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Abstract:

 Model tests are performed in order to predict the noise level of a full ship and to control its noise signature. Localizing noise sources in the model test is therefore an important research subject along with measuring noise levels. In this paper, a noise localization method using a hydrophone array in a large cavitation tunnel is presented. The 45-channel hydrophone array was designed using a global optimization technique for noise measurement. A set of noise experiments was performed in the KRISO (Korea Research Institute of Ships & Ocean Engineering) large cavitation tunnel using scaled models, including a ship with a single propeller, a ship with twin propellers and an underwater vehicle. The incoherent broadband processors defined based on the Bartlett and the minimum variance (MV) processors were applied to the measured data. The results of data analysis and localization are presented in the paper. Finally, it is shown that the mechanical noise, as well as the propeller noise can be successfully localized using the proposed localization method.
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1. Introduction


In order to reduce shipping noise, the characteristics of ship noise should be understood. Localizing the noise sources in the design stage via an indirect method, such as acoustic sensing, as well as visual observation might be very helpful for this purpose.



Propeller noise, which is one of the main noise sources in ships, is mainly due to its turns as spectral harmonics and to cavitation as broadband noise. Thus, research has focused on propeller cavitation theoretically and experimentally. Experimental studies of cavitation noise have been performed to meet various objectives, including detecting the inception and extent of cavitation, identifying noise characteristics with respect to cavitation behaviors and predicting cavitation noise levels [1,2,3,4,5,6]. In contrast to the full-scale measurements where noise components coming from other sources, such as a loud engine, are inevitably included, the measurement of noise levels generated by rotating propellers exclusively is possible in the cavitation tunnel experiments. However, since the noise levels measured at the cavitation test facility are model scaled, the full-scale noise levels are approximated through scaling laws [7,8,9,10,11]. In the noise tests, it is important to set up the proper test procedure for reliable measurements and analysis of the noise data. Therefore, one of the main concerns of the cavitation noise study was establishing the measuring techniques or procedures appropriate for each type of facility configuration [7,12,13,14,15,16,17].



The noise measurements in the cavitation tunnel are performed using single hydrophone or/and a hydrophone array. A single hydrophone measurement is usually utilized when the level of signals, i.e., propeller noise, is larger than the background noise due to its easy implementation. However, it is not applicable when the level of signals is comparable to, or lower than, the background noise. This limitation can be overcome by using the hydrophone array and its array gain. Most large cavitation tunnels where model tests are possible using a model ship with appendages are equipped with the array system [18,19,20]. The hydrophone array is generally installed inside the acoustic trough, which is isolated from the test section by acoustic windows in order to reduce the effect of flow noise.



Utilization of the hydrophone array is inevitable for array signal processing, such as beamforming [21] and matched field processing (MFP) [22]. Beamforming has been widely used to detect and localize an acoustic source in the ocean. However, the multi-path reflections can degrade the accuracy of beamforming. In order to overcome this drawback, MFP has been widely investigated in the underwater acoustics research community [22,23]. Since MFP fully utilizes the acoustic field, including multi-path components, it is adequate for shallow water applications. In principle, there is no difference between MFP and beamforming, except for utilizing the spatial complexity [23]. The conventional beamforming is still widely used in the airborne application, such as noise localization in a wind tunnel [24].



Park et al. [25] localized the propeller cavitation noise using the 10-channel hydrophone array vertically configured inside the test section of the small cavitation tunnel. MFP was used as the localization method, and the replica fields were directly measured using a virtual source. Chang et al. [26,27] localized vortex cavitation utilizing the time difference of arrival (TDOA). The experiment was performed in a small-sized water tunnel with a number of hydrophones in multiple configurations. Anderson [28] localized the laser-induced cavitation in a twelve-inch diameter water tunnel using hydrophones of different array configurations. A number of localization methods including MFP were tested in the localizations. For the MFP, a replica field was simulated by a ray-based model accounting for the effects of multiple reflections in the test section. Lee et al. [29] used narrowband matched field inversion (MFI) in order to model the propeller sheet cavitation noise source. The boundary element method (BEM) was used for the calculation of the replica pressure field, and the dominant one blade passage frequency (BPF) components of the received signals were used in the localization process. Kim et al. [30] performed similar research for the modeling of non-cavitating propeller noise. Recently, Kim et al. [31] suggested a ray-based MFI method for the localization of incipient tip vortex cavitation using nearfield data measured at the hydrophones flush mounted on the hull of a model ship. They used ray-based simulation for the calculation of the replica field. Felli et al. [32] performed an experimental study on the propeller-induced perturbation on the rudder. They directly measured the pressure field over the rudder surface behind the propeller using a set of flush-mounted transducers in order to identify the perturbation sources affecting the propeller-rudder interaction.



