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ABSTRACT

A numerical investigation of the effectiveness of acoustic
excitation is carried out to control flow separation in a NACA65-
K48 linear compressor cascade (LCC) in the absence of cascade
endwalls. The operating conditions for the LCC are 𝑀𝑎 = 0.67
and 𝑅𝑒𝑐 = 560𝑥103, which are representative of an aeroengine.
For the numerical investigations, Improved Delayed Detached
Eddy Simulation (IDDES) is used due to its capability to capture
flow separation and unsteady flow characteristics with reasonable
computational requirements among the high fidelity approaches.
The flow through the cascade passage does not experience any
separation at the aerodynamic design point (ADP) of the cas-
cade. Therefore, an incidence angle of 𝑖 = 8◦ is used in this
study where flow separation is observed over blade the suction
surface at 𝑥/𝑐 ≈ 0.6. For acoustic excitation, both external and
internal acoustic excitation techniques are investigated. In ex-
ternal acoustic excitation, the sound source is distributed at the
inlet boundary of the computational domain whereas in internal
excitation, sound waves are introduced into the computational
domain from a thin slot located at the onset of flow separation on
the blade suction surface. Sound waves are introduced in the flow
field at the modal frequencies in the uncontrolled flow, which are
𝑆𝑡𝑐 = 0.187, 0.409, and 0.618 in terms of Strouhal number based
on the blade chord length at a constant excitation amplitude of
𝑆𝑃𝐿 = 151𝑑𝐵. The results have indicated that external acoustic
excitation has no major effect in controlling flow separation in
the LCC. Internal acoustic excitation, on the other hand, has a
strong effect in modulating the flow separation in the LCC pas-
sage such that a reduction of Δ𝜁𝑚𝑎𝑥 ≈ 16% is observed in the
total pressure loss coefficient on the measurement plane located
0.4𝐶𝑎𝑥 downstream of the cascade exit. Further investigations
are also carried out for the effect of sound amplitude on the ef-
fectiveness of internal acoustic excitation. In overall, acoustic
excitation can serve as a means of flow control in aeroengine
compressor cascades.

∗Corresponding author: seyfettin.coskun@cranfield.ac.uk

Keywords: Flow control, acoustic excitation, compressor
cascade

NOMENCLATURE
C chord length
Δ𝑡 numerical time step
𝑓 frequency
h blade height
𝑖 incidence angle
t pitch length
𝜏 𝑡 (𝑈∞/𝑐), convective time
𝜈 Kinematic viscosity [m2 s−1]
𝜁 Total pressure loss coefficient, 𝑃𝑡,𝑖𝑛−𝑃𝑡

𝑃𝑡,𝑖𝑛−𝑃𝑖𝑛

𝑅𝑒𝑐 Reynolds number based on chord length, 𝑈∞𝑐/𝜈
𝑆𝑡 Strouhal number, 𝑓 𝑐/𝑈∞
ADP Aerodynamic Design Point
IDDES Improved Delayed Detached Eddy Simulation
LCC Linear Compressor Cascade
SPL Sound Pressure Level [dB]
Superscripts and subscripts
ax axial
exc excitation
t pitch-averaged
∞ freestream value

1. INTRODUCTION
The current trend in the design of axial compressor blades in

modern aeroengines is to increase the blade aerodynamic loading
to reduce the number of blades/stages, and hence, the weight of
the aeroengine. Although higher aerodynamic loading can help
in reducing the overall weight, the main drawback is an increase
in the adverse pressure gradient across a stage that could trigger
flow separation. Flow separation results in increased cascade
blockage and reduced aerodynamic performance. Hence, it is
detrimental to compressor stability and performance. Therefore,
control of flow separation is critical in the design of modern axial
compressors [1–3].
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Unlike other flow control techniques, acoustic excitation aims
to excite the instabilities already present in the uncontrolled flow,
and hence, requiring a considerably lower energy input. The
working mechanism of acoustic excitation is to amplify the in-
stabilities so that the transition-to-turbulence characteristics are
altered in the flow, customarily resulting in an earlier transition.
Therefore, shear layer roll-up and vortex shedding characteristics
are often affected, which potentially improves the momentum
transfer across the separated shear layer into the near-wall, low-
momentum flow regions [1, 4–8]. Acoustic excitation can be
applied in the form of external and internal excitations where the
sound source is located away from the geometry of interest and in
the vicinity of the separated flow, respectively. The effectiveness
of acoustic excitation has been demonstrated by previous research
on low to moderate subsonic flow separation control over isolated
aerofoils [4, 7–9] and low-pressure turbines [10, 11].

