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Abstract: The results of unsteady-flow simulations and experiments are discussed to investigate
active noise-reduction effects on the stator–rotor interaction in a single-stage low-speed compressor
with nonuniform trailing edge blowing. It is found that for the investigated type of stator–rotor
interaction noise, nonuniform trailing edge blowing has beneficial noise-reducing effects. The overall
aim is to demonstrate that nonuniform trailing edge blowing can compensate momentum loss
and reduce the axial thrust on rotor blades. The results illustrate how nonuniform trailing edge
blowing influences the sound pressure level of the blade-passing frequencies and results in active
noise reduction effects. The study was conducted using a trailing edge blowing system, a four-hole
dynamic flow-field measurement system, and phase lock technology. The results obtained show that
nonuniform trailing edge blowing leads to substantial noise-reduction effects, lowering sound levels
by more than 10 dB with about 5‰ of inlet mass flow.

Keywords: sound pressure level; stator/rotor interaction; nonuniform trailing edge blowing; active
noise reduction; acoustic mode

1. Introduction

The continued growth of the aviation industry resulted in aviation noise being recognized
as a harmful factor in everyday life. The International Civil Aviation Organization (ICAO) and
airworthiness agencies of individual countries have issued a number of aircraft airworthiness standards
in order to control civil aircraft noise. However, noise is not only an issue in the context of civil
aviation. Even for military aircraft, noise reduction is desirable to delay the fatigue of materials and
facilitate acoustic stealth. The fan and the compressor are the main sources of noise on an aeroplane.
Nevertheless, the noise reduction of compressors is difficult, and has attracted substantial attention
due to the complex geometry of the compressors and their multistage structure.

The trailing edge of rotating or stationary blades generates a wake that affects the aerodynamic
and acoustic performances of any downstream blades. When a spinning rotor blade sweeps through
the viscous vortex wake shed from an upstream stator, it becomes subject to unsteady loads, as
illustrated in Figure 1. In an axial engine, auxiliary airflow is commonly used to control flow. Suction
and pulsed blowing flow shows a robust ability to delay separation [1]. Tip blowing can control the
tip leakage in a high-pressure turbine cascade [2]. However, the blowing flow technology has been
adopted mostly for turbine blade cooling [3].
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Figure 1. Interaction of rotor with stator blade trailing edge.

The compressor interstage region or stator/rotor interaction area is the core noise source in a
compressor. Nacelles with liners are currently the most widely used noise reduction measures on an
aeroplane. However, lined nacelles only reduce noise after it has been generated. Obviously, there
exists the alternative solution of lowering compressor noise by suppressing it at the location of the
source in the stator–rotor interaction area. One technique to facilitate such noise reduction is trailing
edge blowing (TEB), due to its potential to compensate the momentum loss in the wake region.

The novel technology of “trailing edge blowing” for the purpose of improving the flow field
emerged at the end of the last century. It was discovered when it was first applied to turbine
machinery at the Massachusetts Institute of Technology that it results in greater thrust for engines.
Waitz [4] and Sell [5] used TEB to reduce the rotor–stator interaction noise of a turbo fan engine,
and they concluded that TEB is the preferable methodology for flow control when compared with
boundary-layer suction. Leitch [6] from Virginia Polytechnic and State University continued this work
to reduce downstream rotor noise with uniform TEB from the wake of an upstream stator. This was
followed up by Brookfield [7,8], who investigated the effects of TEB on turbo fan engine noise, and
concluded that it could be effective to uniform rotor wakes. Meanwhile, Thomas [9] used less than
1% mass flow to reduce forward radiated noise by 8~9 dB. Yavbz [10] used TEB for a delta wing
to reduce unsteady flow. In 2009, Matjaz [11] illustrated the performance of TEB when applied in
different positions on a fan through calculations and experiments. In 2012, Giovanna [12] researched
Mach number effects on noise. The above references reveal that TEB was mostly used on turbines
with the purpose of making the flow field more uniform, but with rare concurrent acoustic research on
stator–rotor interaction. Saunders [13] conducted a series of experiments on a supersonic compressor
with 6 dB of noise reduction. Rao [14] continued Leitch’s research in an anechoic chamber of Virginia
Tech, and found that the strongest noise reduction of the first four order blade-passing frequency (BPF)
was 3–5 dB. Feng [15] used non-inserting microphones for Rao’s experiments. Thereafter, the research
team at Virginia Tech [16–19] studied flow control methods, airfoil design, and acoustic measurement
methods, and concluded that TEB has an obvious influence on acoustics and aerodynamics.

