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Abstract

Boundary layer suction is an effective method used to delay separations in axial compressors. Most studies on bound-
ary layer suction have focused on improving the performance of compressors, whereas few studies investigated

the influence on details of the flow fields, especially vortexes in compressors. CFD method is validated with experi-
mental data firstly. Three single-slot and one double-slot endwall boundary layer suction schemes are designed and
investigated. In addition to the investigation of aerodynamic performance of the cascades with and without suction,
variations in corner open separation, passage vortex, and concentration shedding vortex, which are rarely seen for the
flow controlled blades in published literatures, are analyzed. Then, flow models, which are the ultimate aim, of both
baseline and aspirated cascades are established. Results show that single-slot endwall suction scheme adjacent to the
suction surface can effectively remove the corner open separation. With suction mass flow rate of 0.85%, the overall
loss coefficient and endwall loss coefficient of the cascade are reduced by 25.2% and 48.6%, respectively. Besides, this
scheme increases the static pressure rise coefficient of the cascade by 3.2% and the flow turning angle of up to 3.3° at
90% span. The concentration shedding vortex decreases, whereas the passage vortex increases. For single-slot suction
schemes near the middle pitchwise of the passage, the concentration shedding vortex increases and the passage
vortex is divided into two smaller passage vortexes, which converge into a single-passage vortex near the trailing
edge section of the cascade. For the double-slot suction scheme, triple-passage vortexes are presented in the blade
passage. Some new vortex structures are discovered, and the novel flow models of aspirated compressor cascade are

Passage vortex

proposed, which are important to improve the design of multi-stage aspirated compressors.
Keywords: Axial-flow compressor, Diffusion cascade, Flow separation, Corner separation, Boundary layer suction,

1 Introduction

With increasing design requirements of thrust-weight
ratio and efficiency of modern aero-engines, the total
pressure ratio per stage of axial flow compressors
increases [1, 2]. To increase total pressure ratio per stage,
designers often utilize high blade loading [2, 3]. However,
high blade loading results in highly three-dimensional
(3D) phenomena inside the compressors.
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and indicate if changes were made.

Despite rapid development of optimization method-
ologies utilized in turbomachinery [4, 5], diffusion fac-
tors higher than 0.6 are rarely suggested during the actual
design process. 3D flows, such as clearance vortex, horse-
shoe vortex, and separations, are inevitable in highly-
loaded compressors [6]; and it can probably result in
the degradation of aerodynamic performance and fluid-
structure problems [7]. In particular, flow fields in the
suction surface/endwall corner region are observed as
3D corner separation [8, 9]. Under off-design operating
conditions, the corner separation increases rapidly and
deteriorates compressors significantly. Auchoybur et al.
[8], introduced a novel method for controlling endwall
flow fields; in this method, the endwall velocity triangles
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were tailored. It’s shown that the operating range of a
compressor blade row was mainly dependent on the size
and structure of the endwall inlet boundary layer, not the
geometry near the endwall of the blade row. However, the
blade row investigated was stacked three dimensionally;
as such, the effect of bowed blade on controlling endwall
flow could not be excluded. Taylor et al. [10], utilized a
novel method to design bowed blade for controlling cor-
ner separation. The corner separation was delayed while
the transverse pressure gradient remained unchanged.
This study showed that passive control method can effec-
tively reduce the corner separation, but the loading of the
investigated compressors was low. In highly loaded com-
pressors, passive control method exerts limited effect.

Aspiration, also known as boundary layer suction, was
put forward first by Kerrebrock in 1997 and has been
used in experimental compressors to increase blade
loading while avoiding large flow separation [11-13].
Merchant [14] discussed the impact of boundary layer
suction on the aerodynamic design and performance of
blade profile. The important blade design features were
also characterized to achieve high loading and minimize
the aspiration requirement. Two aspirated compres-
sors were designed and investigated using CFD method;
these compressors achieved high loading over most of
the blade span. A transonic aspirated compressor stage
was designed and experimentally investigated to demon-
strate the application of boundary layer suction [15]. The
compressor stage achieved the maximum pressure ratio
of 1.58 and efficiency of 90% at the design point with a
tip speed of 228.6 m/s. The aspiration for the stage was
0.5% of the inlet mass flow on both the suction surface
of the rotor and stator. This paper also presented time-
accurate and ensemble-averaged flow fields. Another
aspirated fan stage was designed to achieve a pressure
ratio of 3.4 at 457.2 m/s [16]. The fan stage pressure ratio
was more than 3 at the design speed in the experiment,
with an aspiration flow fraction of 3.5%. Only flow fields
on the S1 surface were presented in the paper. Bronwyn
et al. [17] designed a highly-loaded aspirated cascade by
using the pressure-recovery concept and reported an air-
foil with a Leiblien Diffusion Factor of 0.71. References
[18-23] also investigate the application of boundary layer
suction in compressors.