Previous studies [1, 4, 5, 7] have shown that the dominant fre-
quencies in the uncontrolled flow spectra are the most effective
sound frequencies for acoustic excitation. Therefore, accurate
prediction of flow separation characteristics plays a critical role
in the investigation of flow control by acoustic excitation. The
unsteady and three-dimensional nature of separated flow often re-
quires use of high fidelity turbulence modelling approaches such
as Large Eddy Simulation (LES) or Direct Numerical Simulation
(DNS) as Reynolds-Averaged Navier-Stokes (RANS) equations
are not capable of providing the required accuracy due to their
averaging and modelling nature. The prohibitive computational
cost of high fidelity models intrigued researchers and engineers to
focus on hybrid models that take advantage of both high fidelity
and RANS models. Detached Eddy Simulation (DES) used in the
current study is a hybrid RANSL/LES model that aims to utilise
RANS in attached boundary layer regions to reduce the computa-
tional cost whereas it switches to an LES model in the rest of the
computational domain to improve the numerical accuracy [12].
Improved Delayed DES (IDDES) is a modified DES model to
cure the problems of classical DES, so called DES97, such as
grid induced separation and log-layer mismatch[13]. Therefore,
IDDES is considered to be appropriate for the current study.

The motivation of the current study is the numerical explo-
ration of the effectiveness of acoustic excitation in controlling
flow separation in an aeroengine representative compressor cas-
cade without the endwalls. The cascade endwalls are intention-
ally removed to quantify the effect of acoustic excitation on profile
loss behaviour of the cascade.Without the endwalls, this cascade
is representative of high aspect ratio cascades in aeroengines.
Therefore, the effectiveness of acoustic excitation in controlling
flow separation can have a direct impact on the design of com-
pressor cascades and blades. The investigations include the de-
velopment of a computational modelling approach, a thorough
exploration of the effects of acoustic excitation and comparison
of external and internal acoustic excitations.

2. METHODOLOGY
In the methodology, details of the turbulence modelling ap-

proach IDDES are provided. Thereafter, the computational ap-
proach and acoustic excitation modelling in a computational en-
vironment are discussed.

2.1 Improved Delayed Detached Eddy Simulation (IDDES)
DES is a hybrid RANS/LES model that is superior to RANS

in capturing separated flow characteristics and to LES in compu-
tational cost. The accuracy of DES model is sacrificed in B/L re-
gions due to modelling approach in utilising RANS and blending
between RANS and LES zones in separated flows. The boundary
layer shielding approach in IDDES attempts to solve the blending
between the two models employed. IDDES model is based on
two-equation 𝑘 − 𝜔 𝑆𝑆𝑇 , with the following modifications to 𝑘

and 𝜔 equations:

𝜕 (𝜌𝑘)
𝜕𝑡

+
𝜕 (𝜌𝑢𝑗 𝑘)

𝜕𝑥𝑗
= 𝜏𝑖 𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝜕

𝜕𝑥𝑗

[︃
(𝜇 + 𝜎𝑘𝜇𝑡 )

𝜕𝑘

𝜕𝑥𝑗

]︃
− 𝐶𝜇𝜌𝜔𝑘𝑙𝐼𝐷𝐷𝐸𝑆

(1)

𝜕 (𝜌𝜔)
𝜕𝑡

+
𝜕 (𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=

𝛾

𝜈𝑡
𝜏𝑖 𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝜌𝜔2 + 𝜕

𝜕𝑥𝑗

[︃
(𝜇 + 𝜎𝜔𝜇𝑡 )

