An Investigation on The Effects of Various Flow Parameters on the Underwater Flow Noise
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Abstract.The prediction and reduction of underwater noise is commercially, militarily and ecologically a very critical issue for maritime industry. Machine noise, propeller noise and flow noise are the main components of underwater noise for submerged bodies. Especially at high flow velocities, flow noise becomes dominant source of underwater noise radiated from these bodies. In this paper, the effects of the fluid temperature and salinity of the fluid on the underwater flow noise are investigated, numerically. A circular cylinder is selected for the validation studies of the noise model used in the acoustic analyses. The flow characteristics are obtained by solving governing equations of fluid using Computational Fluid Dynamics (CFD). The turbulence is modelled by using SST k-ω turbulence model. The Ffowcs Williams and Hawkings (FW-H) noise model is applied to predict the sound pressure levels at the receiver points defined various locations, numerically. The monopole, dipole and quadrupole sound sources are taken into consideration for acoustic analyses.
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Introduction
Underwater flow-induced noise has become an important issue today because of adverse effects of the current levels of noise produced by submerged bodies and vessels on aquatic life. Understanding of the impacts of underwater noise on marine organisms depends on knowledge of its feature. In the sea, variations in the properties of seawater such as temperature and salinity have significant effects on underwater flow noise levels [1]. The prediction of the underwater flow noise has been the target of those who have been researching in the field of acoustics for many years. However, flow noise around submerged bodies has not been well understood because of the complexity of the problem. Various noise sources emitted from different human activities vary significantly in terms of the frequencies and intensities (Table 1) [2,3,4,5].
Lu et al. calculated flow characteristics around the submarine and flow-induced noise using the FW-H method [9]. Svennberg and Fureby have also implemented a noise model, which can also be used for naval vessels, on a simpler geometry, as well as experimental work of the same model [10]. Moreau et al. conducted experimental studies on the flow noise around the wall-mounted cylinder with circular cross section and the square sectioned cylinder forms [11]. Choi et. al. performed noise analyses for a submerged cylinder using the FW-H method and the LES turbulence model without considering the quadrupole source terms [12]. Cianferra et al. analyzed three basic geometries (sphere, cube, and spheroid) immersed in a uniform water stream to study on the differences in hydroacoustic areas [13]. Zhou estimated the flow noise caused by the air flow in a system where the cylinder and wing profile were used together [14]. Choi et al. (2017) examined the effect of quadrupole sources around a submerged circular cylinder. They proposed a hybrid model that reduces the computational cost of quadrupole sources [15].

Table 1. Various noise sources emitted from human activies in the sea [6, 7, 8]
	      Types of the Anthropogenic Sound
	               Frequency	
	                 Intensity Level

	Pile driving
	30–40 Hz
	131–135 dB re 1 μPa

	Drillship
	20–1000 Hz
	174–185 dB re 1 μPa

	Navy Sonar
	100–500 Hz
	~215 dB re 1 μPa

	Supertanker & container ship
	6.8–70 Hz
	180–205 dB re 1 μPa

	Medium size ship (ferries)
	~50 Hz
	150–170 dB re 1 μPa

	Boats (<30 m in length)
	<300 Hz
	~175 dB re 1 μPa

	Small ship (support & supply ship)
	20–1000 Hz
	170–180 dB re 1 μPa



In the present work, the parameters affecting the flow noise around a circular cylinder have been investigated. The effects of parameters, such as temperature and salinity on acoustic spectrum at the harmonic frequencies have been examined. The flow-induced noise has been calculated numerically by solving Ffowcs Williams and Hawkings (FW-H) equations.
Theoretical Background
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]The Ffowcs Williams and Hawkings Method
The Ffowcs William and Hawkings method, based on the Lighthill analogy, allows prediction of a distant area loudness at some point. The nonlinear pressure fluctuations on the sound source surface are obtained by solving the flow equations. The obtained solution is integrated to calculate the pressure changes in the far field [16]. 
This method is based on Farassat’s Formulation 1A of the FW-H analogy which uses an advanced-time formulation (or source time dominant algorithm) proposed by Casalino [17]. It yields the far-field acoustic pressure fluctuations computed using the FW-H formulations. FW-H equation includes monopole (, dipole ( and quadrupole ( sources (Eq. 1-4):
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[bookmark: _GoBack]whereis load factor where . and r represents the distance between source and observer,.  and  are, respectively, the fluid and surface velocity components in the  direction., and  corresponds to Kronecker delta. represents the speed of sound in the far-field area. ρ0 is the far-field reference density. 
       Farassat and Brentner [18] have shown that the noise contribution from the quadrupole, (, can be expressed as a “collapsing-sphere” formulation. Using this formulation, the space derivatives are transformed into time derivatives:                                     

