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Numerical investigations on
oscillating aspirations controlling
separation flows in linear highly
loaded compressor cascades

Bao Liu, Le Cai*, Hao Xu, Haiyan Fu and Songtao Wang

School of Energy Science and Engineering, Harbin Institute of Technology, Harbin, China

The effect of boundary layer oscillating suction (BLOS) on the vortex structure
of high-load linear compressor cascades is studied by a high-fidelity numerical
calculation. The oscillation parameters (amplitude and frequency) and suction
control parameters (suction position and mass flow) are continuously adjusted.
It was found that higher aerodynamic efficiency could be obtained with suitable
oscillation parameters and suction control parameters. This is achieved because
BLOS not only absorbs the low-energy fluid in the boundary layer but also
optimizes the vortex structure in the compressor passage.
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1 Introduction

Viscous effects, non-constant flow properties, and inverse pressure gradients inside
highly loaded compressors often cause complex separation flows and vortex structures.
Suppressing the boundary layer separation is an important means to improve the
performance of the compressor while reducing engine weight and increasing blade
load. Basically, the average skin friction increasing in front can have an inhibitory
effect on separation, which can be achieved through momentum transfer (Jahanmiri,
2010). In addition, more effective control can be obtained by introducing oscillatory
momentum coupled with flow instabilities (Seifert et al., 1996). Momentum transfer is
widely used for active separation control, such as synthetic jets (Guendogdu et al., 2008;
Pawan et al., 2022; Sushanta and Shantanu, 2022), plasma drives (Zheng et al., 2014;
Hamrin et al., 2018; Lee et al., 2020; Vytenis, 2020), boundary layer suction (Merchant,
2000; Song et al., 2005; Gtimmer et al., 2008; Kerrebrock et al., 2008; Dorfner et al., 2011;
Schlaps et al., 2014; Siemann and Seume, 2015; Zhang et al., 2016), and jet streams (Culley
et al., 2003a).

Prior to the concept of the boundary layer, Plante proposed a method to achieve
separation control by sucking out the low-energy fluid inside the boundary layer.
Loughery et al. (1971) systematically studied the effect of boundary layer suction on
the performance of compressor cascades, and the results proved that suction could
significantly improve the efficiency of the compressor. Before 1998, Kerrebrock et al.
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TABLE 1 Compressor cascade geometry and inlet aerodynamic
parameters.

Blade geometry

Chord 95.8 mm
Solidity 1.86
Aspect ratio 1.04
Stagger angle 6.5°
Blade inlet angle 56.3°
Blade exit angle -8.7°
Inlet aerodynamic parameters

Re, 5.12x10°
Ma, 0.28

(1997) studied in detail the effect of suction in the fan, compressor
rotor, and guide vane, and he finally designed a single-stage
pressure ratio of 1.6 for the suction compressor. Culley et al.
(2003b) conducted an experimental study on the boundary layer
suction of the guide vane and showed that only 0.4% of the flow
inside the passage needs to be suctioned to reduce the total
pressure loss by 22%. Boundary layer suction control in a large
bending angle compressor was experimentally investigated under
transonic conditions by Vandeputte (2000), and the results showed
that a suction flow rate of 1.6% can effectively reduce the
separation of the suction surface of the blade passage, weaken
wake strength, and reduce the total pressure loss by about 65%.

There is no human intervention in the original boundary
layer suction (BLS), but in fact it is difficult to guarantee the
absolute constancy of the suction. The non-constant nature of
the flow field itself always causes unsteady states, which is
more evident in the flow field of a compressor machine. On
this basis, Cai Le (2015) proposed the concept of boundary
layer oscillating suction. He introduced a non-constant
excitation in the suction process to make the mass flow
change periodically and realized the non-constant control
of suction by controlling the parameters. Boundary layer
oscillating suction specifically refers to the non-constant
process in which the suction flow rate oscillates periodically
according to a sine or cosine function relationship. This study
concentrates on the separation characteristics of the linear
compressor blade flow field. We perform a comparative
analysis for with and without aspiration. Different control
effects of the steady and oscillatory suction on the separation
region will be shown to get a reference for the optimal
excitation parameters. The numerical study was set at
an incidence angle of 11° and an incoming Mach number
of 0.22.