At our institute, KRISO, a large cavitation tunnel is operated, which has a low background noise characteristic for the noise test. We performed a set of experiments for measuring and localizing propeller noise using a 45-channel hydrophone array, which is installed inside the acoustic trough. In this paper, the experiments are described, and the results are presented. We defined two objective functions for the broadband source localizations and applied them to the noise data from various sources, such as a virtual source, cavitating propellers, non-cavitating propellers, a singing propeller and a driving motor. Section 2 describes the noise experiment performed in the KRISO cavitation tunnel and the array signal processing method. Section 3 presents the results and discussion. Finally, the summary and conclusion are given in Section 4.




2. Methods


2.1. Description of Model Tests


The propeller noise measurement experiments were performed in the KRISO large cavitation tunnel. The objectives of the experiment were to measure and analyze the noise generated by a set of model propellers and model ships. The cavitation tunnel has a rectangular test section, which is 12.5 m (L) × 2.8 m (B) × 1.8 m (H). In the test section, a model ship of a maximum length of 12 m can be installed. The maximum flow speed is 16.5 m/s, and the pressure can be adjusted from 0.02 to 3.5 bar. A schematic diagram of the large cavitation tunnel is shown in Figure 1.


Figure 1. Schematic diagram of the KRISO large cavitation tunnel.



[image: Remotesensing 08 00195 g001 1024]






The main function of the cavitation tunnel is observing the cavitation patterns of the model propellers. Therefore, it is important to set the flow around the model propeller similarly to that of a full-scale ship. The large cavitation tunnel has the advantage of easily satisfying the flow similarity using a fully-fitted model ship. The large cavitation tunnel is also suitable for noise measurement experiments, since it does not require the wake screen usually used for simulating the ship’s wake flow in a small cavitation tunnel, thus generating unwanted noise. However, the scale effect still exists due to the discrepancy of the Reynolds number between the full-scale and the model. It can alter the ship wake, thus changing the cavitation behavior. In addition, the inception of the tip vortex, which is the main source of noise for naval ships, mega-yachts and cruise ships, is strongly affected by the Reynolds scale effect [3,11]. In order to reduce its effects on the model test, various techniques, such as utilizing a dummy body to simulate the estimated full-ship wake and artificial increasing of leading edge roughness to avoid laminar boundary flow, can be applied. However, no modifications were applied in the model tests in this paper.



The measuring system consists of a hydrophone array, signal conditioning amplifiers and a data acquisition unit. The hydrophone was the B&K 8103, which has a flat frequency response over the range of 0.1 Hz to 180 kHz with a nominal receiving sensitivity of −211 dB re 1 V/μPa [33]. The B&K NEXUS Type 2692 was used as a conditioning amplifier, and signals were acquired by the B&K PULSE analyzer platform. The array was installed inside the acoustic trough, as shown in Figure 2. The acoustic window separates the acoustic trough from the test section where the models are installed and the water flows. Sound-absorbing materials are installed on the trough walls in order to reduce inside reverberations. A Lexan plate with dimensions of 1.6 m × 1.6 m is used as a signal conditioning plate to securely fix the hydrophones at the designed positions of the array. The configuration of the array was determined via an optimization technique, which is comprised of design parameters, an objective function and an optimization algorithm [34]. The design parameters were defined for variously-shaped planar arrays. The objective function was defined in order to consider the main lobe beam width and the maximum side lobe level simultaneously. A global optimization scheme was applied to the array design using very fast simulated reannealing (VFSR). After applying the optimization technique to the arrays, respectively, the optimum shape was chosen for the 45-channel array. The designed array comprises 5 concentric circles of which the radii vary from 0.18 m to 0.75 m. In each circle, 9 hydrophones are evenly spaced around the circle, and the azimuth angle of the reference hydrophone was decided by the optimization. The array faces upward, as shown in Figure 2. The vertical distance from the center of the array to the top of the test section is 2.2 m. Figure 3 shows beam patterns for the selected direction of arrival (DoA) when the array is uniformly weighted [21]. The beam patterns are calculated for the elevation angle with respect to the z-axis from −90° to 90°, while the azimuth angle from the x-axis is set to 0° (see Figure 2). The direction of arrival also refers to the elevation angle with the azimuth angle of 0°.


Figure 2. Forty five-channel hydrophone array configuration inside the acoustic trough.
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Figure 3. Beam patterns of the uniformly-weighted planar array at the frequencies of: (a) 2 kHz; (b) 4 kHz; (c) 8 kHz; and (d) 16 kHz. All of the beam patterns are calculated at the azimuth angle of 0°. The direction of arrival (DoA) refers to the elevation angle with the azimuth angle of 0°.
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The propeller noise was measured during the cavitation observation tests. The test conditions were determined using the thrust identity method at a specified self-propulsion point [1]. In the cavitation tests, the propeller operating condition is defined by the non-dimensional coefficients, propeller thrust coefficient [image: there is no content] and cavitation number [image: there is no content], which are defined as follows.


[image: there is no content]



(1)






[image: there is no content]



(2)




where [image: there is no content] is the water density, [image: there is no content] is the propeller rotational speed per second and [image: there is no content] is the radius of the propeller. In addition, [image: there is no content] refers to the thrust of the propeller, and [image: there is no content] and [image: there is no content] represent the static and vapor pressures, respectively. During the propeller cavitation observations and noise measurements, the pressure in the cavitation tunnel is adjusted according to the local cavitation number at the point approximating the center of the expected cavitation extent.



