain clearance height, causing the inlet angle
to decrease and weakening the flow caused by the separation of the leading edge. In
the optimized EAT (¥ = 0.478), at 90-100% of the span, the inlet angle is also lower than
that in the prototype EAT, which broadens the stable working range of the EAT rotor and
improves the general margin. The above discussion suggests that the high blade span part
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of the EAT allows more airflow to pass, and the flow improvement of the high blade span
strongly enhances the overall performance.

The separation at the leading edge caused by the increase in the inlet angle in a single
rotor occurs due to two main mechanisms. The first mechanism is the separation of flow at
the suction surface blade tip corner area. This separation acts on the entire blade channel,
causing the incoming flow of adjacent blades to deflect, thereby increasing the inlet flow
angle and causing the flow at the leading edge of the tip to separate. The second mechanism
is an increase in the inlet angle caused by the tip leakage vortex. These two mechanisms can
inhibit each other under a certain clearance height, causing the inlet angle to decrease and
weakening the flow caused by the separation of the leading edge. In the optimized EAT
(¥ =0.478), at 90-100% of the span, the inlet angle is also lower than that in the prototype
EAT, which broadens the stable working range of the EAT rotor and improves the general
margin. The above discussion suggests that the high blade span part of the EAT allows
more airflow to pass, and the flow improvement of the high blade span strongly enhances
the overall performance.

5. Influences of Different Clearance Sizes

In the above discussion, the clearance size of the optimized EAT is consistent with
that of the prototype EAT, which is 0.34 mm (1% blade tip chord length, 10 clearance).
Considering that the clearance size will change due to machining errors and under different
operating conditions, to compare the performance between the prototype EAT and the
optimized EAT under different clearance sizes. To select the optimal clearance, the proto-
type EAT and the optimized EAT characteristic lines are simulated under design clearance
sizes of 50%, 150%, and 200% (05 clearance, 15 clearance, and 20 clearance, respectively).
Moreover, to explore the effect of tip leakage flow on the performance, this paper also
simulates the characteristic lines of the prototype EAT and the optimized EAT with a 0%
clearance size (00 clearance). Although rotor tip sealing technology cannot be applied to
mass-produced EATs, for this research, the characteristic line at 0% clearance still has value.

5.1. Comparison of Different Clearance Size Characteristic Lines

Figure 19a,b show a comparison between the characteristic lines of the prototype EAT
and the optimized EAT under different clearance sizes. For the prototype EAT, the peak
isentropic efficiency first increases and then decreases with an increasing clearance size.
The peak isentropic efficiency is 91.27%, and the corresponding clearance size is 50% of
the design clearance. The change in the total pressure ratio follows the same trend as the
change in isentropic efficiency, and the peak total pressure ratio is 1.389. The characteristic
line of the prototype EAT indicates that a certain blade tip clearance size improves the
performance. For the prototype EAT, considering both the total pressure ratio and the
isentropic efficiency, the optimal clearance is 50% of the design clearance.

For the optimized EAT, the peak isentropic efficiency decreases with an increasing
clearance size, the peak isentropic efficiency is 93.14%, the corresponding gap size is 0,
the peak total pressure ratio decreases with an increasing gap size, and the peak total
pressure ratio is 1.397. Both sets of characteristic lines reveals that from the perspective of
the pressure ratio and efficiency, the clearance size has different influences on the prototype
EAT and the optimized EAT. In the following, this phenomenon will be analyzed from two
perspectives: the spanwise distribution of the average outlet total pressure ratio and the
relative total pressure distribution of the S1 stream surface at 99% of the span.
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Figure 19. Comparison of characteristic lines under different clearance sizes.