\This study is organized as follows: section 2 gives the
numerical method used in this study, including blade
geometry, boundary layer suction structure, and oscillatory
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parameters. This is the basis of all research. It also verifies the
accuracy of the numerical calculation based on experimental
results; section 3 analyzes the role of suction position, suction
flow rate, and oscillatory control parameters on separation
flow control by presenting the numerical calculation results.
Various vortex identification methods and loss assessment
methods are mentioned in this section; section 4 details a
comprehensive presentation and clarifies the conclusions of
this study. It provides a new idea for the next vortex active
control method.

2 Numerical methods
2.1 Geometric configuration

This study is based on the low-reaction compressor by Wang
et al. (2007). The geometric and aerodynamic parameters of the
blade are shown in Table 1, and the compressor cascade domain
extracted from these parameters is given in Figure 1. The two-
dimensional grid forms a three-dimensional grid by base-
stacking along the blade height direction. The suction slots
simulated by the slices extracted from the blade surface are
placed at different axial chord lengths from the leading edge.
The normal velocity condition of the boundary is specified at the
suction outlet. For the non-constant suction control, the suction
velocity u(t) can be simulated as a combination of periodic
parameters with constant velocity, which is written as Eq. 1:

u(t) = Uy sin(2aft + ¢) + U, (1)

where U, represents the oscillating amplitude, f is frequency, and
¢ is the phase. Uy is the velocity condition exerted on the steady
aspiration, which was adjusted to ensure the time-averaged
suction rate meets the requirement. The control parameters
such as f and U, are adjusted to investigate their effects on
separation control. The oscillation fluctuations are shown
Figure 2.

The computational domain is discretized into approximately
1.15 million finite volumes in the form of HOH-type structural
meshes. In order to have higher resolution near the solid walls,
grid nodes are concentrated near the walls, leading and trailing
edges, which ensures that the global y + value is less than 5.

Flow fields for an analysis in this research are solved by
ANSYS CFX v17.2. The second-order backward Euler method is
used for time discretization, and the central difference JST
scheme with suitable artificial viscosity achieves convective
flow calculation with second-order accuracy. Approximation
of the turbulent viscosity is carried out using a modified two-
equation model RNG k-Epsilon, which will be compared with
other models afterward.

For the incompressible flow problem in this study, the
computational domain inlet is given in the total temperature,
total pressure, and velocity directions. The inlet total pressure
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FIGURE 1

Schematic of blade geometry and computational domain.
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FIGURE 2
Periodic signal of the mass flow rate modeled by Eq. 1.

-2
P* = P + pU" /2, where the values of static pressure P and velocity
U are calculated iteratively with the internal flow field; the
subsonic flow outlet is given a pressure boundary condition to
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TABLE 2 Compressor cascade geometry and inlet aerodynamic
parameters documented by Loughery et al. (1971).

Blade geometry

Chord 120 mm
Solidity 1.28
Aspect ratio 1.3
Stagger angle 15.3°
Blade inlet angle 40°
Blade exit angle 100

eliminate non-physical reflections; the blade and end wall
surfaces are given a no-slip boundary condition V -7 = 0; and
the pitch direction is given a periodic boundary condition
¢, = @, 10> Where ¢ is the value of the variable and 0 is the
period. To maintain the free stream Mach number of 0.24 at
various incidences, the value of the pressure outlet can be

adjusted.
Unsteady calculations are achieved by adding virtual time
steps. Based on the intense unsteadiness and three-

dimensionality in the compressor passage flow, a uniform
time step of 1.0 x 10-5 has been set in the computation. The
CFL numbers led by this configuration are controlled within 5.0.
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All the unsteady calculations use the results of steady calculations
as the initial condition.

