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ABSTRACT

To improve the compressor performances at variable conditions, in this research, we used numerical simulation
software to analyze and discuss the effects of three kinks of a wavy blade-end on an axial compressor cascade.
One of the wavy blade-ends was a traditional structure with a wavy leading edge and a trailing edge (WBE_P).
The other two wavy blades were new structures with a straight trailing edge and a wavy leading edge (WBE_R,
WBE_S). The difference between WBE_R and WBE_S was that the blade profile used to form the wavy blade
was different. For WBE_R, we obtained the wavy leading edge by rotating the element at different heights, and
the trailing edge was the center of a circle. For WBE_S, we obtained the wavy leading edge by using a new
element with a different camber angle. Because of the new geometry involving some discussions of a variety
of parameters, we further discussed the geometric parameters and structure to guide the design and optimization
of the blade. We drew some conclusions at the stable condition (6° incidence). For the first case (WBE_P),
when the wavelength of the wavy blade-end was increased to 0.3 times the blade height, the total pressure loss
was enhanced. When the wavelength was 0.2 times the blade height, the amplitude was 0.06 times the pitch,
the minimum area of blocked range (Ab) and the total pressure loss coefficient { could be obtained, and the {
and Ap were decreased by 5.49%, and 12.72% compared with the baseline. Furthermore, to weaken the influence
of changed blade profile on the exit airflow angle, we proposed WBE_P and WBE_R with new structures. We
further improved the flow-field characteristics of WBE_P by WBE_R, and the {'and A, decreased by 5.84%
and 13.79% compared with the baseline. Additionally, the stall point was delayed from 7.5° to 7.7° incidence.
Therefore, the wavy blade-end applied in the leading edge had a greater contribution to improving the flow
characteristic, and the straight trailing edge was beneficial to maintaining the exit flow angle. WBE_S with a
smoother blade surface did not show an advantage compared with WBE_R. WBE_R with a wavy blade-end
leading edge and a straight trailing edge showed an advantage in improving the cascade performance, which
was suitable for use in the stator from the last stage of a high-load axial compressor.
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NOMENCLATURE
A amplitude of wavy blade-end i incidence
Ab rea of blocked range LE leading edge
AR aspect ratio PS pressure surface
Ain  area of inlet boundary PV passage vortex
C chord length Pt total pressure
Ca  axial chord length P static pressure
Cp static pressure coefficient SS suction surface
CV  corner vortex SST shear stress transport

Dm  diffusion parameter SSTy-0 shear stress transport with y-0 transition

DF  diffusion factor qu_el
D corner vortex matrix consisting of the TE trailing edge

database of H/A t pitch .
H height of wavy blade-end Vm velocity component of the local main
h height of cascade flow
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Zn  non-dimensional Z axis

a1 inlet flow angle of cascade
az  outlet flow angle of cascade
B flow angle

P inlet metal angle of cascade
Pk outlet metal angle of cascade

1. INTRODUCTION

In recent years, the high-load axial compressor has
been widely developed (Xiangjun et al. 2014; Pope
et al. 2021; Ma et al. 2019), and serious three-
dimensional (3D) corner separation has been found
near the end-wall of the last-stage stator. This corner
separation is formed mainly as a result of the
development of the end-wall boundary layer, which
leads to flow loss and a deteriorated flow field
(Denton 1993). Many scholars have attempted to
improve compressor performance according to
passive flow control methods (Hergt and Siller 2015;
Payyappalli and Pradeep 2018; Sun et al. 2021;
Subhra et al. 2021) that can reduce the flow loss and
extend the stability margin.

The pitchwise movement of the end-wall boundary
layer is the main reason for the deterioration of the
flow field (Sun et al. 2020). Therefore, many flow
control schemes that change the boundary layer
distribution have been proposed, such as compound
lean scheme (Benini and Biollo 2007; Zhihui Li et
al. 2017), end-wall profile scheme (Kiran and
Anish 2017; Hartland et al. 2000), and blended
blade scheme (Jiabin et al. 2018). The boundary
layer is redistributed with these methods, and the
flow-field characteristics of a compressor are
significantly improved. The compound leaned
blade was used in an axial compressor cascade by
Ding et al. (2018), and he pointed out that the
leaned blade redistributed the radial pressure near
the blade surface, which improved the distribution
of the boundary layer. Not only the compressor but
also the compound leaned blade introduced in the
compressor, as a positive leaned technology, was
used in the stator blade of a four-stage compressor
by Fischer et al. (2004). The total pressure ratio of
the compressor was enhanced and the isentropic
efficiency was improved (Fischer et al. 2004).
Furthermore, the compound leaned blade has been
used in a real compressor environment. For the
design condition, the efficiency can be enhanced by
2%, and the stability margin can be widened by
nearly 5% (Wellborn and Delaney 2001).