5.2. Analysis of Performance Variation

According to the previous description of the prototype EAT, a certain clearance width
increases the total pressure ratio and efficiency. The main reason for the change in this
mechanism in the optimized EAT is that the concave casing makes the main flow struc-
ture of the blade tip first decelerate and subsequently accelerate. In the prototype EAT,
there is not only mutual inhibition of corner separation and tip leakage vortex but also
a deceleration—acceleration effect caused by the concave casing. These two effects cause
the optimized EAT’s peak total pressure ratio and peak isentropic efficiency to gradually
decrease with an increasing clearance size. Figure 20a shows the spanwise distribution of
the outlet total pressure ratio at the peak efficiency point under the 0% clearance size of the
prototype EAT. Due to the 0% clearance state, there is no tip leakage flow. The total pressure
ratio distribution can be divided into three main sections: A, B, and C. Section C contains
the pressure ratio change caused by the uplift of flow in the hub area due to the centrifugal
force, Coriolis force, and hub contraction. Section B is the middle section of the blade where
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the flow separation is minor; the main factor affecting the change in the pressure ratio here
is the blade tangential velocity, which increases with the radius. Section A involves the flow
close to the casing region; in the 0% gap state, the main factor for the change in this section
is the corner separation of the suction surface trailing edge. Figure 20b shows the spanwise
distribution of the outlet total pressure ratio at the peak efficiency point for the prototype
EAT under 0% clearance, 50% clearance, and 100% clearance. Below 60% of the span, the
three total pressure ratio curves basically coincide. For section A under 0% clearance, the
pressure ratio at the 50% clearance size is higher than that at the 0% clearance size. This
is mainly due to the increase in tip leakage flow caused by the gradually increasing tip
clearance, which inhibits suction surface corner separation. Compared with the positions
under 0% clearance and 100% clearance, section B under 50% clearance is closer to the
casing position. These findings show that in the prototype EAT, for the pressure ratio
(efficiency), there is an optimal gap; hence, the tip leakage flow and the suction surface
corner separation can reach a balanced point, thereby achieving the maximum pressure
ratio (efficiency).
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Figure 20. Spanwise distributions of the outlet total pressure ratio.

Figure 20c shows the spanwise distribution of the outlet total pressure ratio at the
peak efficiency point for the optimized EAT under 0%, 50%, and 100% clearance sizes. For
the pressure ratio changes under 0% clearance, 50% clearance, and 100% clearance, Section
A is narrower than that in the prototype EAT, which means that the region influenced
by the tip leakage flow and suction surface corner separation is smaller in the optimized
EAT. With an increase in clearance size, the increase in tip leakage flow begins to suppress
corner separation, but the same pressure ratio increases, unlike in the prototype EAT. The
reason for this phenomenon is that the starting position of the tip leakage flow is near the
leading edge, while suction surface corner separation occurs near the trailing edge. The
tip leakage flow is decelerated and then accelerated by the concave endwall, whereas the
suction surface corner separation is only subject to acceleration, so the separation has a
stronger ability to maintain the original movement.

Figure 21 shows the axial velocities of the prototype EAT and the optimized EAT
at 99% of the flow channel height under 0%, 50%, and 100% clearance. Compared to
the prototype EAT, the low-speed area caused by the corner separation in the optimized
EAT is still obvious under the 50% gap state. Under 100% clearance, the different low-
velocity areas caused by tip leakage flow and suction surface corner separation can still
be distinguished.



Energies 2021, 14, 2215

19 of 21

(a) Prototype EAT

Figure 21. The S1 surface axial velocity at 99% of the span.