2.2 Numerical validation

This section is the validation of numerical calculation. We
use the data provided by Soria and Cantwell (1993) as criteria to
validate the numerical calculation configuration. The
experimental parameters are shown in Table 2. During the
numerical calculation of the high-load compressor, large-scale
separated flow is bound to exist, and in order to be able to
accurately describe the three-dimensional flow structure, the
numerical parameter configurations in this study are set
strictly based on the results of the numerical calculation
calibration. These include the number of meshes, wall y +

values, and the time and spatial discrete schemes.
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The choice of turbulence is first examined. As shown in
Figure 3B, the spanwise distribution of the pitch-averaged
total pressure loss coefficient (defined by Eq. 2) calculated with
the RNG k-Epsilon model matches better with the
experimental data than other models. The comparison of
the total pressure loss coefficient and the outlet Mach
number is shown in Figure 4A, B, respectively, which can
prove the accuracy of the numerical calculation results. In the
spatial dimension Figure 3A, the separation topology, such as
the onset and extent of the corner separation region, captured
by ink flow visualization in the experiment, is remarkably
predicted by the numerical results. Therefore, the present
numerical configuration is reliable for revealing the flow
characteristics in a high-load cascade.
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FIGURE 5
Grid independent validation of 3-D simulation.

The grid independence is investigated to ensure reasonability
of the numerical configuration used in the current study. Figure 5
presents the variation of the total pressure loss coefficient with
respect to the total grid numbers. The results show that further
refinements (grid number larger than 1.15 million) of grids leads
to less than 0.5% difference of loss coefficients, which indicates
the consistency of the current simulations with respect to the
variation of grid resolution.

3 Results and discussion

A detailed numerical analysis of the oscillation parameters
and suction control parameters is presented in this section.
Changes of the oscillating aspiration on the structure of the
vortex are also investigated in depth. For a more accurate
representation of the flow field structure, the Q-criterion,
absolute value of the vorticity O, dissipation function (,
and the total pressure loss coefficient w are introduced.

Vorticity Q expresses the rotational velocity of the fluid,
which can be calculated using the following Eq. 3:

Q=VxV, (3)

where Q-criterion is used to identify vortex structures. Q is
the second matrix invariant of the velocity gradient, which can be
calculated using the following Eq. 4:

Q=2 (0 F-ISP) @

It can be seen that Q is a function which contains the
angular velocity tensor Q and the strain rate tensor S, and
operator ||| represents the Euclide norm. The magnitude of Q
represents the relationship between rotation and deformation
in the flow passage. Based on the experience gained during this
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Distribution of total pressure loss according to the oscillation
amplitude in the control of BLOS (0.39 Z, m, = 1.77%, a = 25°,
i =0°).

study, Q insists on giving preference to methods based on
vorticity or streamlines in vortex identification.

The entropy production of turbomachinery can be
divided into two parts: dissipative entropy production
and heat transfer entropy production. The dissipation
function @ can be obtained through entropy transport Eq.
5. It can be used to describe the sources of loss inside the
passage.

Ds Dqg ®
E_dt+p )
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FIGURE 7

Instantaneous vortex structures of the cascade in the control with different oscillation amplitudes (Q = 2 x 108, 0.39 Z, m, = 1.77%, f = 1,000 Hz,
a = 25°i=0°.(A) Am = 0.00%, BLS; (B) Am, = 5.98%, BLOS; (C) Am, = 48.71%, BLOS; and (D) Am, = 82.91%, BLOS.

3.1 Influences of excitation parameters on
control effects

3.1.1 The effect of excitation amplitudes

Figure 6 shows the variation of the total pressure loss
coefficient with excitation amplitude. Both situations with f =
417 Hz and f = 1,000 Hz are considered here. The total pressure
loss reaches 0.106 when Amg = 0.0, the BLS case. It can be seen
that only when the excitation amplitude exceeds the threshold
value of 0.2 does it have a significant positive effect on cascade
performance. Optimal control is achieved in the following ranges
from Am, = 0.316 to Am, = 0.7, with the maximum loss reduction
approaching 8.42% for the case of f = 417 Hz. The change in
frequencies, from 417 to 1,000 Hz, also affects the control effect,
which can be concluded from the narrowed optimal region. It
should be noticed that, beyond the optimal amplitudes, the
control effects tend to deteriorate in both cases. Because of
the inevitable introduction of additional viscous dissipation
into the flow field, led by mass flow oscillation in the BLOS
case, excessive increase in excitation amplitudes gives rise to
more viscous loss and hence weakens the overall control effects.