Wavy blades have been widely studied, and this type
of blade can effectively control secondary flow with
the wavy surface. A numerical study was carried out
by Bearman and Owen (1998). Their results showed
that the drag force of a rectangular-section body was
reduced by the wavy modification. Furthermore,
numerical investigations of the effect of the wavy
modification on the flow surrounding a cylinder have
been discussed by Lin et al. (2013). The reduction of
the maximum drag reached 18% when a wavy
cylinder with a sinusoidal diameter along the span
was used. The stable operating range also can be

y stagger angle

¢ total pressure loss coefficient
p density

T solidity

4

cascade’s profile turning angle

extended by the application of wavy airfoils based on
the numerical studies of Lin et al. (2013). The flow
separation is mitigated by the wavy airfoil, which
delays the occurrence of the stall, and the airfoil
aerodynamic performance of the post-stall is
improved.

Considering the importance of improving flow
characteristics near the end-wall for the cascade
performance, a kind of wavy blade near the end-wall
was applied in a high-load compressor cascade
(Wang et al. 2018), which was designed at the blade-
end similar to a positive lean profile. The study found
that a concave profile used in the blade near the end-
wall was beneficial for suppressing the radial
pressure gradient and weakening the secondary flow,
thus reducing the flow separation. Therefore, the
effects of the geometric parameters and structure on
the cascade performance should be discussed further.
In this research, we applied a one-period sinusoidal
curve in a high-load cascade near the end-wall and
the named wavy blade-end. We examined the
dimensionless wavelength and the amplitude based
on the flow characteristics. The objectives of the
application of wavy blade-ends are as follows:

1.  We proposed three kinds of wavy blade-ends
with different profiles and explored and
compared their aerodynamic performance.

2. We determined relationship between the
dimensionless wavelength, amplitude, and the
cascade performance and optimized the
structure of the wavy blade-end.

3. We obtained the optimum geometric
parameters of the wavy blade-end and
discussed the profile characteristics.

2. GEOMETRIC PARAMETERS OF
CASCADE

The compressor cascade was obtained from Zhang
(2010), and the cascade with a high-load profile was
selected as the research object to analyze the flow
characteristics of the blade passage. The following
discussion of the wavy blade-end performance is
based on this cascade. The experimental
measurement of the baseline was carried out by
Zhang (2010). Detailed descriptions of the
experiments are presented in the following sections.

The generation of the 3D cascade used a high-load
profile, which was from the last stage of a high-
pressure compressor. The solidity of the cascade was
2.14. The geometry of the cascade is shown in Fig.
1, and parameters are given in Table 1.
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i
Fig. 1. Schematic of cascade.

Table 1. Geometric and aerodynamic
parameters of baseline
Parameters Values
Pitch (t) (mm) 53.4
Axial chord length (Ca) (mm) 107

Chord length (C) (mm) 114.3
Full span (mm) 200
Stagger angle (y) (°) 20.5
Diffusion factor (DF) 0.5

3. NUMERICAL SIMULATION METHOD
AND VALIDATION

3.1 Numerical Model

Considering the periodicity of the cascade, we
selected a single passage with a full span as the real
3D computational domain. The mesh and the main
boundary conditions are shown in Fig. 2. Hexahedral
grids were obtained to generate the computational
domain, and two passages are shown for clarity.

The length of the inlet passage was 1.2 times the
axial chord length Ca to obtain a uniform inflow. The
outlet boundary was established as two times the
axial chord length Ca. The length could guarantee
the weakening interference of the exit airflow on the
measurement plane. Based on an experiment from
Zhang (2010), the measurement plane for obtaining
the velocity, pressure, and other parameters was
located at a position 0.4 times the axial chord length
Ca downstream of the TE (leading edge of the
blade). In Fig. 2, the walls are covered by the contour
of Y*. As shown from the contour, the maximum
value of Y*<1.

The mesh was generated by AutoGrid5 commercial
software, and the distribution of grids near the walls
is shown in Fig. 3. In the four partially enlarged
views, we selected an O-type mesh to surround the
blade, which guaranteed the mesh orthogonality, and
the mesh refinement was performed near the walls.
We adopted H-type meshes to generate the inlet
passage and the outlet passage.

Measurement Plane""

Zns [#Y

Fig. 2. Computational domain.

Fig. 3. Distribution of grids near walls.

The inflow from the wind tunnel was provided by a
radial blower driven by a 45 HP DC motor. The
blower could provide a maximum flow of 5 kg/s, and
the total pressure rise was 1200 Pa. As shown in Fig.
2, the inlet velocity profile could be found at the inlet
section, and the distribution along the spanwise
direction was obtained with the experiments. The
thickness of the inlet boundary layer on the inlet
section was 0.125 times the full span. The average
temperature measured experimentally was given on
the inlet boundary. The atmospheric pressure was set
on the outlet boundary.

In the experiment, we measured the turbulence
intensity and the turbulence length scale of the inlet
boundary condition mainly by a 55P15 boundary
layer probe, as shown in Fig. 4. The L-shaped seven-
hole probe (Fig. 5) was arranged on the measurement
plane. Then we obtained the pressure, velocity, and
other parameters.

55P15 Boundary layer type

Fig. 4. Boundary layer probe (Zhang 2010).
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Fig. 5. L-shaped seven-hole probe (Zhang 2010).