Background noise was also measured in the experiments. Background noise refers to noise from all sources other than the source being tested, i.e., propeller cavitation. The background noise derives mainly from the propeller drive system, the tunnel operation, the water flow, the measurement chain, etc. To check the quality of the noise measurements, i.e., of the propeller, the background noise level should be measured and specified. According to [35], the background noise can be measured in absence of the propeller cavitation, but with all other operating conditions similar to those in the propeller noise measurement. The cavitation can be removed by replacing the propeller by a dummy boss or by increasing tunnel pressure to suppress it. Both methods to measure background noise have pros and cons. The increase of tunnel pressure allows one to keep the propeller load condition, [image: there is no content], and to detect propeller non-cavitating noise (e.g., propeller singing), but changes the air content. It also removes or at least reduces the cavitation from the appendages of the ship model, which should be included in the background noise if it exists. The replacement of the propeller by a dummy boss keeps the same air content, but changes the load of the propeller drive system. Thus, it would alter the mechanical noise characteristics from the propeller drive system. We adopted the method to replace the propeller by a dummy boss.



In the above procedure, the sound pressure level (SPL) is obtained by converting the measured acoustic pressures into decibels. In order to obtain the source level (SL) from the SPL, we need to measure or estimate the transfer function between the source and the receiver. For the transfer function measurement, the propeller was replaced by a known source, which is called the virtual source. The underwater transducer ITC-1032, which converts the electrical input to the pressure signal with its own transmitting voltage response (TVR), was used as the virtual source. ITC-1032 has a resonance frequency ([image: there is no content]) of 33 kHz, and its TVR at [image: there is no content] is 149 dB//μPa/V @ 1 m [36]. The source strength of the virtual source can be calculated directly from the known input signal (voltage) and TVR. The white noise generated by a function generator (Agilent33500B) was used as the input signal. Other signals, such as the chirp signal [37], can be used for the virtual source, as well. The input signal fully covered the frequency range of interest (1 to 100 kHz). The localization of the virtual source will also be used as a reference position to check the validity of the other source localization results, such as propeller cavitations.




2.2. Array Signal Processing for Source Localization


The acoustic data measured from a rotating propeller behind a body, such as a ship or submarine, comprises signals of interest propagated from the propeller and additional noise due to other sources, such as unsteady flows along the body surface or/and tunnel walls and the inherent electrical noise of measuring devices. If we consider a specific source, the measured data [image: there is no content] can be modeled by the following equation, since the propagation of the source signal [image: there is no content]through the medium can be expressed by convolution with an impulse response [image: there is no content] in a linear time-invariant system [38].


[image: there is no content]



(3)







In Equation (3), * refers to the convolution operator; [image: there is no content] and [image: there is no content] represent the receiver and source positions, respectively; and [image: there is no content] is the additional noise signal. If more sources exist, the corresponding terms can be simply added to Equation (3). Applying Fourier transform to Equation (3), the frequency domain expression for the angular frequency [image: there is no content] becomes:


[image: there is no content]



(4)







For an array of [image: there is no content] receivers, the measured noise field at all receiver points can be expressed by vector [image: there is no content]. Similarly, we can construct a replica field vector [image: there is no content]. Replica fields are usually obtained by the numerical simulation of transfer functions. The transfer function of the tunnel can be modeled as:


[image: there is no content]



(5)







Equation (5) represents multiple arrivals with different amplitudes [image: there is no content]) and phases [image: there is no content]). Figure 4a shows an example of Green’s functions for the 45 receivers obtained using a virtual source. The virtual source was located at the positions of (0.1 m, 0 m, 1.9 m) relative to the array center, and the frequency range of the input signal was from 1 kHz to 100 kHz. From the figure, multiple reflections along with strong direct arrivals are observed. Figure 4b shows the simulated Green’s function, where such arrivals are included as follows: D, direct arrival; DB, array plate (bottom)-reflected arrival; DBm, multiple reflections between the acoustic window and array plate; S, surface-reflected arrival; SB, surface-bottom-reflected arrival; W, wall-reflected arrival; WB, wall-bottom-reflected arrival; SW, surface-wall-reflected arrival; and SWB, surface-wall-bottom-reflected arrival. Green’s function is calculated using a ray tracing method. The eigenrays representing multiple reflections are shown in Figure 4c. The detail of the bottom-reflected arrival is also given in the figure. The standoff distance in the plot is 15.8 mm for B&K 8103 [33]. Comparing Figure 4a,b, it can be seen that (i) the surface- and wall-reflected arrivals are not distinct in the measured data and (ii) multiple reflections from unknown reflectors exist. Thus, it is very difficult to simulate the transfer function exactly, so we approximate it using only a direct arrival as:


[image: there is no content]



(6)




where [image: there is no content] is the distance between the source and the receiver and [image: there is no content] is the sound speed. Kim et al. [31] used the direct arrivals for the localization of the tip vortex cavitation. In addition, source localization results using multiple reflections were not better than those obtained using direct arrivals only, as can be seen in Subsection 3.1.