The enhanced performance is indicative of promoted flow
fields, which could be detected from flow topologies visualized by
iso-surfaces of Q-value in Figure 7. In the BLS case Figure 7A, the
separation vortices bearing the appearances of layer structures on
the suction surface stably resides in the corner regions near the
end walls. As the excitation amplitude approaches 5.98%, the
layer-shaped separation vortices are forced to break down near
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Distribution of total pressure loss according to the oscillation
frequency in the control of BLOS (0.39 Z, ms = 1.77%, Amg =
48.71%, a = 25°,i = 0°).

the trailing edge, which can be attributed to the introduced
unsteady effects by periodical oscillation in aspirating flow
rates. Furthermore, the amplitudes,
48.71 and 82.91%, tend to intensify the unsteady actuation in
the separation vortices. The substantial change in the vortex

increased between
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TABLE 3 Spectrum graph of total pressure with different excitation
frequencies.

Sexcit Smonitor (Hz)
10% H 30% H 50% H 70% H 90% H

147 147 147 147 147 147
417 417 417 417 417 417
736 736 736 736 736 736
884 884 884 884 884 884
1,178 1,178 1,178 1,178 1,178 1,178
1,326 1,326 1,326 1,326 1,326 1,326
1,767 1767 1767 1767 1767 1767
1,915 1915 1915 1915 1915 1915
2,062 2062 2062 2062 2062 2062
2,209 2,209 2,209 2,209 2,209 2,209
2,357 2,357 2,357 2,357 2,357 2,357

structure due to BLOS is manifested in the splitting of the steady
laminar separated vortex into a series of vortex tubes. These
vortex tubes are simultaneously swept up by the lateral secondary
flow near the end wall, forming a donut-like structure, and then
periodically shed into the wake, which inevitably causes
significant periodic oscillations in the flow field, thereby
restoring the instability that the fluid inherently possesses.

It is the spatiotemporal alteration in vortical structures that
distinguishes the control effects in the BLS and BLOS cases. More
detailed discussions about the transformed separation topology and
related performance variation will be presented subsequently.

3.1.2 The effect of excitation frequencies

The effect of another key control parameter, i.e., frequency
on the control effect was investigated with an excitation
amplitude of 48.71%. The variation of temporal-averaged total
pressure loss coefficient is plotted in Figure 8. The uncontrolled
case is used as a reference and is represented as a red circular solid
dot in the aforementioned figure. The BLS and BLOS methods
greatly improve the cascade performance by effectively
mitigating large-scale separation in the uncontrolled flow field.
The benefits of stabilized suction have been extensively
The
oscillations in the suction stream can further reduce losses

documented in previous studies. introduction  of
within a certain optimal bandwidth. As labelled by red
circular rings in Figure 8, the most effective controls are
achieved in the range of f = 295Hz through f = 1,326 Hz,
with the maximum relative loss reduction approaching 20.5%
of that in the BLS case. Beyond this range, the BLOS method no
longer shows great advantages over the BLS method. This relative
wide effective excitation bandwidth, discovered currently,
indicates a large tolerance for choosing excitation frequencies
in practical applications.

The temporal features of controlled flow fields with various

excitation frequencies are revealed in Table 3. The five monitor
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FIGURE 9
Distribution of time-averaged total pressure loss by the time-
averaged suction mass flow in the control of BLOS and BLS.

points are placed at the streamwise location shown in Figure 1
and evenly distributed from 10 to 90% span. The time histories of
total pressure captured by these monitor points are processed via
fast Fourier transformation to extract the characteristic
frequencies. As shown in the aforementioned table, the main
frequencies captured in the flow field are in line with the
excitation frequencies, which indicates that the unsteady
properties in BLOS controlled flow fields are fully restrained
by the oscillating aspiration flow rate. Furthermore, it could be
argued that active flow control methods always have the tendency
to impose some of their inherent physical properties on the flow
field by means of mass, momentum, or energy exchange.

3.2 The response of effects to varied
suction arrangement

An initial understanding about the process of boundary layer
oscillation aspiration controlling a separation flow, especially the
introduction of unsteady effect into the flow, is established in the
previous section. The advantages possessed by BLOS over BLS in
the control effects have also been proven to some extent. In this
part, we perform further comparative investigations between BLS
and BLOS on their susceptibility to varying operating conditions
containing various suction flow rate, incidences, and suction

locations.