3.2 Turbulence Model

The different closed empirical N-S equations created
significant differences in the numerical simulation
results. Therefore, it was most important to choose
an appropriate turbulence model. We applied the
numerical simulation of the 3D cascade using the
commercial solver ANSYS CFX, and the advection
scheme and turbulence model were set to a high-
resolution scheme. The number of grid nodes was 5
million for the verification because the mesh met the
requirement of grid independence.

We obtained oil-flow visualizations of the design
condition to verify the turbulence model and discuss
the flow characteristics. A previous experiment was
carried out by Zhang (2010). Figure 6 shows the
experimental results for the design condition.
Because the cascade was a radially symmetrical
structure, we discussed the experimental and
numerical results with half-spans.

Figure 7 shows the comparison of numerical
simulation results for the SST and SST y-6. Figure 7a
shows that the radial separation bubble could not be
predicted by the turbulence model SST. However,
the position and the axial range of the radial
separation bubble were accurately predicted by the
SST y-6, and the range of the corner separation was
also well captured, as shown in Fig. 7b. Moreover, as
shown in Fig. 7c, the separation line SL outlined a
corner separation region, the positions of the main
nodes N1 and N2 were well estimated, and the range
of the separation region was predicted. Only the
thickness was underestimated.

Figure 8 shows some limiting streamlines of other
turbulent models. An obvious radial separation
bubble could be found in the experimental result, but
this could not be captured by k-w and k-¢ because
these turbulence models did not include transition
models. The separation bubble was captured by BSL
y-6, but the position was relatively backward-
predicted.

To further verify the accuracy of the turbulence
model with the transition model, we selected two
kinds of inlet velocity distributions with 0.125 span
and 0.225 span boundary layers. The comparisons
between the numerical and experimental results are
shown in Fig. 9. The pitch-average total pressure loss

a. SST (blade suction su rface)'

b. SST -0 (blade suction surface)

Sy
C. SST -0 (end-wall)

Fig. 7. Comparison of SST and SST y-0 .

EiE;. 8. Limiting étre

VILLLL L

amlines of blade suction surface.
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Fig. 9. Pitchwise averaged ¢ along the spanwise
direction.

coefficient at 40%Ca downstream of TE was
extracted, and the simulations showed good
agreement with the experiment along the full span.
In particular, the values near the end-wall were well
matched within the 0—-10% span, which explained the
fact that the numeral calculations should embody the
flow behaviors well near the hub to a great extent.
Therefore, the turbulence model SST y-6 was
appropriate.

The total pressure loss coefficient { was one of the
most commonly used parameters to evaluate
cascade/stator performance. The formula is given as
follows:

t., — Pt(x,y,2)

P
X, ¥,2) = (D
¢(xy.2) Pt P

Figure 10 shows the velocity vectors and { at the
measurement plane. The left side of the figure shows
the experimental result and the right side shows the
numerical result. We used this comparison to verify
whether SST y-6 could capture the flow-field
characteristics well. The black arrows indicate the
velocity vectors, and the red solid lines represent the
contour lines of the £ The distribution of velocity
vectors could be well predicted, and the location of
the passage vortex (PV) was reproduced accurately.
Only the range was underestimated. Additionally,
the high-loss region (where the value of the { was
bigger than 5.2) was well captured by the simulation
method. Only the range along the pitchwise direction

0.0 Inlet LE TE

was underestimated. Above all, the turbulence model
SST y-6 was suitable in this study.

3.3 Grid Independence

To save computing resources, we discussed the
independence of the grid. We adopted the
computational domain with six sets of grids, and the
number of grid nodes was from 1.2 million to 5.8
million. The design condition with -1° incidence was
selected to analyze the sensitivity of the grid number.

To review the influence of the grid number on the
cascade, Fig. 11 provides the mass-flow average { at
the different axial positions, and Zn expresses the
dimensionless Z-axis. According to the partially
enlarged views, with the increase of grid nodes from
1.2 million to 5.0 million, the { decreased gradually.
When the grid nodes were bigger than 5.0 million
(such as 5.8 million), the value of the { was the same
as that for 5.0 million. Therefore, we selected the
mesh with 5 million grid nodes for further research.

Contour lines

> Velocity vectars

T

SRS

ety

Non-dimensional span

0 S
L‘»Y

Experiment Simulation

Fig. 10. Velocity vectors and contour lines of ¢ at
the experimental measurement plane.

4. DESIGN OF WAVY BLADE-END

In the formation of 3D compressor blades, the
compound lean blade has been extensively studied,
such as in the studies carried out by Benini and Biollo
(2007). The thickness of the boundary layer near the

0.06

0.03f

P

0.00

0100 01 02 03 04 05 06 0
ZN

.7 08 09 10 11

Fig. 11. Variations of mass-flow average ¢ along different axial cross-sections.
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end wall was effectively weakened, and the corner
separation point was delayed by the application of a
positive lean blade (Ding et al. 2018; Fischer et al.
2004). The development of the boundary layer near
the end-wall was the main reason for producing the
vortex structures and blocking the blade passage.
Therefore, research about 3D blade formation has
not been limited to discussing the design of stacking
lines. In recent years, the local shape of the blade
near the end-wall gradually has become a matter of
concern for scholars (Lin et al. 2013; Wang et al.
2018).