𝜕𝜔

𝜕𝑥𝑗

]︃
+ 2(1 − 𝐹1)

𝜌𝜎𝜔2
𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
(2)

where 𝜌 is density, 𝑘 is turbulent kinetic energy (TKE), 𝜔 is
specific dissipation, 𝑥𝑖 represents spatial coordinates, 𝑡 is time, 𝜇
is laminar viscosity, 𝜇𝑡 is turbulent eddy viscosity and 𝑙𝐼𝐷𝐷𝐸𝑆 is
IDDES length scale given as;

𝑙𝐼𝐷𝐷𝐸𝑆 = 𝑓𝑑 (1 + 𝑓𝑒)𝑙𝑅𝐴𝑁𝑆 + (1 − 𝑓𝑑)𝑙𝐿𝐸𝑆

𝑙𝑅𝐴𝑁𝑆 =

√
𝑘

𝐶𝜇𝑘

𝑙𝐿𝐸𝑆 = 𝐶𝐷𝐸𝑆Δ

𝐶𝐷𝐸𝑆 = 𝐶𝐷𝐸𝑆1𝐹1 + 𝐶𝐷𝐸𝑆2 (1 − 𝐹1)

(3)

where 𝑙𝐼𝐷𝐷𝐸𝑆 , 𝑙𝑅𝐴𝑁𝑆 and 𝑙𝐿𝐸𝑆 are IDDES, RANS and LES
length scales, respectively. 𝐶𝐷𝐸𝑆1 = 0.78 and 𝐶𝐷𝐸𝑆2 = 0.61 are
model constants and 𝐹1 is a blending function.

The LES length scale is given by:

Δ = 𝑚𝑖𝑛 {𝐶𝜔 𝑚𝑎𝑥 [𝑑𝜔 , ℎ𝑚𝑎𝑥], ℎ𝑚𝑎𝑥} (4)

where ℎ𝑚𝑎𝑥 is the cell maximum edge length and 𝑑𝜔 is the
distance from the cell to the wall. 𝑓𝑑 in Eqn. 3 is an empirical
blending function computed as:

𝑓𝑑 = 𝑚𝑎𝑥 {(1 − 𝑓𝑑𝑡 ), 𝑓𝑏}

𝑓𝑑𝑡 = 1 − 𝑡𝑎𝑛ℎ[(𝐶𝑑𝑡1 · 𝑟𝑑𝑡 )𝐶𝑑𝑡2 ]

𝑟𝑑𝑡 =
𝜈𝑡

𝜅2𝑑𝜔
2
√︁

0.5(𝑆2Ω2)

𝑓𝑏 = 𝑚𝑖𝑛
{︁
2𝑒𝑥𝑝(−9𝛼2), 1.0

}︁
𝛼 = 0.25 − 𝑑𝜔/ℎ𝑚𝑎𝑥

(5)

where 𝜅 is Karman constant, 𝑆 is strain rate tensor magnitude and
Ω is vorticity tensor magnitude. Further details can be found in
Gritskevich [14] and Menter [15].
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2.2 Computational Approach
For the numerical simulations, a NACA65-K48 linear com-

pressor cascade is used, which is generated by 48◦ arc distribution
over a NACA65 profile [16]. The operating conditions of the cas-
cade at its aerodynamic design point (ADP) are provided in Table
1. The inlet Mach number is 𝑀𝑎1 = 0.67 with a corresponding
chord-based Reynolds number of 𝑅𝑒𝑐 = 560𝑥103. The flow turn-
ing angle across the cascade is Δ𝛽 = 42◦. As the current study
focuses on the LCC in the absence of the cascade endwalls, flow
through the cascade does not experience flow separation at ADP.
Therefore, an incidence angle of 𝑖 = 8◦ is used as representative
of off-design cascade operation.

TABLE 1: NACA65-K48 linear compressor cascade design param-
eters and operating conditions [16].