3.2.1 The response to the mass flow rate of
aspirations

The fundamental physical mechanism behind the boundary
layer suction technique is to remove the low-energy fluid within
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the boundary layers. Achieving the most effective control at the
lowest cost, mostly the aspirating flow rate, is always pursued,
which can lead to the least impact on the main flow in cascades.
In Figure 9, the performance variations with increasing
aspirating flow rates for both BLS and BLOS cases are
presented. In both cases, the suction control fails until the
flow rate exceeds 1%. Afterward, both the control methods
improve the performance of the cascade, with the BLOS
method showing an advantage, with the largest relative loss
reduction being 15.77% of that in the BLS case. This indicates
that oscillatory suction is more effective than steady suction in
controlling the separation flow at the same flow rate, or, from
another point of view, the BLOS method can achieve the same
control as the BLS case with a low suction flow rate.

3.2.2 The response to aspiration locations

To illustrate the influences of aspiration locations on the
control processes, the performance variations for both BLS and
BLOS cases with some selected parameters are shown in
Figure 10. It can be observed that the effects led by the BLS
method bear great sensitivity to the locations from Figure 10A.
The enhancements only occur in a narrow location range of Z; =
0.33 through Z; = 0.48 when the aspiration flow rate is equal to
1.77%. In addition, even in this narrow range, the control effects
vary obviously with different values of Z;. Further increasing the
suction flow rate to 2.26% results in slight extension in the
effective range. As the incidence is increased to 2 in
Figure 10B, the effective control could only be realized at Z; =
0.39 for the BLS cases. This indicates that the sensitivity of BLS
control to locations is intensified at off-design conditions. The
similar conclusion to that widely documented in previous
research studies could be drawn that it is the dramatic

sensitivity to  geometric  suction  configurations  that
significantly ~ prohibits the boundary layer aspiration
technology from practical applications in engineering.
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On contrast, the BLOS method gives rise to suppression on
the sensitivity of control effects to suction locations, which can be
verified by the extended location range of Z; = 0.2 through Z; =
0.66 presented in Figure 10A. Meanwhile, the loss reductions in
this region are close in value, indicating robustness in the control
effects owned by the BLOS method. In addition, it is worth noting
that a wider effective range can be achieved at a lower suction
flow rate via the BLOS method (m = 1.77%) than that via the BLS
method (m = 2.26%). Also, at off-design conditions, the less
exaggerated sensitivity of the control effect, reflected by a wider
effective range from Z;=0.39 to Z; =0.57 in Figure 10B,
repeatedly demonstrates the advantages of the BLOS method.

Another issue considered currently is to exclude the
possibility that the aforementioned advantages of the BLOS
method are resulted from the instantaneous increase in the
suction flow rate during a half-oscillation period. Thus, in
Figure 10A, we additionally present a BLS result with a
suction flow rate equal to 2.63%, which is the peak value of
the sinusoidally varied suction flow rate in BLOS. The result
turns out that this BLS configuration still not only fails to
effectively improve the performance to the same extent as the
BLOS case, but even worsens the performance globally. The
resultant conclusion could be drawn that the introduction of
unsteady effects by the oscillating suction flow rate is the main
cause of the superiority possessed by the BLOS method to the
BLS one.

The different spatiotemporal alterations of separation
structures for the BLS and BLOS cases are examined
subsequently. The flow fields of cases, as labelled by dashed
circles, with Z; = 0.27, 0.33, and 0.39 in Figure 10A, are
The
selected cases

selected to perform detailed
solid
presented in Figure 11. In the case with suction location
being 0.27 axial chord length, the BLS method fails to

effectively suppress large-scale separation on the suction

analysis. limiting

streamlines on surfaces for are
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BLS !
BLOS:
FIGURE 11

Instantaneous limiting streamlines by different suction locations in the control of BLOS and BLS.

FIGURE 12

Instantaneous vortex structures by different suction locations in the control of BLOS and BLS.

surface. As a result, the cascade stall occurs throughout the
entire span, giving rise to enormous losses. As the suction
location moves downstream to 0.33 axial chord length, the BLS
method starts to take effect by alleviating the cascade stall to
the corner stall, which can be observed from the streamlines on
both the suction surface and end walls. The flow topology in
the BLS case becomes less severe when Z; = 0.39, which bears
resemblance to the corner separation topology. On the other
hand, BLOS, in all the situations considered here, successfully
prevents the cascade from stalling by reorganizing the vortical
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structures and hence maintaining the high performance in the
critical load cascade. It should be pointed out that even though
streamline topologies presented in both BLS and BLOS cases at
Zs = 0.39 are similar, the vortical structures literally differ
from each other, which will be discussed in the following
section.