In this paper, the effect of nonuniform trailing edge blowing (NTEB) on the acoustic performance
in a single-stage low-speed compressor is evaluated. Section 2 illustrates the structure and geometry
of the single-stage low-speed compressor. It discusses the positions and sizes of the blowing holes in
the stator blade, and also defines the measurement positions within the flow field and the layout of the
microphones for forward and backward radiation. In Section 3, the acoustic characteristics of the duct
are introduced, and the acoustic modes are presented. Section 4 describes the steady and unsteady
numerical simulations. On the basis of the results from these calculations, the axial thrust is analyzed
and discussed. In Section 5, the effect of trailing edge blowing is evaluated by means of considering
the acoustic characteristics and the sound pressure level with and without NTEB.
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2. Geometry and Structure of the Compressor Facilities

Figure 2 illustrates the low-speed axial compressor; its six stator blades and 11 rotor blades were
used to evaluate the acoustic characteristics. A total of 16 microphones were used, of which eight were
ahead and eight were rear of the compressor. In each case, the microphones were distributed evenly in
the circumferential positions. The tip radius was 0.201 m, and the hub radius was 0.110 m in the axial
compressor. The fan was driven by a 30-kW frequency conversion motor, and the fan speed could
reach maximum rotation rates of 8500 rpm.
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Figure 2. Single-stage low-speed axial compressor.

In order to investigate the effects of NTEB, the stator blades were rebuilt with blowing holes,
as shown in the middle section of Figure 3. In Figure 3, a row of holes with different diameters
enabled nonuniform blowing flows. Seven holes in the casing were arranged in the circumferential
direction, as shown in the left section of Figure 3. The casing is situated downstream of two adjacent
stator blades. The flow field is measured with a four-hole dynamic pressure probe. There are eight
successive measurement stations, at intervals of 10 mm, ranging from 120 mm to 190 mm along the
radial direction at each position between the stator and the rotor. The phase lock technique has been
used for the flow field measurement.
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3. Acoustic Propagation Analysis

According to the relevant literature [20], the rotor–stator noise is evaluated by summing up the
harmonics of the blade-passing frequency, and can be expressed as:

p
(→

x , t
)
=

∞

∑
s=−∞

psB

(→
x
)
·e−isBΩt (1)

m = sB− qV (2)
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where p is the stator–rotor interaction noise, x is the observation vector, Ω is the rotor speed, t is the
time, m is the azimuthal mode order, B is the number of rotor blades, V is the number of stator blades,
s is the order of blade-passing frequency, and q is an arbitrary integer number. The working speed
of the rotor is 4500 rpm. There are 11 rotor blades and six stator blades. Therefore, the first BPF’s
probable maximum acoustic mode order is −1, and the second BPF’s probable maximum acoustic
mode order is −2 or +4, according to Equation (2).

The aerodynamic noise caused by the stator–rotor interaction in the compressor is distributed
discretely over the blade-passing frequency, and its harmonics are given by:

f =
sBΩ
2π

(s = 0,±1,±2 . . . . . .) (3)

For a rotor speed of 4500 rpm, the first two orders of the blade-passing frequencies as shown in
Figure 4 are calculated to be:

f1 = 825Hz f2 = 1650Hz (4)

Sound can propagate forward and backward when it meets the transport condition [21], which,
for the hard wall duct, is given by:

s2B2Ω2

c2
0
− β2k2

m,n > 0 (5)

On the basis of the propagation condition, sound can propagate in a duct when the sound
frequency is higher than the cut-off frequency. The cut-off frequency of a duct can be expressed as:

fc =
ckm,n

2π

√
1−M2

u (6)

where c is the sound velocity, k is the eigenvalue of Green’s function, and M is the Mach number.
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For forward transport in a circular duct, the cut-off frequency of mode (−1, 0) is:

fc = 493Hz f1 (7)

The cut-off frequency of mode (+4, 0) is:

fc = 1421Hz f1 (8)

For backward transport in a circular duct, the cut-off frequency of mode (−1, 0) is:

fc = 351Hz f1 (9)

while the cut-off frequency of mode (+4, 0) is:

fc = 1360Hz f2 (10)



Appl. Sci. 2018, 8, 994 5 of 11

Therefore, sound can be transported forward and backward in the low-speed axial compressor.