Gbadebo et al. [24, 25], investigated the natural of 3D
separations in axial compressors; based on the insights
gained regarding the formation of separations, typical
compressor stator hub corner 3D separation was con-
trolled and eliminated by boundary layer suction by up
to 0.7% of the inlet mass flow [26]. Experimental inves-
tigation was also performed to confirm the removal of
the separated region from the blade suction surface.
The results indicated that the blade exhibits increased
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loading, enhanced averaged static pressure rise, and uni-
form exit flow. Chen et al. [27] performed active con-
trol of corner separation by boundary layer suction and
investigated the influence of the location of the endwall
suction slot. Cao et al. [28] investigated partial span suc-
tion on the suction surface of a diffusion cascade, and
then removed both the trailing edge separation and cor-
ner separation through coupled suction surface and end-
wall suction.

Previous investigations were focused on improving the
compressor performance or controlling separations. The
influence of aspiration on flow fields, especially vortex
structures, has been rarely studied. In multi-stage com-
pressors, the vortexes of the upstream blade rows, such
as horseshoe vortex, passage vortex, and concentration
shedding vortex, may significantly influence the flow field
of downstream blade rows. Therefore, flow fields, espe-
cially vortexes, in the aspirated compressors must be
elucidated.

Based on the previous analysis, a critically loaded dif-
fusion cascade with endwall boundary layer suction was
investigated numerically. The influence of endwall suc-
tion on vortexes in the cascade was determined, and flow
models were established for both baseline and aspirated
cascades.

2 Diffusion Cascade Descriptions

The diffusion cascade is a subsonic critically loaded com-
pressor cascade with weak trailing edge separation at the
mid-span and 3D separation in the suction surface/end-
wall corner. The design inlet Mach number is 0.6, and the
incidence angle is 0.5°. Table 1 shows the key parameters
of the cascade.

3 Numerical Method and Validations

The 3D numerical simulation was conducted on a
single cascade passage on the assumption of perio-
dicity. Structure grid was created by AUTOGRID of
NUMECA FINE/TURBO in the cascade passage. The
total grid number of the baseline cascade is about 1.03

Table 1 Main geometry parameters of the cascade

Geometry parameters of the cascade Data
Chord ¢ (m) 0.063
Blade height h (m) 0.10
Setting angle y (°) 15.40
Inlet blade angle S, () 40.17
Outlet blade angle 3, () —13.21
Solidity T 1.66
Maximum thickness/chord 0.08
Maximum thickness position/chord 061
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Figure 1 Mesh near the blade surface and endwall

million. The mesh near the blade surface and endwall is
shown in Figure 1. “O” type grid was created near the
blade surface to obtain high mesh quality. “H” type grid
was created for the endwall boundary layer suction slot
by IGG. The grid of the suction slot was connected to
the cascade passage by full non-matching connection
technology.

The validation of grid independence is shown in Fig-
ure 2, in which static pressure ratio and loss coefficients
are illustrated. The static pressure ratio and the loss
coefficient were normalized by the values calculated
at the grid number of 1.03 million. z_N is the normal-
ized static pressure ratio, while Cp*2_N is the normal-
ized loss coefficient. The static pressure ratio and loss
coefficient relatively vary when the total grid number is
lower than 1 million. Although the static pressure ratio
and loss coefficient change with increasing mesh den-
sity, as the total grid number is higher than 1 million,
the variations are small. Therefore, mesh density uti-
lized in the paper is appropriate. The linear cascade was
numerically simulated by FINE/TURBO software. S-A
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Figure 2 Validation of grid independence

Figure 3 y+ contours near the endwall and blade surface

turbulence model was utilized in the calculation. Inlet
total pressure, inlet total temperature, inlet flow angle,
and outlet static pressure were presented at the bound-
ary according to the experimental data [28]. Figure 3
shows the y+ contours near the end wall and blade sur-
face, which meet the requirements recommended by
NUMECA User Manual [29] for the S-A model. Thus,
the mesh is suitable for the turbulent model utilized.