Figure 4. Measured (a) and simulated (b) Green’s function for the 45-channel hydrophones. The schematic diagram of multiple reflections and the detail for bottom-reflected arrival are shown in (c). DBm, multiple reflections between the acoustic window and array plate.
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Cross-correlating the measured field with the replica leads to the Bartlett processor that evaluates the similarity between structures of two acoustic fields [22]. If the positions of the virtual source and actual source coincide, the processor will show the highest correlation value, since the measured field vector and the replica field vector should be similar. To incorporate the broadband nature of the propeller cavitation noise, an incoherent broadband processor is given as the first objective function as follows:


[image: there is no content]



(7)




where:


[image: there is no content]











In Equation (7), [image: there is no content] and [image: there is no content] represent the cross-spectral data matrix and the weight vector of the Bartlett processor, respectively. In addition, [image: there is no content] refers to the transpose of the complex vector [image: there is no content], while [image: there is no content] is a candidate source position. [image: there is no content] is the [image: there is no content] norm of a vector [image: there is no content], and [image: there is no content] is the expected value of [image: there is no content].



Similarly, the incoherent broadband processor using the minimum variance (MV) processor is given as the second objective function as follows:


[image: there is no content]



(8)




where [image: there is no content] is the inverse matrix of [image: there is no content].



The MV processor has both pros and cons at the same time. It is optimum in the sense that the output noise power is minimized subject to the constraint that the signal be undistorted by the processor [22]. It can achieve the best localization performance under the ideal conditions, such as a large signal-to-noise ratio (SNR) and without mismatch. However, the source of errors, such as an inaccurate array position, and the discrepancy between the measured signal and the replica can degrade its performance significantly.



The MFP utilizes both amplitude and the phase. However, it is more sensitive to the phase than the amplitude. The spatial resolution is one of the main parameters to evaluate the array performance. In order to get insight into it, a simulation study is performed regarding the source-array configuration, which decides the phase in Equation (6). The spatial resolution can be evaluated by the half power beam width (HPBW), which is defined by the distance between the candidate points ([image: there is no content]), where [image: there is no content], as shown in Figure 5a. For simplicity’s sake, a monopole source in the free field is used in the simulation. The source is assumed to be located at [image: there is no content], where [image: there is no content].


Figure 5. The definition of the half power beam width (HPBW) (a) and HPBWs simulated with respect to the source position at [image: there is no content] under the condition of 8 kHz and 0 dB SNR for the Bartlett processor (b) and for the minimum variance (MV) processor (c); The color bar in (a) represents the value of [image: there is no content]. The phase sensitivity simulated under the same condition is shown in (d); The receiver positions are assumed as (−0.1 m, 0 m, 0 m) and (0.1 m, 0 m, 0 m) in the phase sensitivity calculation.
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Figure 5b,c shows the simulation results for the Bartlett and the MV processor, respectively, under the condition of 8 kHz and 0 dB SNR. The x-directional HPBW ([image: there is no content]) increases monotonically as the source moves from the array center, i.e., broadside. The [image: there is no content] also shows a monotonic increase, but the change is gradual. However, the [image: there is no content] decreases up to [image: there is no content] and increases again after passing the point. Comparing two processors, the MV processor shows better resolution than the Bartlett processor, since there is no mismatch in the simulation.



The different behaviors of the spatial resolution can be explained by the phase difference depending on the source-array configuration. If we consider a source at [image: there is no content] and two different receivers at [image: there is no content] and [image: there is no content], the phase difference ([image: there is no content]) becomes [image: there is no content], where k is the wavenumber. The phase sensitivity, which refers to the effect of the change of the source position in a direction on the phase difference, is defined by [image: there is no content]. Assuming two receiver positions as (−0.1 m, 0 m, 0 m) and (0.1 m, 0 m, 0 m), the phase sensitivity with respect to the source position is shown in Figure 5d. Comparing the HPBW in Figure 5b,c and the phase sensitivity in Figure 5d, it is clear that the fine spatial resolution is achieved at the source position around where the phase difference changes significantly.





3. Results and Discussion


3.1. Virtual Source Experiment


An experiment was carried out using a virtual source installed at the end of the propeller shaft, as shown in Figure 6a. The ITC-1032 hydrophone was used as the virtual source, and it emitted white noise. The sound pressure level (SPL), which is averaged using the results from the 45 channels, is shown in Figure 6b. Green’s functions measured at the 45 hydrophones shown in Figure 4a are obtained by cross-correlating the input signal with the measured signals.