      (4)
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33] is a local Mach number vector with components , where  and .is the Lighthill stress tensor and  describes the double contraction of . 
Eqn. (4) is transformed from a collapsing-sphere formulation to an advanced time formulation using the following four equations. In these equations, the time derivatives at the observer are moved into the integrals to prevent numerical time differentiation of the integrals. The “source-time-dominant” algorithm from [19] is used to allow the estimation of the (, volume term of the FW-H equation as follows:  

                                                        (5)
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ri denotes the unit vector in the direction of radiation. A dot above a variable denotes the time derivative with respect to source time of that variable.         
Geometry and Modelling
The simulations have conducted considering three-dimensional (3D) computational domain, with a Reynolds number of 9x104. The diameter of cylinder, D is 0.019 m and the cylinder length, L is 1.5 diameter of cylinder. The size of computational domain in y-direction is equal to 29.2D. The inlet and the outlet in the numerical simulations are placed respectively, 8.6D and 20.6D from the cylinder as shown in Figure 1. The computational domain at the top and bottom boundaries are both located at 10.3D from the cylinder axis.
[image: ]
Figure 1. Physical configuration of the cylinder flow
A structured mesh is employed with 2894781 cells by locally refining the mesh in the near cylinder region and over the cylinder wake where the highest flow fluctuations are observed. A constant expansion of 1.2 is used in the radial direction away from the cylinder. A spatial mesh resolution of Δy+ ≈ 1 is used on the cylinder wall to solve the near-wall flow. The smallest cell spacing in the radial direction is rmin/D = 1.45 x 10-4. In each layer along the length of the cylinder, 128 cells were placed along the circumference of the cylinder.
Computational Details
The acoustic calculations are performed for three temperature values (10 oC, 20 oC and 35 oC) and two salinity values (20 g/kg and 35 g/kg) for each temperature to investigate the effects of these parameters on the flow noise. It is also assumed that the fluid is incompressible and Newtonian. The physical properties of the fluid including density was changed by the fluid temperature. The receiver points for the acoustic analysis are placed perpendicular to the flow direction downward and respectively, 8 and 128 diameters away from the cylinder. The flow field results are used as the input data for the wave equations in order to attain the acoustic far-field. The acoustic and dynamic results are presented separately since the acoustic analogies are separated the flow field and acoustic computations. The k‒Omega SST (shear stress transport) model of Menter are used to simulate the flow past over the circular cylinder [20,21]. The numerical discretization scheme used to deal with the pressure-velocity coupling between the momentum and the continuity equations is the SIMPLE algorithm. The convection discretization is defined by using the segregated flow solver with second-order accuracy. The time discretization is performed by using an implicit and second-order accurate scheme. The Fast Fourier Transform (FFT) is used for the spectral analysis and Hann (Hanning) function is employed as the window function. The reference sound pressure is taken as 1 x 10-6 Pa for the acoustic analysis.
Results and Discussion
[bookmark: OLE_LINK41][bookmark: OLE_LINK20]The numerical simulations are performed to investigate the effects of parameters, such as temperature and salinity, on the acoustic spectrum at the harmonic frequencies. The acoustic analysis is performed for a circular cylinder which was selected for the validation studies of the FW-H method [22]. Figure 2 shows the acoustic spectrum obtained from the validation studies by using k- SST turbulence model. They were compared with the corresponding experimental results of Revell et al. [23] and the numerical simulations of Orselli et. al. [24]. It is observed that FW-H method can predict discrete values of SPL associated with the fundamental frequency (Strouhal number) and the harmonic couples agrees well in timing.

Figure 2. Sound Pressure Levels obtained from validation studies
Figure 3 and Figure 4 demonstrate the sound pressure levels obtained for various salinity and temperature values. 