Figure 4 compares the mid-span static pressure coef-
ficient (Cp) of the experimental and numerical results
for the baseline cascade. Equation (1) expresses the def-
inition of Cp, as shown in the following:

Cp— P
p_PT’ (1)

where P is the local static pressure, P; is the inlet total
pressure. Cz is the axial chord of the cascade, and z is the
axial direction. It’s indicated that the numerical results
show excellent agreement with the experiment results.
The experimental result of NACA 64A-905 cascade
from American Air Force Institute of Technology [30]
was utilized in this paper. Figure 5 compares the suction
surface flow field between experimental and numerical
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Figure 4 Comparison of Cp of baseline cascade [28]
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(b) Numerical results

Figure 5 Comparison of near-wall flow field of NACA 64A-905
cascade [30]

(a) Experimental results

Figure 7 Loss coefficient contours at different axial sections and 3D
streamlines
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Figure 6 Static pressure contour/limiting streamlines

results. The limiting streamlines of numerical results
show great agreement with experiment results.

The flow fields of baseline cascade at design condi-
tion are shown in Figures 6, 7, 8. Figure 6 shows the
static pressure contour/limiting streamlines on suction
surface/endwall. Both corner separation line (CSL) and
tailing edge separation line (TSL) are found on the suc-
tion surface of the cascade. The endwall boundary layer
minimally influences the mid-span flow field than that on
the near endwall region of the blade; as such, the TSL is
closer to the trailing edge. TSL is mainly caused by the
boundary layer of the suction surface. The corner separa-
tion line is farther from the trailing edge than that from
the mid-span region.

The horseshoe vortex separates at the leading edge
saddle point S1 on the endwall near the leading edge
(LE). The suction surface side leg (HS) and the pres-
sure surface side leg (HP) of the horseshoe vortex sys-
tem originate from the saddle point S1. The HP moves

pressure [ NEIECINININT ] T

/Kpa 760 80.8 856 904 952 100.0
49.63% 66.17% 82.72%

33.09% 99.26%
Figure 8 Numerical simulated results of S3 surfaces at different axial

chord positions

toward the trailing edge of the adjacent blade under
the cross-passage pressure gradient of the endwall. The
HS intersects with the blade suction surface soon as it
flows toward the surface of the blade under the cross-
passage pressure gradient. As the low-momentum fluid
between the HP and HS both concentrates to the end-
wall corner, 3D corner separation occurs.

Different with that of Refs. [19, 20], there is neither
nodal point nor saddle point existing near the intersec-
tion of the HS and suction surface. The corner sepa-
ration line originates from a normal point near the
intersection position. The limiting streamlines derived
from the saddle point S2 also join the corner separation
line. Focus N2 in the 3D corner separation region of the
suction surface.

Figure 7 shows the loss coefficient (CP*2) contours at
different axial sections and 3D streamlines of the baseline
cascade. Equation (2) expresses the definition of CP*2:
2(Pf —P")

pr% ’ @

CPx2=
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where P is the inlet total pressure, P is the local total
pressure, p; is the inlet density, v; is the inlet velocity.
The red region represents high loss coefficients and is
mainly located in the suction surface/endwall corner. The
3D streamlines exhibit severe reverse flow in the corner,
which indicates that the baseline cascade experiences
corner open separation (COS).

The numerical results of the S3 surfaces of the baseline
cascade are shown in Figure 8. The passage vortex(PV)
begins at about 33.09% axial chords and is located at the
middle pitchwise of the passage near the endwall. As the
axial position of S3 surface goes downstream toward the
trailing edge, the passage vortex enlarges and the vortex
core moves to the suction surface.

4 Endwall Boundary Layer Suction Schemes

4.1 Single-Slot Suction Schemes

This paper designed three different single-slot endwall
boundary layer suction schemes. The geometry of the
slots was the same but differed in terms of the pitchwise
position. The slots exhibited a width of 1 mm and were
distributed from 12.4% to 84.0% axial chords. Each sin-
gle-slot suction scheme had one slot on each endwall of
the cascade. Both slots were located at the same position
on the endwall. The boundary conditions of both suction
slots were the same. The single-slot suction schemes are
ESA, ESB, and ESC (Figure 9).

x
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[

Suction slot
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(a)ESA

Suction slot

0

(¢) ESC
Figure 9 Endwall suction schemes

Page 5 of 14

4.2 Double-Slot Suction Scheme

One double-slot endwall boundary layer suction scheme
was investigated. The double-slot suction scheme was the
combination of ESB and ESC (Figure 9(d)). The suction
mass flow rate of each slot was the same with that of sin-
gle-slot suction schemes.