Figure 6. Configuration of the virtual source experiment (a) and measured sound pressure level (b), which is averaged for the 45-channel hydrophones. (SPL: sound pressure level, Freq.: frequency).
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The measured noise data were digitized with the sn Equations (7) and (8). The frequency range is from 1 kHz to 100 kHz with a bandwidth resolution ([image: there is no content]) of 1 kHz. Figure 7 present the localization results using the objective function of Equations (7) and (8) for two different replica fields, i.e., Equations (5) and (6): (a) Bartlett processor + multiple arrivals; (b) MV processor + multiple arrivals; (c) Bartlett processor + direct arrival; (d) MV processor + direct arrivampling frequency ([image: there is no content]) of 240 kHz. We process them by employing the objective functions ial. Each plot in Figure 7 is composed of three orthogonal slices along the flow, beam and depth directions, which are also designated as the x-, y- and z-directions, respectively. Each slice, which is called an ambiguity surface, represents the normalized power of the values calculated from the objective function, such that the maximum value equals one. The high valued regions in each plot indicate the possible source locations. The outline of the model ship, which is cut vertically along the propeller shaft, is also shown in the plots.


Figure 7. Localization results of the virtual source experiment for the various combinations of replica fields and matched field processing (MFP) processors: (a) Bartlett processor with multiple arrival replica fields; (b) MV processor with multiple arrival replica fields; (c) Bartlett processor with direct arrival replica fields; and (d) MV processor with direct arrival replica fields. “Depth (m)” in the plots refers to the vertical distance from the array center. The outline of the model ship, which is cut vertically along the propeller shaft, is shown with blue lines. The color bar in each plot represents the normalized value as [image: there is no content], such that the maximum equals one.
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From Figure 7, one distinct noise source is observed without ambiguity. The maximum processor power occurs at [image: there is no content] = (0.11 m, −0.02 m, 1.94 m), (0.11 m, −0.02 m, 1.90 m), (0.11 m, −0.02 m, 1.92 m) and (0.11 m, −0.02 m, 1.90 m) for the case of (a), (b), (c) and (d), respectively. The localization results for all cases are exactly the same, except for the source depth. It is observed that the replica with direct arrivals shows similar performance to that of multiple arrivals, implying that the direct arrival plays a dominant role in the localizations. It is also encouraging that the MV processor successfully localizes the virtual source, although the environment for the replica field might be different from the true one. The spatial resolution can be inferred from the main lobe contour in the ambiguity surface. From the ambiguity surface of the x-z plane (or y-z plane), vertically-elongated contour shapes are observed for all cases, which implies the poorer vertical resolution compared to the horizontal. This is due to the source-array configuration (see Figure 2), as discussed previously in Figure 5. The relatively large discrepancy between the estimated source depths can be explained by this, as well.



In order to investigate the array performance with respect to the frequency, one-third octave band analysis is performed. The direct arrivals are used as the replica in the processing. In each frequency band, the same number of data is used, and thus, the bandwidth resolution ([image: there is no content]) varies depending on the center frequency ([image: there is no content]. The number of data is 30, and [image: there is no content] is 48 Hz, 97 Hz, 186 Hz, 379 Hz, 793 Hz and 1552 Hz for [image: there is no content] of 1.6 kHz, 3.15 kHz, 6.3 kHz, 12.5 kHz, 25 kHz and 50 kHz, respectively.



Figure 8 shows two orthogonal ambiguity surfaces (x-y and y-z planes) of the Bartlett processor for the one-third octave bands, of which the center frequency is as given in the plot. Figure 9 is for the MV processor. Each plane is cut to include the position of the maximum processor power, which is given in Table 1. As was stated in the previous Subsection 2.2, the phase sensitivity and, thus, the spatial resolution become high as the frequency increases. This frequency dependency is observed from the main lobes’ contour in the ambiguity surfaces. In addition, the directional dependency of the spatial resolution, which is mentioned above, is also commonly observed at all frequency bands. Table 1 shows the estimated source position for each frequency band. The mean position along with the standard deviation (SD) are also given. The mean source position agrees well with the previous estimates, (0.11 m, −0.02 m, 1.92 m) and (0.11 m, −0.02 m, 1.90 m) for the Bartlett and the MV processor, respectively. The source depth shows the maximum SD in both frequency. However, the error is still small compared to the diameter of ITC-1032 (6.86 cm) [36].


Figure 8. Ambiguity surfaces of the Bartlett processor with direct arrivals using the 1/3 octave bands of which the center frequencies are shown in the plots. The reference position of the plane cut is [image: there is no content] = (0.1 m, −0.02 m, 1.93 m). The outline of the model ship, which is cut correspondingly to each plane, is shown with the white line.
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Figure 9. Ambiguity surfaces of the MV processor with direct arrivals using the 1/3 octave bands of which the center frequencies are shown in the plots. The reference position of the plane cut is [image: there is no content] = (0.1 m, −0.02 m, 1.93 m). The outline of the model ship, which is cut correspondingly to each plane, is shown with the white line.
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Table 1. Estimated noise source positions [image: there is no content] for the virtual source experiment.