The instantaneous vortical structures visualized in terms of Q
iso-surfaces for selected cases are presented in Figure 12 in order
to describe the entirely different vortical evolutions in the steadily
and unsteadily controlled flow fields. The difference between the
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FIGURE 13
Instantaneous vortex structure and loss of stream-wise observing section in the control of BLS.

BLS and BLOS controlled flow fields manifests itself not in the gradually as the control effects become strengthened from Z; =
structural transformations of the quasi-columnar vortices such as 0.27 to Z, = 0.39 and stably distributed in the corner regions. The
horse-shoe vortices and passage vortices but exclusively in the reason for this transformation is that the BLS method removes
development of separation vortices on suction surfaces. In the low-energy fluids within the boundary layer and improves its
situations where the BLS method is adopted, the separation capacity of resisting inverse pressure gradients. In this way, the
vortices on the suction surface show a relatively stable layer- boundary layer is re-allocated and induces new separation
shaped structure. The spatial extents of these structures shrink vortices which are consequently stabilized under the influence
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FIGURE 14
Instantaneous vortex structure and loss of stream-wise observing section in the control of BLOS.

of the ‘steady properties’ possessed by the BLS method. The 3.3 Spatiotemporal alterations in
BLOS controlled fields under consideration here consistently separation flows
exhibit a series of discretized ring-like vortices convecting

downstream in the corner regions. Thus, it could be deduced The differences in performance improvement between BLS
that this vortical-ring street structure can benefit the tolerance of and BLOS are direct reflections of vortical alterations in flow
cascades against the varied operating conditions more than the fields which have been briefly described in the previous section.
conventional corner separation topologies in diffusion cascades. The relation between transformed separation topologies and
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Span-wise distribution of pitch-averaged total pressure loss. (A) Stream-wise increase of overall mass-averaged total pressure loss and (B) in the
outlet of cascade in the control with BLS and BLOS with the suction location of 0.33 Z.

performance enhancement is emphasized in this section in order
to advance our knowledge about the main cause of the different
control effects.

The results with Z; = 0.33, ms = 1.77% are under
consideration. For the BLOS case, the frequency and
amplitude are 1,000 Hz and 48.71%, respectively. The vortical
evolution and the accompanying loss distributions are analyzed
according to contours plotted on the streamwise slices as shown
in Figures 13 and 14.

In the BLS controlled flow field, the layer-shaped separation
vortices consistently possess high vorticity from the onset to the
later evolutionary stage according to both Figure 13(Q) and (]Q|).
This gives rise to significant local losses due to the strong shear
stress (see Figure 13(¢)) in the regions where they reside. A large
amount of low-energy fluids is meanwhile confined in the regions
enclosed by the separation vortices and solid walls. Also, these
fluids lead to extremely high total pressure loss regions in the
corners as shown in Figure 13(w). Thus, it could be concluded
that in the BLS controlled flow field, the separation vortex
consistently possesses high vortical strength, and the flow loss
caused by it is the main source of the overall cascade loss.

For the BLOS case shown in Figure 14, vortical alterations
induce different distributions of aerodynamic quantities. From
the vortical evolution (slice 1 to 3) shown in Figure 14(Q), it can
be observed that the separation vortices are effectively discretized
and roll up forming ring-shaped structures because of periodic
excitation. In addition, the separation vortices are weakened in
vorticity (see Figure 14(|Q|)) and cause less local viscous
dissipation as shown in Figure 14(¢). The vortical
transformation also shrinks the high-loss zones shown in
Figure 14(w) indicating less low-energy fluids bounded within
the separation vortices and meanwhile enhanced the cascade
throughflow.
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The aforementioned changes bring about significant
reduction in pitch-averaged loss at the cascade outlet in the
entire span as shown in Figure 15A. In streamwise direction, the
distribution of averaged total pressure loss presented in
Figure 15B reveals that the loss reduction takes place not only
in the flow passage but also in the wake. Compared with the BLS
case, the BLOS case causes a loss reduction of 17.5% at the trailing
edge and 34.6% two axial chord lengths downstream the trailing
edge. This denotes that the BLOS-induced vortex ring streets
generate less viscous dissipation as convecting in the wake.