Inlet Mach Number 𝑀𝑎1 0.67 [−]
Inflow Angle 𝛽1 132 [◦]
Flow Turning Δ𝛽 42 [◦]
Stagger Angle 𝛽𝑠 112.5 [◦]
Chord Length 𝑐 40 [𝑚𝑚]
Solidity 𝑡/𝑐 0.55 [−]

The computational domain is shown in Figure 1 along with
the boundary conditions (BC). Two passages of the linear cascade
are modelled with the use of periodic boundary conditions that
account for the flow interactions between consecutive blades. The
computational domain extends 0.8𝐶𝑎𝑥 upstream of the cascade
inlet whereas it extends 2.9𝐶𝑎𝑥 downstream of the cascade exit
following typical DES and turbomachinery best practice guide-
lines. For the boundary conditions, a total pressure inlet BC is
used at the inlet boundary. At the downstream boundary, non-
reflective pressure outlet BC is used. The reflection of sound
waves may result in non-physical perturbations in the flow vari-
ables, which may result in an ambiguity on the effectiveness of
acoustic excitation. Therefore, non-reflecting boundary condition
(NRBC) is used to prevent the reflection of sound waves from the
downstream boundary of the computational domain[17, 18]. In
the pitchwise and spanwise boundaries, translational periodicity
is used due to the symmetry in the LCC under consideration.
Outlet static pressure is specified accordingly to satisfy the in-
let Mach number, 𝑀𝑎1 = 0.67. For the blade surfaces, no-slip
adiabatic wall boundary conditions are applied.

Measurement

Plane
Total

Pressure

Inlet

Non-reflec�ve

Pressure

Outlet

Periodicity

FIGURE 1: Computational domain and boundary conditions.

A hexahedral O-C-H grid topology is used for computational
grid generation as shown in Figure 2. Grid sizing is determined
based on a grid convergence study that revealed a grid size Δ <

𝛿/20 in the separated flow regions, where 𝛿 is the boundary layer
thickness. Numerical computations are carried out in ANSYS-
Fluent, which is a cell-centred finite volume flow solver. A
fully implicit pressure-based solver is utilized. Second-order
upwind spatial discretization is used for the convective terms
while Green-Gauss Node-Based spatial discretization is used for
gradients and derivatives. Total variation diminishing (TVD)
scheme is used for flux limiting in the numerical solver. Second-
order implicit Newtonian dual-time stepping method is used for
transient formulations with 15 pseudo sub-iterations per time
advancement for solution of mean flow and turbulent quantities.
Steady 𝑘−𝜔 SST based RANS computations are used as precursor
simulations to transient 𝑘 − 𝜔 SST IDDES model.

FIGURE 2: Computational grid around a single LCC passage.

2.3 Acoustic Excitation Modelling
In this study, monochromatic planar sound waves are used for

the investigation of acoustic excitation effectiveness in control-
ling flow separation. The sound waves are generated by the use
of transient boundary conditions for both external and internal
acoustic excitation as given in Equation 6 for the time dependent
total pressure and total temperature profiles.

𝑃𝑡 = 𝑃𝑡 ,∞
(︂
1 + 𝐴𝑚𝑒

𝑖 (𝑘𝑥𝑖−𝜔𝑡 )
)︂

𝑇𝑡 = 𝑇𝑡 ,∞

(︃
1 + 𝐴𝑚

𝛾 − 1
𝛾

𝑒𝑖 (𝑘𝑥𝑖−𝜔𝑡 )
)︃ (6)

where 𝑃𝑡 ,∞ and 𝑇𝑡 ,∞ are the inlet total pressure and tempera-
ture, respectively, in the absence of sound waves, 𝐴𝑚 is excitation
amplitude in percentage of 𝑃𝑡 ,∞, 𝑘 =

√︂
𝑘2
𝑥 + 𝑘2

𝑦 + 𝑘2
𝑧 = 𝜔/𝑐0 the

wave number of planar waves and 𝜔 = 2𝜋 𝑓𝑒𝑥𝑐 the circular fre-
quency, 𝑓𝑒𝑥𝑐 excitation frequency and 𝑐0 the speed of sound, as
demonstrated in Figure 3.

