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Abstract

:

The influence of wind turbine airfoil trailing edge thickness on aerodynamics and aerodynamic noise characteristics was studied using the computational fluid dynamics (CFD)/ Ffowcs Williams–Hawkings (FW–H) method in the present work. First, the airfoil of a DU97-W-300-flatback airfoil was chosen as the research object, and numerical method validation was performed. Three kinds of turbulence calculation methods (unsteady Reynolds average Navier-Stokes (URANS), detached eddy simulation (DES), and large eddy simulation (LES)) were investigated in detail, and three sets of grid scales were used to study the impact of the airfoil on the aerodynamic noise. Secondly, the airfoil trailing edge thickness was changed, and the impact of trailing edge thickness on aerodynamics and aerodynamic noise was investigated. Results show that three kinds of turbulence calculation methods yield the same sound pressure frequency, and the magnitude of the sound pressure level (SPL) corresponding to the mean frequency is almost the same. The calculation of the SPL of the peak value and the experimental results can match well with each other, but the calculated core frequency is slightly lower than the experimental frequency. The results of URANS and DES are closer to each other with a changing trend of SPL, and the consequences of the DES calculation are closer to the experimental results. From the comparison of two airfoils, the blunt trailing edge (BTE) airfoil has higher lift and drag coefficients than the original airfoil. The basic frequency of lift coefficients of the BTE airfoil is less than that of the original airfoil. It is demonstrated that the trailing vortex shedding frequency of the original airfoil is higher than that of the BTE airfoil. At a small angle of attack (AOA), the distribution of SPL for the original airfoil exhibits low frequency characteristics, while, at high AOA, the wide frequency characteristic is presented. For the BTE airfoil, the distribution of SPL exhibits low frequency characteristics for the range of the AOA. The maximum AOA of SPL is 4° and the minimum AOA of SPL is 15°, while, for the original airfoil, the maximum AOA of SPL is 19°, and the minimum AOA is 8°. For most AOAs, the SPL of the BTE airfoil is larger than that of the original airfoil.
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1. Introduction


With the developments in wind energy, there are increasingly more large-scale wind farms being built close to the residential areas [1,2,3]. This poses a problem as the noise generated from the wind turbines has a negative effect on the health and quality of life of the affected residents [4,5,6,7]. As such, many researchers have recently taken an interest in the topic [8,9,10,11]. Wind turbine noise mainly consists of mechanical and aerodynamic noise. Mechanical noise is mainly caused by the irregular vibration of friction and the unbalanced forces between rotating parts of a machine. The mechanical noise can be improved by increasing the mechanical manufacturing accuracy, improving lubrication and reducing friction. On the other hand, aerodynamic noise can be caused by the interaction between the blade and the tower, as well as the effect of fluid on the blade [12]. Therefore, aerodynamic noise has become an important factor in noise control of wind turbines [13].



With the large-scale development of wind turbines, the blunt trailing edge (BTE) airfoil is widely applied in wind turbine blades for its better structural and aerodynamic characteristics [14,15,16]. However, the BTE airfoil possesses some significant disadvantages, such as poor drag performance, as well as large noise generation from vibrations. Many studies have been carried out on trailing edge noise in recent years [17]. The trailing edge noise was firstly experimentally studied in 1973 by united aircraft research laboratories and the Sikorsky aircraft company [18]. The test airfoils were NACA0012 and NACA0018, and the wind tunnel experiment Reynolds number was 8 × 105–2.2 × 106. The results show that for the same attack at low Reynolds numbers, the trailing edge noise data can be detected, whereas, at high Reynolds numbers, trailing edge noise is difficult to detect accurately. Brooks et al. [19] performed an investigation on the NACA0012 airfoil at NASA Langley Research Center using quiet flow facility (QFF) acoustic equipment. A series of pressure sensors were installed on the airfoil surface to monitor the pressure fluctuation of the airfoil surface, and the correlation between the trailing edge noise and the trailing edge thickness was analyzed by varying the thickness value. They also adopted the coherent output power (COP) method to study the airfoil-self noise comprehensively, by changing the angle of attack (AOA), chord length, and incoming flow and tip conditions.