Figure 3. Sound Pressure Levels for various temperature values at the salinity of 0 g/kg
The sound pressure levels are presented depending on the frequency spectrum. For the receiver point A1 at 8 diameters away from the cylinder, the broadband noise is between 40 dB and 80 dB, while this value is between 20 dB and 50 dB for receiver point A2 at 128 diameters away from cylinder. It is seen that there is a decrease about 40 % (25 dB) in the broadband noise, when the distance between the receiver and cylinder is increased by 16 times. The peak frequency, which the maximum sound pressure level occurs, is approximately 64 Hz.

Figure 4. Sound Pressure Levels for various temperature values at the salinity of 20 g/kg
[bookmark: OLE_LINK51]Figure 5 and Figure 6 present the variation of the maximum sound pressure levels according to different salinity and temperature values for two different receiver points (A1 and A2). As can be observed from these figures that the maximum sound pressure level increases as the temperature increases for both salinity values (0 g/kg and 20 g/kg). 


Figure 5. Maximum Sound Pressure Levels for the receiver point A1
 
Figure 6. Maximum Sound Pressure Levels for the receiver point A2
[bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55]The increase in the salinity at the temperature, 10⁰C leads to a decrease in the sound pressure level, while at higher temperature values above about 15⁰C, the sound pressure level decreases with increasing salinity value. It is also observed that there is a decrease about 35% (47 dB) in the broadband noise, when the distance between the receiver and the cylinder is increased by 16 times.
[bookmark: OLE_LINK52]Figure 7 and Figure 8 show the overall sound pressure levels (OASPL) for each acoustic spectrum for two different receiver points. It is observed that the OASPL increases with increasing temperature, but decreases with increasing salinity. The magnitude of the decrease is greater, especially at the temperature of 10⁰C. There is a decrease about 35% (45 dB) in the broadband noise, when the distance between receiver and cylinder is increased by 16 times.
                     
Figure 7. Overall Sound Pressure Levels for the receiver point A1
    
Figure 8. Overall Sound Pressure Levels for the receiver point A2
Conclusions
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]The investigation of the effects of temperature and salinity on the flow noise around a circular cylinder has been performed by using FW-H method. The sound pressure levels are obtained at various receiver positions for three temperature values and two salinity values. It is found that there is a decrease about 40 % (25 dB) in broadband noise, when the distance between receiver and cylinder is increased by 16 times. There is a direct correlation between the temperature and both maximum SPL and OASPL. The increase in salinity at 10⁰C leads to a decrease in the sound pressure level, while at the temperatures above about 15⁰C, the sound pressure levels increase. The OASPL increases with increasing temperature, but decreases with increasing salinity.
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Sound Pressure Level (dB)




Sound Pressure Level (Salinity : 0 g/kg)
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Sound Pressure Level (dB)



Sound Pressure Level (Salinity : 20 g/kg)
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Sound Pressure Level (dB)



Maximum Sound Pressure Level ( Receiver:8D)

Max. SPL ( Salinity:0 g/kg)	10	20	35	134.66556148487601	136.47950906051301	136.90595364701699	Max. SPL ( Salinity:20 g/kg)	10	20	35	135.48433243300801	135.87652244924899	136.69122605907501	Max. SPL ( 35 g/kg Tuzluluk)	10	20	35	135.644944028807	136.43843455198899	136.69122605907501	Temperature (oC)


Sound Pressure Level (dB)




Maximum Sound Pressure Level ( Receiver:128D)

Max. SPL ( Salinity: 0 g/kg )	10	20	35	88.027882124599401	89.810332225907004	90.2153371229969	Max. SPL ( Salinity: 20 g/kg )	10	20	35	88.651107508185703	89.174745263495097	89.912658594954095	Max. SPL ( Salinity: 35 g/kg )	Temperature (oC)


Sound Pressure Level (dB)




OASPL (Receiver:8D)

OASPL ( Salinity:0 g/kg)	10	20	35	134.77000000000001	136.5	136.93	OASPL ( Salinity:20 g/kg)	10	20	35	125.48	135.91999999999999	136.77000000000001	Temperature ( C )


OASPL (dB)




OASPL (Receiver:128D)

OASPL ( Salinity:0 g/kg)	10	20	35	88.12	89.83	90.24	OASPL ( Salinity:20 g/kg)	10	20	35	78.239999999999995	89.21	89.98	Temperature ( C )


OASPL (dB)
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