The wavy blade-end was proven to be able to
effectively reduce the total pressure loss and enhance
the static pressure rise by Wang et al. (2018).
However, the parameters of the blade profile have
not been quantified. In this study, the shape of the
blade-end was further optimized and discussed.
Figure 12 introduces the schemes of the three kinds
of wavy blade-ends. As shown in Fig. 12a, a one-
period sinusoidal curve was applied in the scheme of
the LE/TE (leading edge/trailing edge) near the end-
wall. The wave moving toward the PS (pressure
surface) was defined as a peak (red blade profile),
and the wave moving toward the SS (suction surface)
was a trough (blue blade profile). The wavelength
was expressed in “H”, and the amplitude was
expressed in “A”. Based on the design of LE/TE, we
proposed the 3D geometric configurations of the
cascade with the wavy blade-end as shown in Fig.
12b. Because of the profile of the cascade being
designed based on the stator from the last stage of a
high-load axial compressor, a uniform exit flow

WBE_P
~LE/TE

| Midspan _

SS(PS

i
-7 peak
N

+ Trough

angle was important. To maintain the airflows out
from the passage along the Z-axis direction, we
proposed two kinds of wavy blade-ends with a
straight trailing edge (WBE_R and WBE_S). The
relevant descriptions are as follows:

1. WBE_P. The compound lean composed of a
positive lean and a negative lean is applied in
the baseline blade near the end-wall, and the
corresponding vertical view is shown in Fig.
13. The red blade profile is the positive lean
element, and the blue blade profile is the
negative lean element. The direction of the
movement of the elements is parallel to the
chord line, so the cascade is named WBE_P
(wavy blade-end_parallel).

2. WBE_R. The blade trailing edge is still a straight
line. The positive lean element rotates
counterclockwise, and the negative lean
element rotates clockwise at the center of the
TE. Therefore, the cascade is named WBE_R
(wavy blade-end_rotate). Additionally, the
LEs of the positive lean element and the
negative lean element are adjusted to coincide
with the peak and trough of the wavy curve,
respectively.

3. WBE_S. The straight line is also used as the
trailing edge, and the straight leading edge is
replaced by the sinusoidal curve. In particular,
the rear half (near the TE) of the positive lean
element and the negative lean element still
coincide with the baseline profile. Only the

WBE_R

WBE_S

> \Ly\J

a. Scheme of curve

b. 3D geometric configurations

Schemes of the three wavy blade-ends.

l's)

= G
% WBER %, WBE_S
e

4

o
e
Z
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Fig. 12.

O

-3

2,  WBE_P
% ‘

[T\
—Positive lean element I [\ !

Negative lean element

Fig. 13. Vertical views of the blade profile.
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front half is adjusted to match the wavy curve. As
seen in Fig. 12b, the scheme makes the blade surface
smoother. Therefore, the cascade is named WBE_S
(wavy blade-end_smooth).

5. NUMERICAL RESULTS

5.1 Flow performance of baseline cascade

For a 3D corner stall, as an unsteady flow affects the
compressor performance, the flow phenomenon
leads to a serious blockage of the blade passage near
the end-wall and destroys the compressor stability.
Scholars (Lei et al. 2008; Xianjun et al. 2010;
Lieblein and Johnsen 1961) have developed a series
of models to forecast the occurrence of a corner stall.
The prediction model for corner separation/stall is
used to guide compressor design. In this study, we
carried out the experimental measurement of the
baseline cascade only for the design condition, so the
prediction model can be used to predict the stall
condition of the cascade.

A prediction model of the corner stall considering the
influence of the 3D geometric aerodynamic
parameters on the corner separation was proposed by
Xianjun et al. (2010). The evaluating indicator is
defined as diffusion parameter Dm, and the formula
is given as follows:

(cosa, +cosa, ) sin? 2
D = ' § 201_ Cos oy AR 2
rcos’ a, cosa,

m

where the solidity 7, aspect ratio AR, blade camber
angle g, inlet flow angle a1, and outlet flow angle a2
reflect the streamwise pressure gradient and the
pitchwise pressure gradient. The model can
effectively predict the corner stall of the 3D cascade.
Based on the numerical results of more than 200
different cascades by Xianjun et al. (2010), we found
that because the value of D, was larger than
0.4740.015, the cascade could enter the corner stall.
According to Xianjun et al. (2010), the critical range
of the diffusion parameter is Dmer>0.47+0.015
(Dm,r=>0.455).

The values of the diffusion parameter Dm and the
typical flow field characteristics of the baseline are
shown in Fig. 14. The cases that may enter the corner
stall are covered by blue slashes (the range is
0.455>Dm>0.47). When the incidence was bigger
than 6°, the corresponding value of Dm was higher
than 0.455. At the same time, the corner stall could
occur. The low-energy fluids of the blade suction
surface at typical incidences are shown in Fig. 14.
The regions are represented by the 3D iso-surfaces of
the axial velocity<0.001 and are covered in gray.