	Center Frequency
	Bartlett Processor
	MV Processor





	1.6 kHz
	(0.10 m, 0.0 m, 1.94 m)
	(0.09 m, 0.02 m, 1.92 m)



	3.15 kHz
	(0.11 m, 0.01 m, 1.85 m)
	(0.14 m, 0.0 m, 1.86 m)



	6.3 kHz
	(0.11 m, −0.02 m, 1.88 m)
	(0.12 m, −0.03 m, 1.88 m)



	12.5 kHz
	(0.10 m, −0.02 m, 1.92 m)
	(0.11 m, −0.02 m, 1.87 m)



	25.0 kHz
	(0.11 m, −0.02 m, 1.91 m)
	(0.11 m, −0.02 m, 1.89 m)



	50.0 kHz
	(0.11 m, −0.02 m, 1.91 m)
	(0.11 m, −0.02 m, 1.91 m)



	Mean
	(0.11 m, −0.01 m, 1.90 m)
	(0.11 m, −0.01 m, 1.89 m)



	SD
	(0.01 m, 0.01 m, 0.03 m)
	(0.01 m, 0.01 m, 0.02 m)










3.2. Propeller Cavitation Noise Experiment


Propeller cavitation experiments were performed for two test conditions. The first test condition was the operational condition of the ship at the load condition of the design draft, where sheet and tip vortex cavitations were observed at the same time. The propeller noise, which we name “sheet cavitation”, was measured during the cavitation observation test. In the second test, we adjusted the tunnel pressure in order to suppress the sheet cavitation and for the tip vortex to be prominent. The propeller noise, which we name “tip vortex cavitation”, was also measured. The background noise at two different conditions was measured after removing the propeller. Finally, the virtual source experiment was carried out in order to determine the reference position.



Figure 10 shows the average sound pressure levels of the 45-channel measurements for two cavitation noises. The SPL of the background noise for the test condition of sheet cavitation is also shown in the figure. The background noise for the tip vortex condition, which is not shown in the figure, was similar to that of sheet cavitation. From the figure, it is clear that the cavitation noise is much louder than the background noise for all frequency ranges. It is also noticeable that the sound pressure level of the sheet and tip vortex cavitations is higher than that of the tip vortex, and their difference increases from 9 kHz to about 30 kHz, then it seems to get practically constant up to 100 kHz.


Figure 10. Sound pressure levels of the sheet cavitation, the tip vortex cavitation and the background noise. (A: a reference value).
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In order to localize noise sources, the Bartlett processor (see Equation (7)), using the replica field of direct arrivals, was applied to a set of data with the frequency range from 5 kHz to 100 kHz, where [image: there is no content] is 1 kHz. The MV processor powers (see Equation (8)) were also calculated using the same data. The candidate source positions range from −0.5 m to 0.5 m in the flow and beam directions and from 0.5 m to 2.3 m in the depth direction, based on the reference point coinciding with the array center.



Figure 11 shows the maximum processor powers with respect to the depth for the virtual source, the sheet cavitation and the tip vortex cavitation. The values are normalized in order to achieve a maximum power of one. Figure 12 shows the ambiguity surfaces (x-y plane) corresponding to the depths where the maximum processor powers are obtained in Figure 11. The outline of the model ship, which is cut horizontally along the propeller shaft, is also shown in the plots. The positions of the maximum processor powers, which correspond to the estimated source positions, can be determined from Figure 11 and Figure 12, and the results are given in Table 2. Since the cavitation is spatially distributed, the estimated source position should be considered as the acoustic center of distributed noise sources.


Figure 11. Maximum powers of the Bartlett processor (a) and the MV processor (b) with respect to depth for the virtual source, the sheet cavitation and the tip vortex cavitation.
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Figure 12. Ambiguity surfaces (x-y plane) corresponding to the depths where the maximum processor powers are obtained in Figure 11. The outline of the model ship, which is cut horizontally along the propeller shaft, is shown with white lines.
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Table 2. Estimated noise source positions [image: there is no content] for the propeller cavitation noise experiment.







	
	Bartlett Processor
	MV Processor





	Virtual Source
	(0.14 m, −0.02 m, 1.93 m)
	(0.14 m, −0.02 m, 1.92 m)



	Sheet Cavitation
	(0.17 m, 0.03 m, 1.99 m)
	(0.17 m, 0.03 m, 1.97 m)



	Tip Vortex Cavitation
	(0.17 m, 0.02 m, 2.01 m)
	(0.17 m, 0.02 m, 2.00 m)









The rotational direction of the propeller is right handed, and the angular position of a key blade is measured from the vertically upward position (0°) in a clockwise direction when the propeller is looked upstream. The notation of the angular position of the blade is shown in Figure 13. When the virtual source position is assumed to coincide with the propeller center, the acoustic centers of the sheet cavitation and the tip vortex cavitation can be calculated from the localization results.


Figure 13. Notation of the blade angular position for the right-handed propeller when looking upstream. The estimated acoustic centers are also shown as circles (O) for the sheet cavitation and as squares (□) for the tip vortex cavitation. (TVC: tip vortex cavitation, STBD: starboard).
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According to the Bartlett localization results in Table 2, the acoustic centers of the sheet cavitation and the tip vortex cavitation are located at the radius of 0.72[image: there is no content] with the angle of 39.8° and at the radius of 0.82[image: there is no content] with the angle of 26.6°, respectively. In addition, the MV localizations showed maximum powers at the radius of 0.65[image: there is no content] with the angle of 45.0° for the sheet cavitation and at the radius of 0.86[image: there is no content] with the angle of 32.0° for the tip vortex cavitation. The acoustic centers for the sheet cavitation and the tip vortex cavitation are also shown in Figure 13.