4.3 Determination of Suction Slot and Suction Mass Flow
Rate
Gbadebo et al. [24], recommended that the optimum slot
should be close to the suction surface and sufficiently
long to remove the limiting streamline; this slot should be
positioned downstream the peak suction on the blade to
near the trailing edge. However, in the actual application
of endwall boundary layer suction, a suction slot located
near the suction surface does not practically consider
the structural strength. Thus, in the present study, the
ESA scheme was located at some distance from the suc-
tion surface, i.e., 2 mm (the pitch is 37.95 mm). ESB and
ESC schemes were designed at 12 mm and 24 mm from
the suction surface, respectively, to investigate the pitch-
wise effect of the single slot. ESA, ESB, and ESC exhib-
ited the same geometry but differed in terms of pitchwise
location.

Three suction slots with different lengths for ESA
scheme were studied to determine the length of the slot.
The origin positions of the three suction slots were the
same, i.e., 12.4% axial chord, near the peak suction on
the blade [24]. The ending points were at 68.0%, 84.0%,
and 100% axial chord, respectively. Schemes with three
different suction slots are named as ESA-A, ESA-B, and
ESA-C. The loss coefficients are compared in Figure 10.
ESA-A exhibits the lowest loss coefficient under suction
mass flow rates lower than 0.7% and the highest loss coef-
ficient at higher suction mass flow rate. At suction mass
flow rates higher than 0.7%, the loss coefficients of ESA-B
and ESA-C are about the same and lower than that of
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Figure 10 Loss coefficients for different suction slots
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ESA-A. Hence, the suction slot ESA-B is sufficient to
suck off low energy fluid near the suction surface/endwall
corner. Considering that the cascade with a short slot is
beneficial for structural strength, ESA-B was selected for
further investigation. All the three suction slots of ESA,
ESB, and ESC were distributed from 12.4% to 84.0% axial
chord.

Figure 11 shows the variations in loss coefficients,
namely, overall loss coefficient, end-wall loss coefficient,
and mid-span loss coefficient, with suction mass flow
rate. The endwall loss coefficient is defined as the loss of
20% mass flow near each endwall; the mid-span loss coef-
ficient is defined as the loss of the other 60% mass flow at
the mid-span [10]. With increasing suction mass flow, the
endwall loss coefficient decreases, whereas the mid-span
loss coefficient increases. The overall loss of the cascade
reduces at the investigated suction mass flow rate range.
The loss coefficients significantly vary when the suction
mass flow rate is lower than 0.85%. At suction mass flow
rates higher than 0.85%, the loss coefficients, especially
the overall loss coefficient, almost do not change as the
suction mass flow rate increases. Therefore, to compare
the flow field of different endwall suction schemes at the
same suction mass flow rate, the suction mass flow rate
of each suction slot was 0.85%; and the overall and end-
wall loss coefficients are reduced by 25.2% and 48.6% at
the suction mass flow rate, respectively. All the endwall
suction schemes were conducted under the design inlet
condition.

5 Results and Discussions

5.1 Single-Slot Suction Schemes

Figure 12 shows the suction surface/endwall streamlines
and static pressure contours of different single-slot suc-
tion schemes. ESA improves the cascade most in the
three single-slot endwall suction schemes. The suction
surface leg of the horseshoe vortex is sucked off by the
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ik e o -
* Horsesho
vortex

pressure - [NINSINNININT] T
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Figure 12 Suction surface/endwall streamlines and static pressure
contour

endwall suction slot. HS no longer rolls up and inter-
sects with the suction surface. The low-momentum fluid
between HS and HP is almost removed by the endwall
suction slot. Therefore, less low-momentum fluid is con-
centrated to the suction surface corner. Compared with
that of the baseline cascade, the limiting streamlines on
the suction surface do not contract to the mid-span. The
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flow field in the cascade tends to be two dimensional.
The separation line on the suction surface is distributed
uniformly along spanwise. As a consequence, the 3D cor-
ner separation is almost eliminated by the ESA suction
scheme. The focus point N2 emerges in the suction cor-
ner, where the trailing edge separation is terminated.