To calculate aerodynamic noise of airfoils, Lighthill [20] derived the famous Lighthill equation from the basic theory of aerodynamic acoustics. In his research, the method of using a point source to describe the hydrodynamic sound source was proposed. The sound field and acoustic analogy theory of hydrodynamic sound source were solved using classical acoustics. Although the Lighthill equation considered the quadrupole source in turbulent flow, the effect of solid boundaries in the fluid on the sound field is not included. In 1955, the Lighthill equation was extended by Curle [21] using the Kirchhoff integral method, and the Curle equation was proposed. In 1969, Ffowcs Williams and Hawkings [22] derived the FW–H acoustic wave equation, which is suitable for solving the noise problem of moving parts. In 1997, Francescantonio [23] proposed a new prediction method for aerodynamic noise, named the K–FW–H method.



In 1999, Singer et al. [24] numerically investigated the airfoil trailing edge noise of NACA airfoil using the computational fluid dynamics (CFD)/Ffowcs Williams–Hawkings (FW–H) method. Results show that the trailing edge vortex can be induced by the interaction between the wing boundary layer and the airfoil trailing edge. In addition, it is the main reason for aerodynamic noise. In 2003, Ewert et al. [25] solved the tailing edge noise of a wind turbine using large eddy simulation (LES) and the acoustic perturbation equation (APE). In the same project, the modified boundary-scale method was first adopted to compute the turbulent boundary layer. Then, LES was used to simulate the flow field at the trailing edge of the wind turbine. Finally, the flow field information was used to solve the initial values of the linear APE equation. In 2004, Shen et al. [26] proposed a numerical algorithm to simulate the process of the acoustic noise generation based on the collocated grids. The new method was used to simulate the flow around a circular cylinder and a NACA0015 airfoil. The results show that a viscous–viscous coupling is more natural and gives excellent results. In 2010, Sandberg et al. [27] studied the NACA0012 airfoil by direct numerical simulation (DNS). The results indicate that the source position of the airfoil surface can be determined by the correlation of acoustics and hydrodynamics. At low Reynolds numbers, the trailing edge noise produced by the transition of fluid from boundary layer to turbulence is greater than that without transition. The analysis also shows that trailing edge noise is the main source for low-frequency noise.



Ikeda et al. [28] adopted the direct noise simulation method to simulate the noise produced by the NACA0012 and NACA0006 airfoils, and the effect of chord length on trailing edge noise was investigated. Albarracin et al. [29] used the URANS method to calculate the aerodynamic noise for an airfoil with a sharp trailing edge, and the results were compared with experimental data. Lummer et al. [30] investigated the aerodynamic noise characteristics of a symmetrical Joukowsky airfoil at a 0° AOA. In addition, the influence of the trailing edge vortex on aerodynamic noise was also analyzed. Jones et al. [31] also calculated the aerodynamic noise of an NACA0012 airfoil using the computational aero-acoustics (CAA)method. The airfoil self-noise characteristics were studied at four AOAs. The results show that at a small AOA, the airfoil noise value is higher than that at a large AOA. In addition, the aerodynamic noise of an airfoil is closely related to the shear effect of the trailing vortex.



Shin et al. [32] adopted the LES method to numerically study the noise of turbine machinery with BTE blades. The trailing edge flow field and noise characteristics were analyzed. Fleig et al. [33] also used the LES method to investigate the wind turbine blade tip vortex noise. Fleig and Lida et al. [34] studied the tip vortex noise of rotating wind turbine blades. Marsden et al. [35] used LES to study and compare the difference in surface boundary layer transition of the flow over airfoils in two and three dimensions. Results show that the method can accurately predict the position of boundary layer transition, as well as the aerodynamic noise. Jiang and Li et al. [36,37] used the computation aeroacoustics (CAA) method to simulate the airfoil self-noise at different noise characteristics. Takagi et al. [38] and Nakano [39] studied the cylindrical/airfoil interference noise and airfoil self-noise characteristics. Subsequently, they analyzed the flow field and aerodynamic noise characteristics of an airfoil with a cylindrical spoiler. Results show that the interference noise produced by a cylindrical spoiler is higher than that of an airfoil without the spoiler. Further, it was concluded that the boundary layer transition is the main reason for noise generation. Jacob et al. [40] and Bjorn et al. [41] studied the aerodynamic noise characteristics of a cylinder and a NACA0012 airfoil, as well as the interactions between them. The results indicate that when using the detached eddy simulation (DES) method with the FW–H equation, it can better obtain the acoustic signals of a complex flow field. Moreover, Giret [42] also researched the unsteady interference flow field of a cylinder/airfoil. The results show that the chord length and column–airfoil arrangement have a stronger effect on noise generation.