Figure 14 shows photographs of the propeller sheet cavitation at the blade angles from 20° to 50°. The extent of the sheet cavitation seems to be at maximum at the angle of around 40° where the cavitation covers the blade above 0.7[image: there is no content]. The visual observation of the sheet cavitation agrees well with the acoustic centers estimated using the localization methods.


Figure 14. Photographs of the propeller sheet cavitations at the blade angles from 20° to 50°.
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3.3. Propeller Singing Experiment


A cavitation test was carried out for the ship with twin propellers. The objective of the model test was to investigate the cavitation characteristics of the design propellers.



Figure 15a shows the average sound pressure levels of the 45-channel measurements for the cavitation noise and for the non-cavitation noise. The non-cavitation noise refers to the noise that was measured when no cavitation phenomenon was observed on the blade surfaces and around the propellers. In general, the sound pressure level of the non-cavitating propeller is much lower than that of the cavitating propeller. However, opposite results occurred for specific frequencies around 11 kHz. Figure 13c and Figure 15b show the frequency analysis results of both the cavitation noise and the non-cavitation noise, respectively, focusing on the frequency band of interest (11 to 13 kHz). From the figure, a train of high frequency tones is clearly seen for both cases. The difference frequency between two adjacent tones coincides with the propeller rotational speed. Thus, we were suspicious of the “propeller singing” [39].


Figure 15. Average sound pressure levels of the 45-channel measurements for the cavitation noise and for the non-cavitation noise (a); tonal components for the cavitation noise (b); and the non-cavitation noise (c).
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In order to localize noise sources, the Bartlett processor (see Equation (7)) using the replica field of direct arrivals was applied to three sets of data: (i) the 5 to 0-kHz frequency range with [image: there is no content] of 100 Hz; (ii) tones in Figure 15; and (iii) the 20 to 30-kHz frequency range with [image: there is no content] of 500 Hz. The datasets are termed “low frequency data”, “tones” and “high frequency data”, respectively. The candidate source positions range from −0.5 m to 0.5 m in the flow and beam directions and from 0.5 m to 2.3 m in the depth direction.



Figure 16 shows the ambiguity surfaces (x-y plane) of cavitation and non-cavitation noise at the depths of maximum processor power. The estimated source positions, which correspond to the points yielding the maximum processer power, are given in Table 3. In the plots, the horizontal dashed line represents the keel line of the ship, and the vertical dashed-dotted line connects two propellers. The outline of the model ship, which is cut horizontally along the water line, is also shown in the plots.


Figure 16. Ambiguity surfaces (x-y plane) of cavitation (a–c) and non-cavitation noise (d–f) at the depths of maximum processor power in Table 3. “Q” refers to the cavitation and “NonQ” refers to the non-cavitation. The horizontal dashed line represents the keel line of the ship, and the vertical dashed-dotted line connects two propellers. The outline of the model ship, which is cut horizontally along the water line, is also shown with white lines.
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Table 3. Estimated noise source positions [image: there is no content] for the propeller singing noise experiment.


	Type
	Low Frequency Data (5 to 10 kHz)
	Tones
	High Frequency Data (20 to 50 kHz)





	Cavitation
	(0.15 m, 0.22 m, 1.85 m)
	(0.12 m, 0.16 m, 1.91 m)
	(0.13 m, 0.23 m, 1.84 m)



	Non-cavitation
	(0.14 m, 0.19 m, 1.78 m)
	(0.11 m, 0.19 m, 1.90 m)
	(0.11 m, 0.16 m, 1.89 m)









With the low and high frequency data, two noise sources, which distinctly correspond to two propellers, are clearly localized for the non-cavitation noise, as well as for the cavitation noise. In contrast, a single noise source is present at the starboard side with the tonal localizations for both noise cases. However, this does not mean that a noise source does not exist at the port side. Applying the same localization method to only the port side region, we could also find a distinct noise source that is not given in the paper. The noise strength of the starboard side thus might be considered to overwhelm that of the port side, which implies that the starboard side propeller was singing during the noise measurement.



Figure 17 shows the estimated acoustic center of the starboard side propeller. From the figure, it is observed that noise sources are mostly scattered around the propeller hub, especially for the cavitation case. This result might reflect the complex cavitation behaviors, which are usual in the inclined twin-shafted propeller.


Figure 17. The estimated acoustic centers for the cavitation noise (O) and for the non-cavitation noise (□). The frequency conditions are as given in the plot.
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3.4. Underwater Vehicle Experiment


A cavitation test was carried out for the underwater vehicle in the large cavitation tunnel. The objective of the model test was to investigate the cavitation performance, including the cavitation inception speed of the designed propeller. The body of the vehicle was made of aluminum alloy according to the specified scale ratio between the model and the full ship. A driving motor and a dynamometer were installed inside the body. The background noise and the virtual source noise were also measured at the experiment, as well as the propeller noise.