4. Simulation Results

In the current paper, we focus on the influence of NTEB on the acoustic characteristics of
stator–rotor interaction. On the basis of the compressor geometry and the actual working parameters
introduced in Section 2, numerical simulations were conducted to illustrate steady and unsteady
conditions. We adopt the NUMECA software to obtain trends and characteristic curves in the range
of the working parameters. The axial thrust of the blade surface in the calculation is analyzed in the
NUMECA_Fine_Turbo, where the axial thrust is a statistical result of the static pressure of the blade
surface and the friction force of the fluid.

The turbulent working variable obeys the transport equation:

∂ν

∂t
+
→
V · ∇ṽ =

1
σ
{∇ · [(v + (1 + cb2)ṽ)∇ṽ]− cb2ṽ∆ṽ}+ Q (11)

where
→
V is the velocity vector, Q is the source term, and σ, cb2 are constants.

The source term includes a production term P and a destruction term:

Q = ν̃P(ν̃)− ν̃D(ν̃) (12)

The axial thrusts of the steady and unsteady time average are shown in Figure 5. The axial thrust
in the flow path fluctuated around the time-averaged value. The maximum amplitude fluctuation with
and without TEB is about 6.56 N and 2.52 N, respectively. From the two plots in Figure 5, the axial
thrust of the downstream rotor with NTEB is 2.3 N lower than without NTEB.

The rotors speed was measured to be 4472.7 rpm when the rotor speed was set at a nominal
speed of 4500 rpm. Meanwhile, since the rotor number is approximated as 12 in the simulations, the
first-order BPF should be 4472.7/60 × 12 = 894.54 Hz, and some of the BPFs are illustrated in Figure 6.
The axial thrust of the rotor blades with NTEB is compared with results without NTEB at the first five
BPFs in Figure 6. The figure clearly reveals that the axial thrust of the downstream rotor is significantly
reduced, and that the vibration amplitudes have also decreased considerably.

The axial thrusts on the downstream rotor, with and without NTEB and at different blade-passing
frequencies, are illustrated in Table 1. Since the periodic flow interaction with the rotor in rotation
induces the axial thrust on the rotor blade, the unsteady loads at blade-passing frequencies can be
obviously reduced with NTEB. The most significant reduction of the unsteady load resulting from
NTEB is 63.83% at the first BPF.Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 11 
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Table 1. The first five orders of blade-passing frequencies (BPF).

BPF Order
Frequency

1st BPF
(894.54 Hz)

2nd BPF
(1789.08 Hz)

3rd BPF
(2683.62 Hz)

4th BPF
(3578.16 Hz)

5th BPF
(4472.7 Hz)

Without NTEB (N) 4.59 0.95 1.54 0.95 0.37
With NTEB (N) 1.66 0.69 0.88 0.44 0.23
Reduction Ratio 63.83% 27.37% 42.86% 53.68% 37.83%

5. Experimental Results

In this section, the experimental results of the acoustics and the flow-field measurements are
discussed. The acoustic results are divided into forward and backward noise transmission. In both of
these cases, acoustic modes at the first two orders of BPF are presented and analyzed. In the case of the
flow field, measurement results for the flow-field pressure distribution at the stator/rotor interaction
region are presented for different blowing conditions.