Both the aspiration control methods are based on the
effective removal of low-energy fluids. Moreover, the
advantages possessed by the BLOS method in improving the
cascade performance are achieved mainly through changing the
layer-shaped separation vortices to the discretized donut-shaped
vortex streets shedding into the wake. The benefits brought by the
vortical transformation include (1) attenuated vorticity of
separation vortices producing less local viscous dissipation; (2)
narrowed blockage area trapping less low-energy fluids in the
vicinity of corner regions; and (3) more energetic blockage fluids
contributing to the mixing loss reduction in the wake.

4 Conclusion remarks

Simulations of the flow of a three-dimensional linear high-
load compressor cascade controlled by the BLS and BLOS
methods were carried out. The effect of oscillation parameters
on the control effect was parametrically investigated. In addition,
a comparative analysis of the sensitivity of the BLS and BLOS
methods to different operating conditions was carried out. This
work was performed to understand the basic aerodynamics of
unsteady suction for controlled flow separation.
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4.1 Control parameters

Oscillation amplitude and frequency are two crucial control
parameters. The amplitude represents the energetic level of the
unsteady excitation. Only when it exceeds a certain threshold can
the BLOS method take effect, and in this study, the threshold
value equals 0.31 approximately. However, due to the additional
viscous dissipation introduced, excessive amplitudes weaken the
control effect. A relative wide optimal frequency bandwidth
within which the BLOS method surpasses the BLS method is
detected in the current study. Also, in these situations, the
characteristic frequency of the flow field is locked up to the
excitation frequency.

4.2 Susceptibility to varying conditions

The BLOS method shows advantage over the BLS method on
the control cost and the susceptibility to varying working
conditions. With a fixed effective suction flow rate, the BLOS
method can result in higher loss reduction. The variation in
suction locations affects the BLOS controlled cascades less
significantly than that with the BLS method. The operating
range in terms of incidences is highly extended due to
introduction of oscillation into the aspiration.

4.3 Flow structures

Oscillatory aspiration takes over the advantages of steady
aspiration and further introduces structural reorganization in the
flow field. The spatial transformation is mainly reflected in the
discrete laminar separation vortex into a donut-shaped vortex
street shedding to the wake flow. The vortical alteration leads to
lower vorticity of separation vortices and hence decreases the
viscous shear stress. The cascade blockage is also alleviated,
indicating less low-energy fluids bounded in the corners.
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Nomenclature

A Correlation matrix

C Chord length

C,, Pressure coefficient

E, Projection errors

f Frequency of oscillation

H Characteristic length of the separation zone

i Incidence

N,, Total number of POD modesTotal number of POD modes
N, Total number of snapshotsTotal number of snapshots

ax Temporal coefficient of the kth modeTemporal coefficient of
the kth mode

Ma Mach number

N,, Total number of POD modesTotal number of POD modes
N, Total number of snapshotsTotal number of snapshots
p Static pressure

P1 Mass-averaged static pressure at the inlet

P1 Mass-averaged total pressure at the inlet

P> Mass-averaged total pressure at the outlet

Pr Pressure ratio

Q Q-criterion

Re Reynolds number

S Strain tensor

St Strouhal number

t Time
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U Streamwies velocity

U, Time-averaged velocity at the outlet

U, Time-averaged velocity at suction slot exit
Uy Oscillation amplitude

u Velocity

u’ Fluctuating velocity

u Time-averaged velocity

o Temporal coefficient of the kth modeTemporal coefficient of
the kth mode

¢ Phase of the excitation
Ak kth eigenvalue

w Total pressure loss coefficient

Abbreviations

AOA Angle of attack

AVDR Axial velocity density ratio

BLS Boundary layer suction

BLOS Boundary layer oscillation suction
CFD Computational flow dynamics

SST Shear stress transport

DES Detached eddy simulation

LES Large eddy simulation

TE Trailing edge
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