At the 6° incidence, although more low-energy fluids
accumulate near the blade suction surface, the flow
field was still stable and maintained the strict vertical
symmetrical structure. When the incidence increased
to 7°, the symmetrical low-energy fluids increased
and interacted along the spanwise direction. The
interaction between the two parts of the flow field
(the upper part and lower part) led to the flow-field
structure becoming an asymmetric structure, which

0.47

0.46
critical value 0.455
0.45

0.44 /
043 ./

042
210 1 2 3 456
1)

E
o

—e—Baseling

7 8 9 10 11

Fig. 14. Diffusion parameter Dm and low-energy
fluid at typical incidences.

meant that the flow performance became an unsteady
condition. With the incidence consistently increasing
to 8°, more low-energy fluid accumulated near the
lower end-wall, the corner separations continuously
expanded along the spanwise and connected to each
other. Additionally, the separation type was switched
to an open separation (Shan Ma et al. 2019), and the
corner stall was considered to have occurred.

The separations were formed by the accumulated
low-energy fluid and complex vortex structures,
which were the main reason for the flow loss.
Therefore, we compared and discussed the flow
fields of the cascade at the -1° and 7° incidences.
Figure 15 shows the streamlines near the walls at the
two conditions, and some special 3D vortices near
the end-wall are given in the partially enlarged
views. As shown in the figure, the end-wall is
replaced by the contour of the pitchwise pressure
gradient |0P/dy|, and the blade is colored by the
contour of the radial pressure gradient |0P/0x|. The
low-energy fluid is shown by the iso-surface, and the
color is gray.

1. Lowe-energy fluid around the LE

The formation of a horseshoe vortex resulted in the
accumulation of low-energy fluid around the leading
edge near the end-wall. At the -1° incidence, the
generation of the horseshoe vortex was closely
related to the node N1 and Saddle Si1. As shown in the
partially enlarged view (O, because of the
obstruction of the blade, the higher speed airflow
(red streamlines) flowed to the end-wall and
produced the node N1. The lower speed airflow (blue
streamlines) met the higher speed airflow and formed
the saddle point S1. The airflow from the saddle
point S1 was divided into two legs. The part entering
the blade passage near the suction surface rolled up
and then formed the suction surface leg of the
horseshoe vortex. The other part entered the blade
passage near the pressure surface, which was named
the pressure side leg of the horseshoe vortex.

As the incidence increased to 7°, an asymmetric flow
field emerged. As shown in the partially enlarged
view (@), the formation mechanism of the horseshoe
vortex was the same as the design condition.
However, the increase of the incidence changed the
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incoming flow direction, which led to the suction
side leg of the horseshoe vortex requiring a bigger
deflection angle to enter the cascade passage.
Therefore, more low-energy fluid was accumulated
on the end-wall near the leading edge.

2. Corner separation

On the left side of Fig. 15, the partially enlarged view
@ shows the initial position of the corner separation.
After the suction, the side leg of the horseshoe vortex
entered the blade passage, which reattached to the
blade suction surface at a fast speed with the
pitchwise pressure gradient. Subsequently, the leg
met the corner vortex and formed a multicritical
point N4(S4). The point had a dual meaning. N4 was
a reattachment point of the horseshoe vortex, and S4
represented an initial location of the separation line
on the blade suction surface. Some of the low-energy
fluid accumulated near the blade suction surface
under the axial reverse pressure. Therefore, Na(Sa4)
was considered to be the initial point of the 3D corner
separation, and the same could be found at 7°
incidence. The development of the corner vortex
affected the axial range of the corner separation.

3. Corner vortex

As shown in the partially enlarged view @ of Fig.
15, part of the boundary layer (blue streamlines) met
the low-energy fluid from the blade pressure surface
(red streamline), and a saddle point Sz was formed.
Part of the airflow (blue streamlines) moved
upstream along the corner range, and the corner
vortex (blue streamlines in the partially enlarged
view @) was formed with the influence of the
passage vortex.

The generation of the main vortex structures was
closely related to the development of the boundary
layers. The appearance of vortices was always
accompanied by flow loss. Therefore, a method of
changing the distribution of the boundary layer could
be developed to suppress the accumulation of low-
energy fluid and to reduce the flow loss.

High

Low
|oP/oz| T
|6pP/ox| [T
Fig. 15. Flow characteristics cascade passage at -1° and 7° incidences.

5.2 Effects of wavy blade-end on the cascade
performance

The development of the boundary layer near the end-
wall affects the accumulation of the low-energy fluid
and the generation of the flow loss. Therefore, the
wavy blade was applied only in the cascade near the
end-wall and was named the wavy blade-end. In this
study, we selected the wavelength “H” and
amplitude “A” to discuss the effect of the geometric
parameters on the cascade performance. To
quantitatively analyze the parameters, the ratio of
A/H was defined.