As the blockage in the corner is reduced, the aerody-
namic area of cascade exit increases. The static pressure
on the endwall and blade trailing edge increases signifi-
cantly. The static pressure rise coefficient (CP2) of the
entire cascade increases by 3.2%. Equation (3) expresses
the definition of CP2:

2Py — Py)

Pr1 V% ' ®)

CP2 =

where P, is the inlet total pressure, P; is the local total
pressure, p; is the inlet density, v, is the inlet veloc-
ity. However, the flow field in the mid-span is deterio-
rated. The trailing edge separation line moves upstream
because of weakened flow path concentrating effect in
the mid-span of the baseline cascade after endwall suc-
tion. Further analysis on the flow path concentrating
effect is presented in the following section.

In Figure 12(b), although endwall suction removes the
low-momentum fluid between the HP and endwall suc-
tion slot, the flow field near the endwall of the cascade
deteriorates. The pressure gradient between the suction
slot and suction surface decreases. The curvature radius
of the limiting streamlines on the endwall between the
suction slot and suction surface increases obviously. The
endwall cross-passage flow toward the suction surface
reduces. However, reduced cross-passage flow does not
improve the flow field in the corner. The originating point
of the 3D separation almost remains unchanged, and
the separation region on the suction surface minimally
changes little. As the cross-passage static pressure gra-
dient decreases, the low-momentum fluid does not have
sufficient driving force to migrate along spanwise. There-
fore, the low-momentum fluid concentrates at the end-
wall corner, and the two vortexes near the trailing edge
significantly increase.

The suction slot of the ESC scheme is located far from
the suction surface. The amount of low-momentum
fluid is low near the slot; thus, the endwall cross-passage
flow, 3D corner separation, and trailing edge separation
almost remain unchanged. However, the saddle point S2
and nodal point N2 on the suction surface corner of the
baseline cascade are eliminated after ESB and ESC end-
wall suction. After ESB and ESC suction, a saddle point
S2 shows up near the intersection position of HS with the
suction surface; this point is the onset point of the corner
separation line.
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Figure 13(a) shows the spanwise profile of pitchwise
averaged exit flow angles. f3, is the exit flow angle of the
cascade. For baseline cascade, the exit flow angles near
the end wall are negative, and the minimum angle is
about minus 6°, which indicates the overturning of the
flow near the endwall. This phenomenon is caused by the
cross-passage flow near the endwall. At about 90% span,
the flow angles show significant underturning, and the
maximum angle is about 4.5° because of passage vortex
and corner 3D separation.

The distribution of exit flow angles considerably varies
after ESA suction. Near the endwall, the overturning of
the flow angles increases, consistent with the increased
endwall cross-passage flow in Figure 12(a). The exit flow
angles of about 24% spans near the endwall decrease,
indicating that the flow turning angles of the region
increase. This finding agrees with the results of the elimi-
nation of corner 3D separation after ESA suction. At 50%
to about 76% spans, the exit flow angles increase to about
0° as the trailing edge separation increases. When the exit
flow angles increase to 0°, the exit flow area of the cas-
cade increases to the maximum,; this condition results in
increased mid-span static pressure.

Other endwall suction schemes minimally influence
the distribution of exit flow angles. The variations are
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mainly near the endwall. The overturning of flow angles
near the endwall decreases because these endwall suction
schemes decrease the cross-passage pressure gradient
near the end wall, especially between the suction surface
and the suction slot. ESB increases the exit flow angles
near the endwall most.

Figure 13(b) shows the spanwise profile of pitchwise
mass flow averaged axial velocity density ratio (AVDR),
which represents the blockage effect of the blade passage.
Equation (4) expresses the definition of AVDR:

P2V24
AVDR = : (4)

P1V1a

where p, is the outlet density, v,, is the outlet velocity,
p; is the inlet density, v,, is the inlet velocity. At about
80%—100% span of the baseline cascade, AVDR is lower
than 1, which indicates the presence of flow blockage
near the endwall. At about 50%—80% span of the baseline
cascade, AVDR is higher than 1, indicating that the flow
near the endwall contracts to the mid-span because of
the blockage of corner separation and endwall boundary
layer. As a result of the fluid contraction, the aerodynamic
exit area of the cascade is smaller than the geometry exit
area. Therefore, the diffusion of the cascade mid-span is
lower than that of the 2D cascades; moreover, the separa-
tion of mid-span is smaller than under 2D conditions.