External
Excitation

Internal
Excitation

FIGURE 3: Implementation of external and internal acoustic excita-
tion.
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In external acoustic excitation, a distributed sound source
is modelled at the inlet boundary of the computational domain.
In internal acoustic excitation, on the other hand, sound waves
are introduced from a thin slot (i.e., 𝑑/𝐶 = 0.02, where d is the
excitation slot width) located on the blade suction surface. The
sound wave frequencies for acoustic excitation of the flow through
the LCC are determined from the uncontrolled flow frequency
spectra. Accordingly, transient data is collected at the monitor
locations P1-P3 as shown in Figure 4, where P1 is located at the
origin of separation while the rest of the monitor points are located
at the centre line of the separated shear layer. Therefore, the data
collected at these points reflects the unsteady characteristics of
the separated shear layer and vortex shedding downstream.

0.0 0.2 0.4 0.6 0.8 1.0
Ma

P1
P2 P3

FIGURE 4: Monitor locations within the separated shear layer.

The spectral characteristics at each monitor location are
shown in Figure 5 for the uncontrolled flow. The modal fre-
quencies in the separated flow are 𝑆𝑡𝑐 = 0.187, 0.409, and 0.618
in terms of Strouhal number, whilst 𝑆𝑡𝑐 = 0.618 being the most
dominant frequency. Therefore, the acoustic excitation is imple-
mented with these three modal frequencies for both external and
internal acoustic excitation.

P1

P2

P3

FIGURE 5: Streamwise evolution of turbulent kinetic energy spec-
tra for the uncontrolled flow. The amplitude of each successive
spectrum is increased by four orders of magnitude for clarity.

3. RESULTS
The investigations are carried out for both external and in-

ternal acoustic excitation. Three excitation frequencies are used

at a constant excitation amplitude for both external and internal
acoustic excitation. These excitation frequencies correspond to
the modal frequencies in the uncontrolled flow turbulent kinetic
energy spectrum. An excitation slot is used for the internal acous-
tic excitation, which is located at the onset of flow separation over
the blade suction surface. A distributed sound source is used on
the inlet boundary of the domain for external acoustic excita-
tion. Thereafter, an additional range of excitation amplitudes is
investigated for internal excitation.

The discussion is divided into two main subsections. First,
the effect of acoustic excitation frequency on the flow field, the
physical mechanism behind the interactions of sound waves and
flow separation and the overall change in the cascade performance
is investigated for both external and internal excitation. Secondly,
the effect of sound amplitude is explored.

3.1 The Effect of Excitation Frequency
3.1.1 Flow Field Analyses. The effect of acoustic excita-

tion frequency on the cascade flow field is analysed in this section.
The modal frequencies in the uncontrolled flow in Figure 5 are
used at a constant excitation amplitude 𝑆𝑃𝐿 = 151𝑑𝐵, which
was obtained to be the most effective excitation amplitude for the
LCC with endwalls in our earlier research [1]. The effects of
external and internal acoustic excitations on the flow through the
cascade are shown in Figure 6 for the streamlines superposed on
the normalised mean velocity contours. In the uncontrolled case,
the flow over the suction surface of the LCC blade separates at
𝑥/𝑐 ≈ 0.6 for the conditions under investigation.

External acoustic excitation of the flow through the LCC
without the endwalls has little to no effect on reducing or sup-
pressing the flow separation over the blade suction surface for all
three of the excitation frequencies under consideration. For in-
ternal excitation, on the other hand, the extent of flow separation
is considerably reduced. The volume of separated flow over the
suction surface reduces by ∼ 48% compared to the uncontrolled
flow. However, no flow reattachment is observed. Furthermore,
no superiority in the excitation frequencies is observed for inter-
nal acoustic excitation.