Similar to the case for all axial compressors, a stable margin is important to ensure that
the EAT can operate normally within a periodically changing backpressure environment.
Figure 22 shows the variation in the flow coefficient difference AY and the general margin
with the clearance size between the prototype EAT and the optimized EAT at the peak
efficiency point and the near-stall point. For both the prototype EAT and the optimized
EAT, the trend of AY with the tip clearance is the same as that of the general margin. The
general margin of the prototype EAT increases with increasing clearance size, while the
general margin of the optimized EAT first increases and then decreases with an increasing
clearance size. The margin reaches the maximum value at 100% of the design clearance
size. Moreover, under 0%, 50%, and 100% clearance, the general margin of the optimized
EAT is higher than that of the prototype EAT. For the prototype EAT, as the clearance size
gradually increases, the leakage flow has a greater impact on the flow in the full blade
span. The characteristic lines show that the margin of the prototype EAT increases at the
expense of a decrease in the pressure-rise capacity. Additionally, under 200% clearance, the
peak efficiency point pressure ratio is reduced by 3.4% compared with that under 100%
clearance. For the optimized EAT, as the clearance size increases, the pressure-rise capacity
decreases less than that of the prototype EAT. Under the 200% design clearance state, the
peak efficiency point pressure ratio drops by only 2% compared with that under the 100%
design clearance state. Furthermore, the main factor for the increase in the leading edge
inlet angle changes from suction surface corner separation to tip leakage flow. Therefore,
on the basis of the general margin, there is an optimal clearance size. In the scheme studied
in this paper, the optimal clearance of the optimized EAT is 100% of the design clearance.
It is worth noting that in the optimized EAT, the change trend of the general margin is the
same as that of the spike-stall rotor studied in Reference [15]. Hence, the stall form of the
optimized EAT may also be spike-stall. However, the specific form of stall still needs to be
simulated with an unsteady simulation.

As we can see from comparing results between the prototype and the optimization in
different size clearance, it seems that the prototype with a narrower clearance has a better
performance than the optimized EAT. However, considering that once put into practice, a
small increase in manufacturing accuracy may result in a high cost increase. Compared with
changing the already narrow default tip clearance (0.34 mm), the axisymmetric endwall
modification has an obvious performance effect and a limited cost increase. Therefore,
instead of using the clearance reduction scheme of the prototype EAT, an axisymmetric
endwall modification with the same clearance dimensions as the prototype is adopted.
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Figure 22. Differences in the flow coefficient and general margin change with the clearance size.

6. Conclusions and Future Work

To further improve the performance of the EAT, the effect of axisymmetric endwalls
were investigated via numerical simulation. Discrete schemes were first studied; then, the
optimized endwall was obtained using a backpropagation artificial neural network and a
genetic algorithm. The effects of different clearance sizes on the prototype EAT and the
optimized EAT were discussed in detail. The main conclusions are as follows:

For concave hubs, the deceleration—acceleration effect of the endwall on the fluid
reduces the load at the root of the blade and the lateral pressure gradient of the hub, thus
improving the flow state. In the modified optimal concave hub, the efficiency at the peak
efficiency point increases by 0.24%. For the concave casing, the deceleration effect caused by
the expansion part of the endwall shifts the start position of the tip leakage vortex forward
to variable working points. Moreover, the contraction part of the endwall increases the
axial velocity. The ability of the tip leakage vortex to maintain the original direction is
enhanced, decreasing the secondary leakage flow loss on the overall performance. In the
optimal concave casing modification, the efficiency of the peak efficiency point is increased
by 0.71%. In general, the concave casing had a more obvious effect than did the concave
hub on the EAT performance.

Optimization design was carried out by using a backpropagation artificial neural
network and a genetic algorithm, and a convex hub and full-chord concave casing were
obtained. The convex hub decelerated the flow in the blade root region and weakened the
profile loss, while the full-chord concave casing deceleration-acceleration effect decreased
the loss which caused by the tip leakage flow. At the design mass flow point, the isentropic
efficiency and the pressure ratio both increased and the peak efficiency increased by 2.2%.

Under different clearance sizes, for the prototype EAT, the tip leakage flow obviously
weakened the suction surface corner separation at 50% of the design clearance. For the
optimized EAT, the low-velocity region caused by suction surface corner separation could
still be distinguished at 50% and 100% of the design clearance. The concave casing made
the tip leakage flow decelerate first and then accelerate, thereby accelerating the suction
surface corner separation; thus, the change trends of the efficiency and general margin
varied with the clearance size and were different between the prototype EAT and the
optimized EAT.

Axisymmetric endwall technology has shown great potential in the EAT performance
improvement, mainly because the tip region flow significantly influenced the global per-
formance. Future work will combine the axisymmetric endwall technology, the bend and
sweep blade technology, and tip winglet technology to further improve the EAT perfor-
mance, research the composite mechanism of these three technologies, and obtain the
optimal scheme of the EAT geometry from the view of aerodynamics design.
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