After ESA endwall suction, the blockage near the end
wall reduces significantly. The value of AVDR increases
obviously at 76%—100% spans but decreases at 50%—76%
spans. The spanwise profile of AVDR is more uniform
than that of the baseline cascade; this finding indicates a
reduced contracting effect of the endwall fluid toward the
mid-span. Consequently, the diffusion loading near the
mid-span increases significantly, resulting in increased
static pressure and separation in the mid-span after ESA
suction. Other endwall suction schemes have less influ-
ence on the AVDR distribution than ESA. The AVDR
decreases minimally in 50% to about 94% span, similar to
the results of the ESA suction scheme.

Figure 14 shows the loss coefficient contours at differ-
ent axial sections and 3D streamlines in the suction sur-
face/endwall corner.

In Figure 14(a), the red region in the suction surface/
endwall corner of the ESA suction scheme reduces
significantly. The 3D streamlines in the corner flow
smoothly downstream, which indicates that the corner
open separation (COS) is eliminated by ESA endwall suc-
tion. In Figure 14(b), the high loss region is larger than
the baseline cascade; the reverse flow in the cascade
corner is more severe than that in the baseline cascade,
which demonstrates that the 3D corner open separation
increases. As shown in Figure 14(c), the flow field of the

Page 8 of 14

(a) ESA

(¢) ESC

Figure 14 Loss coefficient contours at different axial sections & 3D
streamlines

ESC scheme is similar to that of the baseline cascade. The
distribution of high loss region and the 3D corner open
separation are similar.

Figure 15 compares the velocity vector/Mach num-
ber contour of baseline cascade and single-slot suction
schemes at the cascade outlet. Only the lower half span of
the cascade passage is shown.
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(a) Baseline

(d) ESC
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Figure 15 Velocity vector/Mach number contour at cascade outlet

Figure 15(a) presents the flow field of the baseline
cascade. Corner open separation lead to the low Mach
number region at the cascade outlet, located near the
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endwall. The low Mach number region is located on the
right of the mid-span wake region and bends toward the
right of the figure. This finding agrees well with the out-
let flow angles in Figure 13(a). A passage vortex (PV) is
present near the endwall, and a concentration shedding
vortex (CSV) is located at about 25% span. The concen-
tration shedding vortex is larger than the passage vortex.
In Figure 15(b), the low Mach number region near the
endwall reduces as the corner open separation is elimi-
nated by ESA suction. The low Mach number region near
the endwall moves toward the left of the figure under
the enlarged cross-passage pressure gradient. As ESA
suction increases the cross-passage pressure gradient
near the endwall, the passage vortex increases. How-
ever, the concentration shedding vortex nearly vanishes.
The Mach number contours in Figure 15(c) and (d) show
similar variations. The low Mach number region near the
endwall moves toward the right of the figure, indicating
decreased cross-passage pressure gradient near the end-
wall. As the cross-passage pressure gradient reduces, the
passage vortexes of ESB and ESC schemes at the cascade
outlet vanish, resulting in increased concentration shed-
ding vortex.

Figure 16 shows the static pressure/streamlines of dif-
ferent axial chords after ESB endwall suction. The novel
phenomenon discovered is that the passage vortex is
divided into two different vortexes. The first vortex is
located on the left side of the suction slot and is called
PVS because it is near the suction surface. The other
vortex is located on the right side and called as PVP. The
driving force of both PVS and PVP is the endwall cross-
passage static pressure gradient; thus, the rotating direc-
tions of PVS and PVP are the same. PVS decreases as
the double-passage vortexes flow downstream. PVS con-
verges to PVP at about 115.8% axial chords, and then the
double-passage vortexes are replaced by a single-passage
vortex.

pressure (SN T

/Kpa 760 80.8 856 904 952 100.0

33.09% 49.63% 82.72% 99.26% 115.8%
Figure 16 Static pressure contour/streamlines of different axial
chords after ESB suction
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Figure 17 Static pressure contour/streamlines of different axial
chords after ESC suction

The static pressure contours/streamlines of different
axial sections after ESC suction is shown in Figure 17.
The ESC suction scheme reduces the passage vortex.
Before 49.63% axial chord, the region of passage vortex
is between suction slot and suction surface. Similar to the
ESB scheme, double-passage vortexes system is formed
from about 82.72% axial chords. As the suction slot is
close to the pressure surface, the space for the develop-
ment of PVP is small. Therefore, the PVP is smaller than
PVS. As the double-passage vortexes flow downstream,
they combine into a single-passage vortex about 115.8%
axial chords. The single-passage vortex disappears during
dissipation with the bulk flow.