The results are compared in terms of RSS (−𝜌𝑢′𝑣′) distri-
bution as it is a measure of turbulence mixing. In wall-bounded
flows, turbulent mixing results in momentum transfer to the near-
wall regions and energises the low-momentum flow in these re-
gions. Therefore, the differences in the effectiveness of internal
and external acoustic excitations in controlling the flow sepa-
ration through the LCC are investigated by comparison of the
spanwise RSS contours in Figure 7. The results indicate no con-
siderable change in the RSS distribution through the cascade for
external acoustic excitation. When the flow is internally excited
by sound waves, a substantial increase in the RSS over the blade
suction surface is observed. The results indicate a significant
upstream movement of the location where RSS is generated over
the LCC blades, while the magnitude of RSS increases across the
shear layer. This rise in the RSS over the LCC implies improved
turbulent mixing, which enhances momentum transfer across the
separated shear layer, energising the separated flow regions to be-
come more resistant to flow separation. The results also indicate
no major difference between different excitation frequencies.
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Uncontrolled

External
Excitation

Internal
Excitation

0.0    0.5 0.7 0.9     1.5 

FIGURE 6: The effect of acoustic excitation on the flow field of LCC without endwalls.

3.1.2 Physical Mechanism for the Effectiveness of
Acoustic Excitation. Further investigations are carried out for
a better understanding of the physical phenomenon behind the
effectiveness of internal acoustic excitation, while external exci-
tation has no major effect on the cascade flow. The comparison
of normalised spanwise vorticity contours is shown in Figure 8
for uncontrolled flow, flow excited by external acoustic waves,
and flow excited by internal sound waves.

In the uncontrolled flow, separated flow over the blade suction
surfaces of the LCC blades at 𝑥/𝑐 ≈ 0.6 generates a shear layer
that rolls up and eventually breaks down to vortical structures at
𝑥/𝑐 ≈ 0.8. The centre of the separated shear layer is located away
from the blade suction, and a separated flow region is generated
between the blade suction surface and the shear layer.

For the cascade flow excited by external sound waves, the

streamwise evolution of the separated shear layer is remarkably
different for all three excitation frequencies under investigation.
The excitation frequency 𝑆𝑡𝑐 = 0.187 results in an earlier roll-
up and breakdown of the separated shear layer over the cascade,
while the excitation frequency 𝑆𝑡𝑐 = 0.409 has no major effect
on the shear layer development. The third excitation frequency,
𝑆𝑡𝑐 = 0.618 results in the generation of smaller-scale and co-
herent vortical structures. However, the shear layer and hence
the coherent vortices are located away from the separated flow
region, resulting in no major momentum transfer across the shear
layer.
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Uncontrolled

External
Excitation

Internal
Excitation

0.0     0.010 0.015   0.025

FIGURE 7: The effect of acoustic excitation on spanwise Reynolds
Shear Stress distribution.

A considerably greater upstream roll-up and breakdown of
the separated shear layer is observed in internally excited flow
compared to uncontrolled and externally excited flows. Earlier
breakdown of the shear layer enhances momentum transfer across
the shear layer in internally excited flow because of two reasons:
first, the shear layer is sufficiently close to the blade suction
surface; second, more coherent vortices are generated that are
more energetic, and hence, improve the energy transfer to the
separated flow regions.

Uncontrolled

External
Excitation

Internal
Excitation

-30    -10  0  10     30

FIGURE 8: Normalised spanwise vorticity Ω∗
z contours.

These changes in the shear layer evolution and vortex shed-
ding characteristics are illustrated in Figure 9 by iso-surfaces of
the Q-criterion. The results indicate an earlier breakdown of
the separated shear layer and the generation of coherent vorti-
cal structures when the flow is excited by internal sound waves.
These vortices are located in the vicinity of the blade suction sur-
face and energises the near-wall low-momentum flow. Although
a change in the coherence of vortices is observed with varying
excitation frequency, vortex shedding takes place in the vicinity
of the suction surface in all cases that results in strong interac-
tions with the near-wall flow. External acoustic excitation, unlike
internally excited flow, is unable to generate coherent vortices for
the majority of the suction surface.

