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Abstract According to the performance evaluation and optimization research 
requirement of counter-rotating propellers aeroacoustics, based on ground acoustic 
environment, a set of counter-rotating propeller aeroacoustics test platform was built. 
The aeroacoustic test of counter-rotating propeller was carried out in a semi-anechoic 
chamber. The aerodynamic performance and far-field noise characteristics of the 
counter-rotating propeller were obtained, and the distribution of far-field noise were 
analyzed. The results show that the tension, torque and power increase with the 
increase of rotating speed. The amplitude distribution of sound pressure level of far-
field noise will move with the change of speed. The discrete noise at each passing 
frequency is also different. The test platform and the test scheme could provide help 
for the aeroacoustic evaluation and optimization design of counter-rotating propeller 
under ground takeoff condition. 

Keywords Counter-rotating propeller · Aerodynamics · Far-field noise · Test 
measurement · Directivity 

69.1 Introduction 

Compared with turbofan engines of the same thrust level, propeller engines have 
the advantages of high fuel efficiency and good maneuverability. However, there are 
disadvantages such as large propeller diameter, complicated mechanism design and 
low flight speed. Counter-rotating propeller, also known as counter-rotating open 
rotor, has two rows of propellers with opposite rotation. Two rows of propellers 
increase the number of blades, and the diameter of blades can be appropriately 
reduced, so as to increase the cruise Mach number and solve some design difficul-
ties of single row propellers. Some data show that the efficiency of contra-rotating
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propeller can be improved by 6–16% compared with conventional propeller [1]. 
However, compared with single-row propellers, the interference noise of contra-
rotating propellers and the noise of single propellers lead to huge noise. There is no 
package in the nacelle, and the noise radiates directly into the cabin and surrounding 
environment. This seriously limits the application and further development of contra-
rotating propellers in the civil market [2–4]. With the rise of oil price and stricter 
restrictions on carbon emissions and noise, it is urgent to solve the noise problem of 
contra-rotating propellers. 

At present, the main methods to study the noise of contra-rotating propeller 
are numerical simulation and experimental measurement. In terms of numerical 
simulation, Envia [5] simulates the unsteady flow field of a contra-rotating rotor 
by combining computational fluid dynamics (CFD) with computational aeroacous-
tics (CAA). He used Ffowcs Williams-Hawkings (FW-H) to calculate the far-field 
noise. The numerical simulation results are in good agreement with the experimental 
results. The comparison results show that the noise amplitude mainly occurs at the 
passage frequency and its harmonics of the two rows of blades. GE [4] optimized and 
designed a low-noise contra-rotating open rotor model based on the blades of GE36 
open rotor engine. GE uses the self-developed CFD-CAA software to simulate the 
aerodynamic and noise performance of the open rotor under cruise conditions, and 
the results are good. In terms of test measurement, Parrya [7] described the wind 
tunnel tests of three typical contra-rotating propellers, and analyzed the distribution 
characteristics of discrete noise and broadband noise in detail. NASA, GE, TsAGI 
and other laboratories have established the aerodynamic noise test bench of contra-
rotating propeller in the wind tunnel. They have successively carried out aerodynamic 
noise tests in low-speed wind tunnels, high-speed wind tunnels and acoustic wind 
tunnels, and obtained a large number of test data. These test data guide the subsequent 
aerodynamic noise optimization design of contra-rotating propeller [8–10]. 

In the 1980s, GE developed the GE36-UDF open-rotor engine and carried out test 
flight on the MD-80 aircraft. The test results show that the noise level of this type 
of engine meets the noise requirements of the third stage of ICAO. Compared with 
the original engine, the noise and vibration levels are reduced [11–13]. At the same 
time, Loma designed SR-7 pair of rotor fans and also carried out flight tests [14, 
15]. In 2022, the China Aerodynamic Research and Development Center set up an 
aerodynamic noise test platform for contra-rotating propellers. In the acoustic wind 
tunnel, the aerodynamic performance and aerodynamic noise tests of contra-rotating 
propellers were carried out. At the same time, the influence of the rear rotor diameter 
on the aerodynamic and noise of the contra-rotating propeller is studied by numerical 
simulation. 