5.2 Double-Slot Suction Scheme

In the previous section, significant variations in flow
fields were discovered after single-slot endwall suction,
especially the double-passage vortexes. The mechanism
for the changes of flow fields during double-slot endwall
suction in the cascade remains unclear. As such, the dou-
ble-slot suction schemes were investigated. The suction
mass flow rate of each suction slot was 0.85% of the inlet
mass flow of the baseline cascade. The influence of differ-
ent suction mass flow rates was also investigated.

Figure 18 shows the suction surface/endwall limiting
streamlines and static pressure contours after double-slot
endwall boundary layer suction. Compared with base-
line cascade, the static pressure near the suction slots
increases because the reduced endwall boundary layer
increases the local aerodynamic area. However, the cor-
ner open separation increases. The corner separation line
originates from a saddle point S2. The saddle point S3
and node point N2 on the corner surface move toward
the endwall.

The limiting streamlines in the separation region of
baseline cascade flow toward the endwall, which indicates

Horseshoe =
vortex

/Kpa 760 80.8 85.6 904 952 100.0

Figure 18 Suction surface/endwall streamlines and static pressure
contour

the low-momentum fluid migrates to the endwall. After
double-slot suction, this trend enhances because end-
wall suction reduces the cross-passage pressure gradient.
Thus, the low-momentum fluid does not have sufficient
driving force to migrate along the blade span.

Figure 19 illustrates the loss coefficient contours at dif-
ferent axial sections and 3D streamlines in the corner.
The suction slots remove the high loss fluid near the slots
but minimally influence the corner loss distribution. The
corner open separation almost remains unchanged.

Figure 20 shows the velocity vector and Mach number
contours at cascade outlet. The Mach number contour is
similar with ESB and ESC endwall suction schemes. As
the endwall boundary layer is removed and the cross-pas-
sage pressure gradient is reduced by suction, the cross-
passage flow near the endwall reduces. Thus, the torsion
of the low Mach number region reduces, resulting in dis-
appearance of the passage vortex. Only an enlarged con-
centration shedding vortex is found at cascade outlet.

Figure 19 Loss coefficient contours & 3D streamlines
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Figure 20 Velocity vector/Mach number contour
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Figure 21 Static pressure contour/streamlines of different axial
chords after double-slot suction

The static pressure contour/streamlines of different
axial sections after ESBC suction is shown in Figure 21.
ESBC suction scheme has one more suction slot near
the pressure surface than ESB single suction scheme. As
PVP of ESB scheme is larger than PVS, the suction slot
near the pressure surface of ESBC scheme is not able to
suck off the low-momentum fluid nearby. The PVP of
ESB scheme is further divided into two different pas-
sage vortexes, named PVM and PVP separately. So there
are three passage vortexes in the ESBC suction scheme
in all. As the double-slot endwall suction sucks off more
low-momentum fluid near the endwall, the onset posi-
tion of the passage vortexes moves downstream and the
passage vortexes are smaller than those in the ESB suc-
tion scheme. The triple-passage vortexes are clearly seen
in 82.72% axial chords. The triple-passage vortexes also
combine into a single-passage vortex near the cascade
trailing edge. As the single-passage vortex flows down-
stream, it disappears during dissipation (Figure 20).

Two different suction mass flow rates were also con-
ducted for the double-slot suction scheme to investigate

82.72% 82.72% 99.26%

(a) Suction mass flow rate is (b) Suction mass flow rate is
0.425% 1.16%

Figure 22 Comparison of streamlines at different axial chords for
different suction mass flow rate

the influence of different suction mass flow rates on the
flow structures; the suction mass flow rates were 0.425%
and 1.16%, respectively. The overall suction mass flow
rates for the double-slot scheme were 1.00, 2.00 and 2.73
times of the single-slot suction schemes.

Figure 22 shows the streamlines on typical axial chord
sections for the two suction mass flow rates conditions.
Figure 22(a) exhibits more severe passage vortexes than
that in Figure 21, e.g., PVS, PVM and PVP at 82.72% axial
chord are larger. The triple-passage vortexes also com-
bine into a single-passage vortex near the cascade trail-
ing edge, which is shown in Figure 22(a) at 99.26% axial
chord section. The single-passage vortex is also larger
than that in Figure 21. The passage vortexes are much
smaller with higher suction mass flow rate, as shown in
Figure 22(b). With more low-momentum fluid removed
by boundary layer suction, the triple-passage vortex is
smaller than that in Figure 21 and Figure 22(a). The sin-
gle-passage vortex near the trailing edge is also reduced.