The values of the amplitude can be written as a
column matrix with a size of 5x1: A =
[0.02t,0.03t,0.04t,0.05t,0.06t] . The values of the
wavelength form a column matrix with a size of 4x1:
H = [0.15h,0.2h,0.25h,0.3h] . Therefore, a matrix
with a size of 5x4 formed by A/H= AH is obtained,
as follows:

- 2 2 2 2 7

15 20 25 30
33 3 3
15 20 25 30

t |4 4 4 4|t

AIH=DX—= X= 3
B ©)

15 20 25 30|k
22 2 3
15 20 25 30
s 6 6 8
-15 20 25 30-
The common divisor t/h was extracted, and the
remaining matrix was represented by D (Database).
The A/H with the 20 values was defined to
quantitatively discuss the influence of the amplitude
and the wavelength on the compressor cascade. The
optimized object was only WBE_P, and the
optimized parameters were applied for WBE_R and
WABE_S for further comparison and discussion.

1. Performance of cascade with WBE_P

The wavy blade-end of WBE_P in Fig. 12b is
discussed first. According to the analysis in Section
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5.1, the flow field of the baseline at 6° incidence was
still stable, so we selected this condition for further
comparison and discussion. The total pressure loss
coefficient  of the cascade with WBE_P is shown in
Fig. 16. To facilitate analysis, we classified WBE_P
with the same wavelength into one group for
discussion. Therefore, four series of data could be
obtained, and the wavelengths were 0.15 h, 0.2 h,
0.25 h, and 0.3 h. The { of the baseline is represented
by the red line, and the value is 0.1021. The
minimum total pressure loss coefficients of the four
series of data are highlighted by the green circles.
When the wavelengths were 0.2h and 0.25h, the
lowest value of { could not be obtained based only
on the data from Formula (3). Therefore, we
calculated the additional cases with A = 0.07 t and
0.8 t. The corresponding values of are highlighted
by the blue circles.

As shown in Fig. 16, the ¢ followed a trend of first
decreasing and then increasing with the rise of the
wavelength “H” from 0.15 h to 0.3 h. Significantly,
once the wavelength increased to 0.3 h, the {'was still
higher than the baseline, regardless of the value of
the amplitude. Therefore, the wavy blade-end with a
longer wavelength was detrimental to the cascade
performance. Furthermore, for the other three groups
with the wavelength range of 0.15-0.25 h, the range
of D with the lowest total pressure loss was 0.28—
0.33.

0.104 —a&—(0.15h —@— Baseline
——02h O MinLoss
0.103 0.25sh O Additional
—v—0.3h
0.102
\»0.101F A& = ®
0.100 \\ @i:,
0.099 \ ® F/J
—@ :
0.098

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
D

Fig. 16. Effect of WBE_P on total pressure loss
at 6° incidence.

Furthermore, the optimum case could be obtained
when the wavelength was 0.2 h and the value of the
D was 0.3. The corresponding total pressure loss
coefficient was 0.0985. The value decreased by
5.49% compared with the baseline. Therefore, we
selected the optimum case for the further flow-field
analysis to discuss the function of the wavy blade-
end,andthe H=0.2h, A=0.06t.

The relationships of the WBE P’ geometric
parameters and the cascade performances at 6°
incidence are shown in Fig. 17. The values of { are
colored by the contours. To quantify the effects of
the wavelength and the amplitude on the cascade
performance, the transverse axis is represented by
AJt, and the longitudinal axis is represented by H/h.
The contour is represented by nine contour lines. The
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Fig. 17. Effects of the wavelength and amplitude
onthe .
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Fig. 18. Variations of { with different incidences.

Cinside the range surrounded by the first contour line
(red line) was smaller than 0.099. If the value of A/t
was between 0.05 and 0.06 and the H/h was in the
range of 0.188 to 0.214 at the same time (black
rectangle), the smaller (' could be obtained.

As displayed in Fig. 18, the comparisons of ¢
between the baseline and WBE_P could be found. As
the incidence increased to be larger than 1°, the ¢
followed an obvious decreasing trend because of the
application of WBE_P. At the 6° and 7° incidences,
as shown in the range of accumulated low-energy
fluids, the flow fields were always vertically
symmetrical. When the incidence increased to 8°, the
3D corner separation became an open separation, and
the stall flow field occurred. Above all, the total
pressure loss was reduced by WBE_P under almost
all conditions (i>1°). However, no significant
advantages were achieved by delaying the
occurrence of a corner stall.

Figure 19 shows the effects of WBE_P on the
cascade performance at 6° incidence. The low-
energy fluid is covered by the gray iso-surfaces of the
axial velocity<0.001, and the distributions of { are
extracted from the trailing edge. The radial pressure
gradient |0P/0x| on the blade suction surface is shown
to compare the change of the blade load, and the
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Fig. 19. Comparison of flow field details at 6° incidence. Left: Baseline; Right: WBE_P.
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Fig. 20. Two-dimensional limiting streamlines at the planes of 50%Ca.

contours from the component in the z-axis direction
of vorticity Z are shown at the cross-sections of
70%Ca.