6



Uncontrolled 

External
Excitation

Internal
Excitation

-30   -10  0  10    30

FIGURE 9: Iso-surfaces of Q-criterion at Q = 1x109 coloured by
Ω∗
z .

The comparison of the turbulent kinetic energy (TKE) spec-
tra at the monitor locations shown in Figure 4 are illustrated
in Figure 10. The results indicate that external acoustic exci-
tation has no major effect in the TKE spectra under the sound
wave frequencies considered. Internal acoustic excitation, on
the other hand, results in generation of harmonic frequencies,
which implies generation of smaller turbulent structures at higher
frequencies. Furthermore, unlike external excitation, there is a
significant energy energy transfer from lower frequency, higher
scale structures to higher frequency and lower scale turbulent
structures in internal acoustic excitation. Therefore, these find-
ings suggest that internal acoustic excitation results in an earlier
transition in the separated shear layer and enhances the energy
transfer across the shear layer into the near-wall separated flow
regions.

3.1.3 Excitation Effect on the Cascade Performance.
The overall effect of acoustic excitation is quantified by the use
of the spanwise distribution of the pitch- and mass-averaged total
pressure loss coefficient, 𝜁𝑡 , as given in Equation 7. The corre-
sponding total pressure loss coefficients for external and internal
acoustic excitation are compared to uncontrolled flow as illus-
trated in Figure 11. The results are compared at the measurement

plane of the cascade at 𝑥/𝑐 = 0.4 downstream of the blade trail-
ing edge. External acoustic excitation of the flow results in no
considerable change in the cascade performance for any of the
excitation frequencies investigated. This is in agreement with
flow field analyses in previous sections.

𝜁 (𝑦, 𝑧) = 𝑃01 − 𝑃0 (𝑦, 𝑧)
𝑃01 − 𝑃1

𝜁𝑡 =

∬
𝑀𝑃

𝜁 (𝑦, 𝑧) 𝑑𝑦

(7)

FIGURE 11: Pitchwise total pressure loss coefficient profiles at
the measurement plane for external and internal excitation frequen-
cies.

Internal acoustic excitation of the cascade flow results in a
reduction in the maximum total pressure loss coefficient at the
cascade measurement plane byΔ𝜁𝑚𝑎𝑥 ≈ 16%, as demonstrated in
Figure 12. A weak dependency, Δ𝜁𝑚𝑎𝑥 ≤ 1%, on the excitation
frequency is observed. The results indicate a pitchwise wider loss
profile, while the peak total pressure loss coefficient is reduced,
which is more favourable for cascade design.

Internal

External

FIGURE 12: The change in the peak value of the total pressure loss
coefficient with internal and external acoustic excitation.
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Uncontrolled

External Excita�on Internal Excita�on

FIGURE 10: Streamwise evolution of turbulent kinetic energy spectra with external and internal acoustic excitation. The amplitude of each
successive spectrum is increased by four orders of magnitude for clarity.
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3.2 The Effect of Excitation Amplitude
Investigation of the effect of excitation frequency in the previ-

ous section indicated that external acoustic excitation has negligi-
ble effect in controlling flow separation in the cascade. Therefore,
the effect of sound amplitude is explored in this section for inter-
nal acoustic excitation only. The range of sound wave amplitude
in 125𝑑𝐵 ≤ 𝐴𝑚 ≤ 151𝑑𝐵 is explored. The initial excitation am-
plitude 𝐴𝑚 = 151𝑑𝐵 is based on our earlier findings in [1]. In this
section, the excitation amplitude 𝐴𝑚 in Equation 6 is consistently
halved from 𝐴𝑚 = 0.01𝑃𝑡 ,∞ to 𝐴𝑚 = 0.0005𝑃𝑡 ,∞ at the excitation
frequency 𝑆𝑡𝑐 = 0.618.