5.3 Flow Models of Diffusion Cascade with/without
Endwall Suction

Flow models of the diffusion cascade with/without end-
wall suction were established, and are shown in Figure 23.
Figure 23(a) shows the flow model of the baseline cas-
cade, which mainly consists of trailing edge separation,
3D corner separation, horseshoe vortex, passage vortex,
concentration shedding vortex (CSV), and corner vor-
tex (CV). The pressure side leg of horseshoe vortex sys-
tem moves toward the suction surface corner under the
cross-passage pressure gradient, and it grows by sweep-
ing-up the majority of the inlet boundary layer fluid. The
3D corner separation forms once the low energy flu-
ids arriving at the suction surface. The low-momentum
fluid on the endwall migrates toward the suction surface
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(¢) Cascade with double-slot endwall suction

Figure 23 Flow models of diffusion cascade

and rolls up under the cross-passage pressure gradient,
which results in the formation of the passage vortex. The
3D corner separation and trailing edge separation sheds
together, which forms the concentration shedding vortex.
Downstream of the blade trailing edge, there is a trail-
ing edge separation surface, or called wake region. The
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corner vortex is a small vortex in the suction surface and
endwall corner [31].

Figure 23(b) shows the flow model of the cascade with
single-slot endwall suction. Only the suction slot near the
middle pitchwise of the passage is presented. The HS of
the leading edge horseshoe vortex moves under the end-
wall cross-passage pressure gradient and intersects with
the suction surface soon, which is the same with baseline
cascade. Compared with baseline cascade, HP is sucked
off by the endwall suction slot and does not migrate to
the suction surface/endwall corner. The major difference
between single-slot endwall suction and baseline cascade
is the double passage vortexes system. The classical pas-
sage vortex is divided into two smaller passage vortexes
with single-slot endwall suction. The low-momentum
fluid between pressure surface and suction slot migrates
toward the suction slot under the cross-passage static
pressure gradient, resulting in the formation of PVP.
The endwall cross-passage flows between suction slot
and suction surface reform, which forms the PVS. As
PVP and PVS flow downstream, they combine into a
single-passage vortex near the trailing edge section of
the cascade. As the majority of the low energy fluid on
the endwall is sucked off, and the cross-passage pressure
gradient is reduced, the passage vortex dissipates more
quickly while flowing downstream.

Figure 23(c) shows the triple-passage vortexes flow
model of the double-slot endwall suction scheme. The
cross-passage pressure gradient between the pressure
surface and the suction slot which adjacent to the pres-
sure surface drives the low-momentum fluid flow toward
the suction surface, resulting the PVP. The PVM and PVS
forms similarly. The triple-passage vortexes combine into
a single-passage vortex near the trailing edge section of
the cascade. The passage vortex also disappears at cas-
cade outlet.

6 Conclusions

(1) The single-slot endwall suction scheme adjacent to
the suction surface can effectively remove the cor-
ner separation. The static pressure rise coefficient
of the cascade increases by 3.2% after the endwall
suction. However, the trailing edge separation in
the mid-span increases in that the overall diffusion
of the cascade increases. The concentration shed-
ding vortex reduces whereas the passage vortex
increases.

(2) The single-slot suction schemes near the middle
pitchwise of the passage divide the passage vor-
tex into two smaller passage vortexes, which con-
verge into a single-passage vortex near the trailing
edge section of the cascade. As the endwall suction
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reduces both the low energy fluid and cross-passage
pressure gradient on the endwall, the passage vor-
tex reduces. The concentration shedding vortex
increases because of the increased low energy fluid
in the corner.

(3) After endwall suction by double-slot suction
scheme, the overturning of near endwall flow
decreases because of the removal of low energy
fluid and the reduction of cross-passage pressure
gradient. Triple passage vortexes were found, which
converge into a single-passage vortex near the trail-
ing edge section of the cascade. The concentration
shedding vortex increases.

(4) Flow models of aspirated compressor cascade were
established, which shows the distinct vortexes, par-
ticularly the multi-passage-vortexes, with the tradi-
tional compressor cascade. They will contribute to
the design system of future aspirated compressors.
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