As shown in Fig. 19, the intensities of the passage
vortex and corner vortex were weakened by the
application of the wavy blade-end because the
boundary layer and the static pressure near the walls
were redistributed. For the range near the blade
suction surface, the negative lean element moved
toward the blade suction surface and formed a
concave profile, and a high-static pressure area
appeared near the end-wall. This led to part of the
low-energy fluid moving away from the range near
the LE, and the corresponding limiting streamlines
showed an obvious climbing trend. The directions
were represented by the yellow arrow. Another
concave profile also could be found in the upper
range of the positive lean element. The low-energy
fluid also was removed and the flow reversal
streamlines became a climbing trend (orange arrow).

As shown in Fig. 20, to further analyze the flow field,
we obtained the two-dimensional limiting
streamlines at the planes of 50%Ca. In the baseline,
the end-wall boundary layer moved away from the
PS to SS under the influence of the pitchwise
pressure gradient, and the passage vortex (PV) was
formed. When the boundary layer encountered the
straight blade, there was a large angle turning in the

flow direction. This contributed to a large separation
range appearing near the blade suction surface. As
the wavy blade-end was used in the cascade, the
included angle between the end-wall and suction
surface was enlarged by the concave profile near the
end-wall. More released space was provided for the
passage vortex, which led to a smoother turning
angle when the airflow climbed upward along the
spanwise, and the range of the corner vortex was
reduced. As the boundary layer moved upward along
the blade suction surface, the airflow was always
attached to the blade suction surface, and the
significant separation disappeared.

The ¢ decreased significantly by the application of
the wavy blade-end along the spanwise direction.
Figure 21 shows the mass-flow averaged {"along the
spanwise direction at the axial cross-section of the
trailing edge to compare the advantage of WBE_P.
The (inside the range of the 10-90% span with the
wavy blade-end was applied, and only the { near the
end-wall (0-10% span, 90-100% span) was
enhanced. The blocked range of the blade passage is
colored in gray and shown on the right of Fig. 21. We
determined the borders by referring to Khalid (1995).
The blocked range is formed by a term (pvm), and the
formula |(pvm)|x, y can be used to calculate the
blockage of the axial cross-section. The criterion of
the edge of the blocked range is provided as follows:
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Fig. 22. Variations of { with increasing incidences.

2 4)

‘V (me )L’y/(pinvin,m/c)
where p is the local density, the variable vm is the
velocity component of the local main flow, pin is the
density of the inlet, and vin, m is the velocity
component of the main flow at the inlet. As shown
on the right side of Fig. 21, the blocked range is
decreased by the application of WBE_P.

2. Comparison of the three wavy blade-ends

The ¢ of the three kinds of wavy blade-end at
different incidences are shown in Fig. 22. As the
three wavy blade-ends were applied in the cascade,
the ¢ could be reduced effectively by WBE_P,
WBE_R, and WBE_S when the incidence was
bigger than 1°. As the incidence increased to 7°, the
stall still had not happened for the three cascades
with WBE. For further comparison, we calculated
more cases. The corner stall of WBE_P occurred at
the 7.5° incidence, which was delayed to a 7.7°
incidence by WBE_R.

When the incidence was in the range near the design
condition (incidence < 2°), the total pressure loss was
enhanced by the use of these wavy blades. For

WBE_R, the total pressure loss increased only by 1%
at -1° incidence, whereas the {'was reduced by 7.6%
at 7° incidence, and the occurrence of the stall was
delayed. Therefore, the sacrifice of the 1% design
condition performance could be considered to
improve the performance at the large incidence and
delay the occurrence of the stall.

To compare the performance of the three wavy
blade-ends  more  comprehensively, more
aerodynamic parameters of the baseline and the
cascade with wavy blade-ends at 6° incidence are
listed in Table 2. We selected the static pressure
coefficient Cp to evaluate the capability to enhance
the static pressure, and the coefficient is expressed as
follows:

Pt(x,y,z) - Pt
Cp(x.y,z) = XS D Py

Ptin - Pin

©)

We calculated the dimensionless value of Aw/Ain to
evaluate the extent of blockage in the blade passage.
A represents the area of the blocked range at the
measurement plane, and Ain is the area of the inlet
boundary. In Table 2, the optimum performance
values are shown in bold. The variations of the
aerodynamic parameters are shown in Fig. 23. We
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Table 2. Effects of wavy blade-end on the aerodynamic performance at 6° incidence

Cases 4 Cp Ab/Ain
Baseline 0.10419 0.4467 0.0841
WBE_P 0.09847 0.4648 0.0734
WBE_R 0.09811 0.4612 0.0725
WBE_S 0.09863 0.4614 0.0760
2 o006 Cp was obtained with WBE_P, and the degree of
§ I increase was 4.05%. Moreover, even if the
g 10% - 4.05% aerodynamic performance of the baseline was
o 0% | | e improved by the utilization of WBE_S, the capacity
g LT T |_||_| was weakest in the three wavy blade-ends, and
g% -5.84% . WBE_R showed an obvious advantage.
2 00 k- -13.79%
5 T %wgﬁ—; The distributions of the pitchwise-averaged flow
2-30% r [ WBE_S angle along the half-spanwise direction at 0.4Ca
5 _40% [ downstream of the TE are given in Fig. 24. The
¢ Cp Ao/Ain overturning of the flow angle represented the
Fig. 23. Variations of main parameters of existence of a larger flow turning angle in the range,
cascade with WBEs. and higher blade loads could be obtained. However,
the underturning of the flow angle meant that more
low-energy fluid accumulated in the corresponding
20r S S range. To a certain extent, the blade loads near the
—— Baseline end-wall were weakened with the application of
5 f\ ) wgg—gf WBE_R and WBE_S because the flow angle was
" q\\ Over-turning  WeEsL reduced in the overturning range. In the underturning