The BeiHang University has built a small aerodynamic noise test rig for contra-
rotating propellers in the anechoic chamber. The platform uses two motors to drive 
two rows of propellers, and the flow mechanism between the two rows of propellers is 
preliminarily studied [16, 17]. Ning and Hu [18] tested the noise of a UAV propeller 
in the anechoic chamber and evaluated the impact of the blade serrated trailing edge 
on the noise. Mariono [19] measured the acoustic characteristics of the propeller 
under different propulsion ratios in the anechoic chamber, and analyzed the noise
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characteristics of the propeller under zero propulsion ratio, but the error was large. 
The aerodynamic noise test in wind tunnel or flight platform is costly and difficult to 
control the time schedule, which is the obstacle faced by the current research on the 
aerodynamic noise of contra-rotating propeller. The above aerodynamic noise test 
scheme in the anechoic chamber can be used for reference, but the test design needs 
to be improved to reduce the error. 

In this paper, a set of aerodynamic noise test platform for contra-rotating propeller 
is designed. For a set of contra-rotating propellers, the aerodynamic noise test 
research was carried out at different speed conditions. The aerodynamic performance 
and far-field noise characteristics of the counter-rotating propeller are evaluated. 

69.2 Experimental Principle 

The purpose of this test is to evaluate the aerodynamic performance and far-field 
noise characteristics of counter-rotating propellers. By measuring the pulling force, 
torque and other parameters of the contra-rotating propeller. The pull coefficient 
and torque coefficient of the propeller are calculated by formulas (69.1)–(69.4). The 
aerodynamic performance of counter-rotating propeller can be evaluated according 
to the above parameters. 

CT= T 

ρn2 s D
4 

(69.1) 

CM= M 

ρn2 s D
5 

(69.2) 

P = 9549 M 

n 
(69.3) 

CP= P 

ρn3 s D
5 

(69.4) 

where T is trust, M is torque, CT is trust coefficient, P is power, and CP is power 
coefficient. ρ is the air density, ns is the propeller rotation speed (r/s), D is the propeller 
diameter, n is the speed (r/min), and P is the power. 

The noise source of contra-rotating propeller is the same as that of single-row 
propeller, which has obvious directionality. Take the rotation center of the rear row 
blades of the counter rotating propeller as the origin. The sound intensity of the far-
field noise receiving point can be recorded as I, and the average sound intensity of 
other points at the same distance can be recorded as I . Then the directivity factor Q 
and directivity index DI are defined as: 

Q = I 
I 

(69.5)
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DI  = 10 lg Q = L pθ − L p (69.6) 

where L pθ is the sound pressure level at angle θ on the spherical surface with radius r; 
L p is the average sound pressure level measured on the spherical surface with radius r. 
The directivity index can usually be measured directly. In three-dimensional spherical 
coordinates, the directivity index DI  (θ, ϕ) in a specific direction has the following 
relationship with the sound pressure level L p(r, θ, ϕ)  measured at the distance r. 

Q(θ, ϕ) = lg−1 DI  (θ, ϕ) 
10 

(69.7) 

The directivity index of sound source in the ground acoustic environment can be 
considered as a free field on the reflecting surface, and the directivity index is: 

DI  = L pi − L p + 3 (69.8) 

where W is the sound pressure level at the distance R from the sound source; E is 
the average sound pressure level on the test hemisphere. Through formula (69.8), the 
fluctuation of sound pressure level at each measuring point in the far field relative to 
the average level is given. In this paper, the noise characteristics of the contra-rotating 
propeller will be evaluated by the spectrum and directivity of the far-field noise. 

69.3 Experimental Device and Scheme 

69.3.1 Experimental Platform 

With the semi-anechoic chamber as the ground acoustic environment, a set of anti-
rotating propeller aerodynamic noise test platform is built, and the schematic diagram 
is shown in Fig. 69.1. The test platform includes base, slide rail, servo motor, tension 
sensor, torque sensor, cooling system and control system. The servo motor drives the 
propeller to rotate through the coupling and gearbox. The tension sensor is installed on 
the slide rail to measure the tension transmitted by the contra-rotating propeller when 
it rotates. The torque sensor is connected with the coupling to measure the torque 
transmitted by the contra-rotating propeller. The base is designed as a streamlined 
shape, which can reduce the airflow disturbance caused by the test bed. The tester 
shall measure and control outside the semi-anechoic chamber to ensure safety.