Figure 18 shows the average sound pressure levels of the 45-channel measurements for the cavitation noise, the non-cavitation noise and the background noise. The test condition of background noise was the same as that of cavitation noise. From the figure, it is obvious that the cavitation noise is much louder than the background noise for all frequency ranges.


Figure 18. Average sound pressure levels of the 45-channel measurements for the cavitation noise, the non-cavitation noise and the background noise.
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Figure 19 shows the ambiguity surfaces of various noise sources, such as the virtual source, propeller cavitation noise, non-cavitating propeller noise and background noise. The ambiguity surface of the x-y plane is obtained at the depth of maximum processor power, and that of the y–z plane is at the maximum processor range. The estimated source positions [image: there is no content], which correspond to the points yielding the maximum processer powers, are (−1.69 m, 0.03 m, 1.27 m) for the virtual source, (−1.68 m, −0.03 m, 1.37 m) for the cavitation noise, (−1.73 m, 0.03 m, 1.34 m) for the non-cavitation noise and (−2.40 m, 0.10 m, 1.33 m) for the background noise. In each plot, the white line represents the outline of the body, and the dashed circle is an imaginary disc of which the radius is the same as that of the propeller.


Figure 19. Ambiguity surfaces (x-y plane and y-z plane) of the virtual source (a,b); propeller cavitation noise (c,d); non-cavitating propeller noise (e,f) and background noise (g,h); at the depth and the range of the maximum processor power. In each plot, the white line represents the outline of the body, and the dashed circle is an imaginary disc of which the radius is the same as the propeller.
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The model was installed for the propeller center to be 1.7 m upstream from the array center. Considering the estimated source positions, the model shifted to the end-fire region of the array (see Figure 2). Comparing the ambiguity surfaces in Figure 19 to the results in Figure 7 to Figure 9, the vertical resolution (z-direction) improves, and in contrast, the horizontal resolution (x-direction) deteriorates. The vertical variation of the phase difference between two receivers increases as the source approaches the end-fire region and then decreases again after a specific range, which is dependent on the source-receiver configuration, as shown in Figure 5d. The horizontal variation of phase difference between two receivers decreases monotonically as the source shifts from the broadside to the end-fire direction, as also shown in Figure 5d.



The localization results for the virtual source are given in Figure 19a,b as a reference. For the cavitation noise for which the localization results are shown in Figure 19c,d, the noise sources are distributed mainly in the upper part of the propeller, which agrees with the visual observation. The acoustic center of the non-cavitating propeller seems to exist at the blade surface approximately 0.4[image: there is no content] above the propeller center, as shown in Figure 19e,f.



Figure 19g,h shows the localization results for the background noise, which were measured by replacing the propeller with a dummy. In this case, the distributed noise sources are found inside the body, and the acoustic center coincides with the driving motor position. Thus, it is shown that the mechanical noise, as well as the propeller noise can be successfully localized by the proposed localization method using the array system.





4. Summary and Conclusions


The objective of the model test is to predict the noise level of the full ship and to control its noise signature. By localizing or identifying the noise source in model tests, it could be eliminated or its effect could at least be reduced at the design stage via applying a suitable noise measure, such as wake improvement, and/or the redesign of problematic objects, for example, a cavitating appendage. The noise localization method can also be used as a validation tool in the noise measurement by identifying whether there exists any other noise source than that of interest or not. Localizing noise sources in the model test might therefore be an important research subject along with measuring noise levels.



In this paper, we proposed a noise localization method using a 45-channel hydrophone array installed in the KRISO large cavitation tunnel. The noise measurement experiments were performed following the test procedure: (i) determining and setting of test condition, such as the propeller thrust coefficient [image: there is no content] and the cavitation number [image: there is no content]; (ii) measuring propeller noise; (iii) measuring background noise; and (iv) measuring the noise of the virtual source, if needed. For the localization method, two incoherent broadband processors, the Bartlett processor and the MV processor, are applied using simulated replica fields. The replica field can be constructed using multiple arrivals or only direct arrivals.



We carried out a noise experiment using a virtual source and scale models, including a ship with a single propeller, a ship with twin propellers and an underwater vehicle. Thus, the noise sources correspond to the virtual source, cavitating and non-cavitating propellers and the mechanical system, such as a driving motor. From the localization results, the following conclusions can be drawn.

	(1)

	
The replica field constructed using direct arrivals shows reliable localization results. When the exact simulation of the tunnel environment is difficult, it is preferable to use the direct arrivals as the replica field.




	(2)

	
Both the Bartlett processor and the MV processor showed similar localization performances. However, the Bartlett processor seems to be more robust, especially when the sound pressure level is low.




	(3)

	
The proposed localization method can be successfully applied to noise sources other than those of the propeller cavitation.




	(4)

	
Finally, we suggest that the localization performance can be improved if the noise is measured at multiple array positions using a moving array system.
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