O W\
-5 N‘v i
Under-turning
-10 )
0.0 0.1 0.2 0.3 0.4 0.5

Non-dimensional Span
Fig. 24. Pitchwise-averaged flow angle along the
spanwise at the 0.4Ca downstream of the TE (6°
incidence).

obtained the minimum ¢ and the blocked blade
passage with the application of WBE_R, and the
reductions reached 5.84% and 13.79%. The highest
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range, the flow angle inside the 10-20% span was
increased by WBE_R, which meant that the low-
energy fluid was removed in this range. Therefore,
the application of WBE_R was beneficial for the
airflow flowing out the blade passage along the Z-
axial direction.

The mass-flow averaged ¢ along the spanwise
direction and the contours of (" at the axial cross-
section of the trailing edge are shown in Fig. 25. In
the left view, the total pressure loss was reduced
effectively along the full span by the WBE_R
compared with the baseline. This also was found in
the contour. The flow-field characteristics of the
cascade were improved by the applications of
WBE_P and WBE_R. Especially near the midspan,
WBE_R showed an advantage in the reduction of the
. Considering the difference in the structure for

PS SS PS

Baseline WBE_P

Fig. 25. Cascade performance along the spanwise direction. Left: mass-flow averaged ¢; Right?cloud
images of ¢
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WBE P and WBE R, the reduction of the { was
mainly the result of the wavy blade near the leading
edge. Moreover, the exit airflow angle along the Z-
axial direction was beneficial because the cascade
was designed based on a stator from the last stage of
a high-load axial compressor. Therefore, WBE_R
with a straight trailing edge was more suitable for use
in improving the stator of the last stage to improve
the compressor performance.

6. CONCLUSION

The compound lean modeling technique can
redistribute the boundary layer near the walls to
improve the performance of a compressor.
Referencing the same design procedures of our
predecessors, we quantitatively analyzed and
discussed the parameters affecting the wavy blade-
end, the wavelength, and the amplitude. In addition,
we obtained an optimized conclusion to guide the
design and optimization principles. Furthermore, we
proposed two kinds of new wavy blade-ends and
discussed each separately. The following
conclusions can be drawn:

1. The wavelength and the amplitude of the wavy
blade-end were further discussed as the main
geometric parameters. To quantitatively
analyze the parameters, the ratio of the
wavelength divided by amplitude (A/H) was
defined. When the wavelength “H” increased
to 0.3 times the blade height, the { increased
regardless of the value of the amplitude. The
optimum case was obtained when the
wavelength was 0.2 times the blade height h,
the amplitude was 0.06 times the pitch t (H/A =
3.33 hft), and the {"and the area of the blocked
range decreased by 5.49% and 12.72%
compared with the baseline. Moreover, if the
value of A was between 0.05 and 0.06 t and the
H was between 0.188 and 0.214 h at the same
time, a smaller flow loss could be obtained.

2. The wavy blade-ends with three geometric
structures were proposed to discuss the
influences. The wavy blade-end applied to the
leading edge played a prominent role and was
the main reason for the reduction of the
Comparing the performances of WBE_P
(wavy trailing edge) and WBE_R (straight
trailing edge), if the wavy blade-end was
adopted in the LE and the TE was straight
(WBE_R), the flow-field characteristics were
further improved at large incidence. The {and
the area of the blocked range decreased by
5.84% and 13.79% compared with the
baseline. Moreover, WBE_R with a straight
trailing edge showed an advantage in
extending the stable operating range compared
with WBE_P, and the corner stall point was
delayed from 7.5° to 7.7°.

3. Because the profile of the cascade was designed
based on the stator from the last stage of a high-
load axial compressor, a uniform exit flow
angle was important, and the exit airflow angle
along the Z-axial direction was beneficial.

Therefore, the two kinds of wavy blade-ends
with straight trailing edges were compared.
WBE_S with a smoother blade surface did not
show an advantage in decreasing the ¢ or the
area of the blocked range. The cascade
performance was improved by WBE_R, and
the direction of the exit flow angle was closer
to the Z-axis direction. Therefore, the WBE_R
was more suitable for use in improving the
stator of the last stage to improve the
compressor performance.

Following are the main suggestions for future wavy-
blade research: First, the wave near the blade-end
should be lower than 0.3 times the blade height.
Second, the wavy leading edge is necessary, and the
wavy trailing edge is not necessary. Third, if the
wavy blade-end is further studied, the conclusions of
this research should be applied in a real compressor
environment to determine the feasibility of a wavy
blade-end.
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