The maximum rotational speed of the contra-rotating propeller test platform is 
3500 rpm, the tension measurement range is 0–400 N, and the torque measurement 
range is 0–400 Nm.
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Fig. 69.1 Schematic diagram of test platform

69.3.2 Experimental Conditions 

This test was carried out in the semi-anechoic chamber of the China Aircraft Strength 
Research Institute. The size of the semi-anechoic chamber is 10 * 10 * 8 m. The  test  
site is shown in Fig. 69.2. The test items include aerodynamic performance test and 
far-field noise test. The diameter of the contra-rotating propeller is 0.66 m, and there 
are 6 blades in the front and rear rows. The blades are made of composite materials. 
NACA0012 airfoil is selected as the blade, and the blade angle at 70% blade height 
is 20°. Based on the similarity of blade tip Mach number and the ground takeoff 
condition, the test condition is designed. The rotational speed is set at 1500, 2000, 
2500, 2600, 2800 and 3000 rpm, and the relationship between the rotational speed 
and the aerodynamic performance of the contra-rotating propeller and the far-field 
noise is studied.

69.3.3 Test Method 

The purpose of aerodynamic performance test is to obtain the pull and torque of 
the contra-rotating propeller. After the test reaches the preset working condition, the 
tension and torque can be directly read from the control system. A microphone array 
is arranged in the semi-anechoic chamber to measure the sound pressure at each 
noise observation point in the far field. The microphone array arrangement is shown 
in Fig. 69.3.

The microphone array is composed of 12 BK4954 free-field microphones with a 
distance of 10°. The microphone is uniformly distributed on the circular arc with the 
rotation center of the rear row propeller as the center and the radius of 3.5 m. The 
height of the microphone is consistent with the rotation center of the propeller. During 
the test, the microphone is equipped with a windproof ball in order to reduce the error
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Fig. 69.2 Test site photo

Fig. 69.3 Schematic diagram of microphone array

caused by the rotating turbulence of the propeller. During the test, 12 microphones 
simultaneously collected 20 s of sound pressure data. The adopted frequency is set 
at 16384 Hz, and the microphone must be calibrated.
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69.4 Experimental Results and Analysis 

The test results include aerodynamic performance results and far-field noise results. 
The aerodynamic performance results are directly measured tension, torque, power 
and indirectly calculated tension coefficient, torque coefficient and power coefficient. 
The far field noise is mainly noise frequency spectrum and directivity. 

69.4.1 Aerodynamic Results and Analysis 

Figure 69.4 shows the test results of the pull force of the counter-rotating propeller 
at different speeds. It can be seen that the pulling force increases with the increase of 
rotating speed, and the increase is large. No stall occurs within the measured speed 
range. Figure 69.5 shows the change of the tension coefficient with the speed. The 
tension coefficient increases with the increase of the speed, and the increase slows 
down after 2800 rpm. The tensile force and the coefficient of tensile force increase 
with the increase of the rotating speed, which indicates that the blade angle and the 
rotating speed match well in the whole test rotating speed range. 

Figure 69.6 shows the torque test results, and Fig. 69.7 shows the torque coefficient 
results. As can be seen from Fig. 69.6, with the increase of speed, the torque also 
increases, but the growth rate is small. It can be seen from Fig. 69.7 that the torque 
coefficient decreases with the increase of speed. From 1500 to 2000 rpm, the torque 
coefficient decreases greatly; The decrease from 2000 to 3000 rpm slowed down. 
This shows that in the speed range of 1500–2000 rpm, the matching degree between 
blade angle and speed is high.

Fig. 69.4 Thrust data of test
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Fig. 69.5 Thrust coefficient 
data of test

Fig. 69.6 Torque data of test

Figures 69.8 and 69.9 show the relationship between the power, power coefficient 
and rotational speed of the contra-rotating propeller. It can be seen from Fig. 69.8 
that the power increases with the increase of speed, and the increase is obvious. It can 
be seen from Fig. 69.9 that the power coefficient decreases with the increase of the 
speed, and the speed of decline is fast in the range of 1500–2000 rpm; In the range 
of 2000–3000 rpm, the power factor slows down with the speed of speed reduction. 
These results show that in the speed range of 1500–2000 rpm, the matching degree 
of blade angle and speed is high, which is consistent with the conclusion in Fig. 69.7.