5.1. Flow Field Results

The results presented are for measurement location #1 which is, as indicated in Figure 3, located
downstream and in the wake of the stator blade. The speed of the rotor was measured to be 4472.7 rpm
(f = 74.55 Hz). The added mass flows of NTEB ranged from 0 m3/h to 6 m3/h. The maximal
added mass flow is less than 5 ‰ of the total inlet flow. The data sampling frequency is 20 kHz.
A phase-locked averaging technology was adopted for the data processing, which was facilitated
through a Hall sensor for phase locking. Since there will be vortices in the wake region, and because
the dynamic four-hole probe cannot be used to measure the vortex speed, the dynamic pressure from
one hole of the probe is analyzed, and the results are shown in Figure 7.

Figure 7 reveals that the axial pressure adopts negative values in the wake region, which indicates
a loss of axial velocity. However, with increasing added mass flow, those negative values have a
positive growth. When the added mass flow has its maximum of 6.0 m3/h, the regions displaying
negative pressure values are much smaller. In this case, the stator wake is obviously improved.
Meanwhile, the period (T = 11) induced by the stator wake and rotor rotation in Figure 7 reflects the
number and contours of rotor blades.
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5.2. Acoustic Results

5.2.1. Noise Transmission in the Forward Direction

The sound pressure levels (SPL) of the first and second-order BPF of the noise radiated forward
are presented in Figure 8. The added mass flows of NTEB ranged, as for Figure 7, between 0 m3/h to
6 m3/h. The maximum acoustic modes of the first and second-order BPF in Figure 4 are discussed in
Section 3.
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As revealed by Figure 8, the maximum acoustic modes agree with the acoustic theory of
stator/rotor interaction, as illustrated in Section 3. The noise reduction of the maximum acoustic
modes for the first two BPFs show a decrease of the SPL with increasing added mass flow. The SPL
of the first-order BPF is reduced by more than 3.2 dB at 6 m3/h added mass flow for the maximum
acoustic mode. Meanwhile, the largest noise reduction is more than 9.2 dB, with 6 m3/h added mass
flow at mode (+4) of the second-order BPF. Similar observations are made for the other modes of the
first two BPFs. The overall effect of TEB is to establish a trend to reduce noise for any mode at any
mass flow rate.

5.2.2. Noise Transmission in the Backward Direction

Figure 9 displays the results corresponding to those in Figure 8, but in this case for backward noise
transmission. The noise levels that radiated backwards and forwards were measured simultaneously.
The overall trends displayed by the results for the noise that radiated backwards mirrored those for
forward radiation, in particular for the second-order BPF. However, noise reductions of the first-order
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BPF displayed a more complex scenario, where many acoustic modes revealed a decrease of the SPL
with NTEB. With the maximum NTEB flow, the SPL reduction is just above 2.3 dB at mode (−1) of the
first-order BPF, while the reduction is more than 10 dB at both maximum acoustic modes (−2 and +4)
of the second-order BPF.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 11 

5.2.2. Noise Transmission in the Backward Direction 

Figure 9 displays the results corresponding to those in Figure 8, but in this case for backward 

noise transmission. The noise levels that radiated backwards and forwards were measured 

simultaneously. The overall trends displayed by the results for the noise that radiated backwards 

mirrored those for forward radiation, in particular for the second-order BPF. However, noise 

reductions of the first-order BPF displayed a more complex scenario, where many acoustic modes 

revealed a decrease of the SPL with NTEB. With the maximum NTEB flow, the SPL reduction is just 

above 2.3 dB at mode (−1) of the first-order BPF, while the reduction is more than 10 dB at both 

maximum acoustic modes (−2 and +4) of the second-order BPF. 

 

SPL of the first-order BPF. 

 

SPL of the second-order BPF 

Figure 9. SPL of the first and second-order BPF. 

5.2.3. OASPL Analysis 

Section 5.2.1 has shown that NTEB results in beneficial effects of noise reduction on the first and 

second-order BPF of forward radiation when the SPL was found to be reduced for increasing levels 

of NTEB mass flow. However, for the first-order BPF of backward radiation in Section 5.2.2, noise-

reduction effects were not obvious, and it was even observed that NTEB can have detrimental effects. 

These trends are the same as those for the overall sound pressure level (OASPL) analysis of the first 

Figure 9. SPL of the first and second-order BPF.