3.2.1 Flow Field Analyses. The effect of sound wave am-
plitude on the effectiveness of acoustic excitation in controlling
flow separation is investigation by comparison of the flow field in
Figure 13. The flow field around the cascade coloured by the nor-
malised velocity magnitude shows a reduction on the extent of the
flow separation over the blade suction surfaces with a resultant
narrower wake downstream of the cascade. Although acoustic
excitation has a significant effect in reducing the flow separa-
tion in the LCC, the results indicate no profound effect of sound
wave amplitude on the effectiveness of acoustic excitation. This
finding is attributed to the fact that the sound source is located
at the onset of flow separation on the blade suction surface and,
hence, affecting the evolution of the shear layer from the initial
phases and onwards. Therefore, even the smallest sound wave
amplitude considered in this study provides similar flow control
authority to the higher sound wave amplitudes. These findings
are in agreement with earlier findings in the literature for internal
acoustic excitation of low speed flows.

3.2.2 The Effect of Excitation Amplitude on Cascade
Performance. The effect of acoustic excitation amplitude on
the cascade performance is compared in Figure 14 in terms of the
pitchwise distribution of total pressure loss coefficient at the mea-
surement plane. The results indicate that the sound amplitude has
no major effect on the effectiveness of internal acoustic excitation
that the overall impact of acoustic excitation on the cascade per-
formance remains unaffected with increasing sound amplitude.
The overall effect of acoustic excitation amplitude is that there is
a Δ𝜁𝑚𝑎𝑥 ≈ 16% reduction in the total pressure loss coefficient for
the range of sound amplitudes explored. Therefore, the results
indicate that internal acoustic excitation can provide a significant
improvement on the cascade performance even at relatively low
excitation amplitudes, i.e., 𝐴𝑚 = 125𝑑𝐵. The investigation for
even smaller sound amplitudes remains as a future work.

0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.1 0.2 0.3

y
/
t

ζ

Uncontrolled
Am = 125dB
Am = 131dB

Am = 139dB
Am = 145dB
Am = 151dB

FIGURE 14: The effect of acoustic excitation amplitude on pitch-
wise total pressure loss coefficient distribution at MP.

4. CONCLUSIONS
This study investigates the effectiveness of external and in-

ternal acoustic excitation in controlling flow separation in a lin-
ear compressor cascade numerically. A NACA65-K48 LCC
is used for the investigations that operates at 𝑀𝑎 = 0.67 and
𝑅𝑒𝑐 = 560𝑥103 at an incidence angle of 𝑖 = 8◦, which is repre-
sentative of an aeroengine.

It has been observed that external acoustic excitation has lit-
tle to no effect in improving the separation characteristics in the
linear compressor cascade under investigation. Excitation with
the modal frequencies has no effect in transition of the separated
shear layer, and hence, the improvement of energy transfer across
the shear layer remains negligible. On the other hand, internal
acoustic excitation of the flow from an excitation slot located
on the blade suction surface at the onset of separation results in
an earlier transition in the separated shear layer and generation
of harmonic frequencies at the turbulent kinetic energy spectra,
which improves the energy transfer across the shear layer. There-
fore, results indicate that internal acoustic excitation of the sep-
arated flow improves the separation characteristics by triggering
an earlier transition in the separated shear layer and changing the
vortex roll-up and shedding characteristics. Further investigation
of the impact of sound amplitude on the effectiveness of internal
acoustic excitation indicated that sound amplitude has negligible
effect on the effectiveness of acoustic excitation for the range of
amplitudes considered in 125𝑑𝐵 ≤ 𝐴𝑚 ≤ 151𝑑𝐵.

It has been shown that internal acoustic excitation can sig-
nificantly improve the flow separation characteristics in a linear
compressor cascade without the cascade endwalls operating at
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FIGURE 13: The effect of acoustic excitation on the flow field of LCC without endwalls.

high-speeds. In this form, the linear compressor cascade under
investigation is representative of a high aspect ratio cascade in an
aeroengine. Therefore, it is anticipated that the findings of study
can serve as a means of flow control in high-speed compres-
sor cascades. Further investigations on the effective excitation
amplitudes and locations remain as a future work.
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