69 Experimental Study on Aeroacoustic of Counter-Rotating Propeller … 1001

Fig. 69.7 Torque coefficient 
data of test

Fig. 69.8 Power data of test

The aerodynamic performance of the contra-rotating propeller is obtained through 
experiments, which provides a basis for the optimal design of the blade. The aerody-
namic noise optimization of contra-rotating propellers is similar to that of single-row 
propellers. Even when the efficiency of propellers is guaranteed, the noise is minimal. 
According to the required power and tension requirements, the airfoil of the blade is 
initially selected and the number of blades is determined.
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Fig. 69.9 Power coefficient 
data of test

69.4.2 Noise Results and Analysis 

The far-field noise spectrum of the counter-rotating propeller at 3000 rpm is shown 
in Fig. 69.10. It can be seen from Fig. 69.10 that the far field noise amplitude of the 
contra-rotating propeller in this test is within 3000 Hz, and the higher frequency band 
is mainly broadband noise. The results accord with the general law of aerodynamic 
noise of contra-rotating propeller. 

Fig. 69.10 Spectra of 
far-field noise of different 
azimuthal angles at 3000 rpm
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Figure 69.11 shows the noise spectrum of the counter-rotating propeller at the 
blade passing frequency (BPF). It can be seen that the noise amplitude at the second 
pass frequency (2BPF) is greater than that at the first pass frequency (1BPF) and 
the third pass frequency (3BPF). The amplitude of aerodynamic noise of counter 
rotating propeller mainly appears at 1BPF, 2BPF and 3BPF, indicating that the noise 
of counter rotating propeller is mainly discrete noise. The discrete noise mainly 
comes from the load noise of the single row propeller and the interference noise 
generated by the interaction between the two rows of propeller. The interference 
noise of counter-rotating propeller is generated at the interference frequency. The 
interference frequency is the sum of the passing frequencies of the two rows of 
propellers and their higher-order harmonics. 2BPF is the first order interference 
frequency, where the noise amplitude is the largest, which conforms to the general 
law of aerodynamic noise of contra-rotating propeller. The noise amplitude points 
of the contra-rotating propeller can be obtained, and the noise reduction method can 
be put forward in combination with the interference noise generation mechanism. 

Figure 69.12 shows the far-field noise directivity results of the counter-rotating 
propeller at 3000 rpm. It can be seen from the figure that compared with 1BPF and 
3BPF, the noise sound pressure level at 2BPF is the highest. Compared with other 
pointing angles, the sound pressure level at 40° is the highest, followed by 90°, which 
is also the direction with the greatest impact on the environment and cabin. The noise 
in the range of 110–150° is low. The noise sound pressure level of 1BPF and 2BPF is 
small, and the direction of the maximum sound pressure level is around 80°, which 
is slightly forward compared with 3BPF.

From the previous test results, the noise amplitude of the counter-rotating propeller 
is mainly at 2BPF, which is interference noise. Then, the noise rule at 2BPF can be

Fig. 69.11 Spectrum at 
blade passing frequency 
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Fig. 69.12 Noise directivity 
at blade passing 
frequency—3000 rpm

analyzed through Fig. 69.13. The distribution trend of far-field noise at 2800 and 
3000 rpm is similar at each direction, and the amplitude of sound pressure level is 
the largest at 90° and 40°. The distribution of sound pressure level at 2500 rpm at 
each direction angle is not consistent with the trend of 2800 and 3000 rpm. 

Similar to the generation mechanism of discrete noise of single-row propeller, 
the discrete noise of counter-rotating propeller is also the result of the propeller 
periodically cutting the air in the flow field and interacting with it. The noise power 
is generally the highest in the tip area, so the aerodynamic load can be moved to the 
inner diameter direction along the peak value of the spanwise distribution to reduce 
the load noise. The propeller load noise can be reduced by improving the spanwise 
blade shape or increasing the radial blade width, so as to reduce the discrete noise. 
On the other hand, the air flow interference between two rows of propellers produces 
interference noise, which can be reduced in mechanism by adjusting the ratio of the 
height of two rows of blades or the spacing between two rows of propellers.

Fig. 69.13 Noise directivity 
at 2BPF at different speeds 
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69.5 Conclusion 

Within the measured speed range, the pull, torque and power of the counter-rotating 
propeller increase with the increase of the speed. The torque coefficient and power 
coefficient decrease with the increase of speed, which indicates that there is still room 
for optimization of the speed design of the contra-rotating propeller. Interference 
noise is the main noise of contra-rotating propeller. The aerodynamic noise test 
platform of contra-rotating propeller can be used to evaluate the aerodynamic noise 
performance of contra-rotating propeller. The load noise can be reduced by improving 
the spanwise or radial width of the blade. The interference noise is reduced by 
adjusting the diameter ratio and pitch of the two rows of propellers. 
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