5.2.3. OASPL Analysis

Section 5.2.1 has shown that NTEB results in beneficial effects of noise reduction on the first
and second-order BPF of forward radiation when the SPL was found to be reduced for increasing
levels of NTEB mass flow. However, for the first-order BPF of backward radiation in Section 5.2.2,
noise-reduction effects were not obvious, and it was even observed that NTEB can have detrimental
effects. These trends are the same as those for the overall sound pressure level (OASPL) analysis of
the first two orders, as presented in Table 2, where F-OASPL is the overall sound pressure level of
forward radiation noise, and B-OASPL is the overall sound pressure level of backward radiation noise.
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The biggest OASPL reduction was more than 9 dB, which is a little smaller than the SPL reduction of
the maximum acoustic mode.

Table 2. Overall sound pressure level (OASPL) reduction of the first two orders (dB). F-OASPL: overall
sound pressure level of forward radiation noise, B-OASPL: overall sound pressure level of backward
radiation noise.

2 m3/h 3 m3/h 4 m3/h 5 m3/h 6 m3/h

F-OASPL
1st BPF 0.35 0.78 1.51 2.10 2.45
2nd BPF 0.66 1.28 2.49 4.46 4.60

B-OASPL
1st BPF −1.02 −0.73 2.83 3.65 0.65
2nd BPF 0.92 1.42 3.00 5.05 9.01

In order to present the NTEB effect on every channel in the compressor duct, the OASPL of every
channel is calculated by a linear weighted sum. The OASPL reduction of the whole compressor duct is
computed in comparison to the values obtained for measurements with no added mass flow. The data
obtained for the forward and backward radiation modes are displayed in Table 3, which is illustrated
according to the Parseval theory.

Table 3. OASPL reduction of circumferential channels (dB).

ch1 ch2 ch3 ch4 ch5 ch6 ch7 ch8 OASPL

F-OASPL

2 m3/h 0.28 0.15 0.16 −0.10 0.43 0.45 0.04 0.15 0.21
3 m3/h 0.43 0.42 0.29 −0.39 0.55 0.46 0.13 0.14 0.27
4 m3/h 0.80 1.51 1.08 0.57 1.44 1.41 0.58 0.51 0.98
5 m3/h 1.16 2.39 1.89 1.04 2.18 2.35 1.03 0.89 1.59
6 m3/h 1.06 3.27 2.36 0.07 2.82 2.53 0.68 1.05 1.68

B-OASPL

2 m3/h −0.25 −0.06 −0.40 0.22 0.28 0.30 −0.36 0.25 −0.08
3 m3/h 0.57 0.23 −0.11 −0.14 0.51 0.21 −0.44 0.29 0.03
4 m3/h 1.11 0.83 0.47 0.34 1.41 0.92 0.08 0.72 0.60
5 m3/h 0.89 1.17 0.35 0.47 1.86 1.29 0.52 0.70 0.78
6 m3/h 1.13 1.13 0.55 0.42 3.02 1.41 0.11 0.21 0.76

Table 3 reveals that most of the channels displayed a reduction in the OASPL for both the forward
and backward cases. While there exists an OASPL increase for some channels, at lower levels of TEB
flow, the increments of the increase are closer to zero. Nevertheless, the increase of noise levels at
some of the channels for NTEB do have an overall noise reduction, as revealed by the data in the last
column of Table 3. The maximum value of noise reduction observed at any of the channels is about
3 dB. Therefore, in summary, NTEB has been shown to have a noise reduction effect on the OASPL in
the forward as well as backward radiation modes.

6. Summary and Conclusions

The noise reduction effect on stator–rotor interaction arising from different levels of NTEB mass
flow was investigated. Unsteady-flow simulations were conducted to illustrate the mechanism that
NTEB can compensate the momentum loss and influence the axial thrust on the rotor blades. Flow field
measurement contours obtained within the stator–rotor interaction region revealed that the pressure
loss decreases with successively increasing levels of NTEB flow. Acoustic measurements of the sound
pressure levels in forward and backward radiation have shown that NTEB leads to a noise reduction
by more than 10 dB at the maximum acoustic mode. Forward radiation is always reduced with NTEB;
however, in backward radiation, there are some small increases, but overall a reduction.
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