Overall, the trailing edge noise accounts for the majority of the aerodynamic noise of airfoil. Thus, it is very important to study the influence of trailing edge thickness on aerodynamic noise for thick airfoils. At present, few studies referring to the influence of trailing edge thickness on airfoil aerodynamic noise have been published. In this study, the DU97-W-300-flatback (BTE) airfoil is chosen as the research object, and the effects of three different turbulence models (URANS, DES, LES) are studied. Then, the characteristics of the BTE airfoil and the original DU97-W-300 airfoil are investigated, and the influence of trailing edge thickness on airfoil aerodynamic noise at different AOAs are analyzed.




2. Methodology


2.1. Numerical Conditions


2.1.1. Large Eddy Simulation


According to the vorticity theory of turbulence, the turbulent flow is composed of multi-scale vortices. Larger scale vortices cause turbulent fluctuation and fluid mixing. The main characteristics are obtaining energy from the mainstream flow, and playing an important role in the turbulent diffusion of energy and the generation of turbulent energy in turbulent flow. Small-scale vortices obtain energy from the interaction of large-scale vortices, and small-scale vortices mainly play the role of energy dissipation. After filtering the Navier-Stokes (N-S)equation with a filter function, the governing equation of the large eddy simulation (LES) method [43] in incompressible flow can be obtained:


∂ρ∂t+∂ρui∂xi=0



(1)






∂(ρui¯)∂t+∂(ρui¯uj¯)∂xj=∂∂xj(μ∂σij¯∂xj)−∂p¯∂xi−∂τij∂xj



(2)




where σij is stress tensor and τij is subgrid stress.



For the subgrid model, the Smagorinsky–Lilly model is used to solve the problem in this paper. This model was first proposed by Smagorinsky. The eddy viscosity is defined as follows:


μt=ρLs2|s¯|



(3)




where Ls is the mixed length of the grid and s¯≡2sij¯sij¯.



In the Fluent software, Ls=min(kd,CsV1/3), where k is a constant, d is the nearest distance from the wall, Cs is the Smagorinsky constant (in this paper, the value of Cs is 0.1), and V is the volume of the calculation unit.




2.1.2. Transitional Shear Stress Transport (SST)


The transitional SST model is a four-equation model, which is the same as SST model [44]. The k-ω model is used in the near-wall region and the k-ε model is used in the free-flow region. The k-ω SST model is obtained. On this basis, the transport equation of intermittent factor γ and the Reynolds number Re¯θt equation of local transition momentum thickness are introduced to form the four-equation model [45]. Transition prediction includes predicting the starting position of transition and predicting the length of the transition region, for which Re¯θt constitutes a criterion for predicting the starting position of transition and γ is used to simulate the transition region.



The Re¯θt transport equation is as follows:


∂(ρRe¯θt)∂t+∂(ρUjRe¯θt)∂xj=Pθt+∂∂xj[σθt(μ+μt)Re¯θt∂xj]



(4)




in which:


Pθt=cθtρt(Reθt−Re˜θt)(1.0−Fθt)



(5)




and:


Fθt=min[max[Fwakee(−yδ)4,1.0−[γ−1501.0−150]2],1.0], t=cθt500μρU2, θBL=Re¯θtμρU, δBL=152θBL, δ=50ΩyUδBL, Reω=ρωy2μ, Fwake=e−(Reω1E+5)2








where Pθt ensures that Re˜θt=Reθt on outside of boundary layer; Fθt is a switching function equal to 0 outside the boundary layer and 1 inside the boundary layer; Fwake ensures that Fθt is 0 in the downstream area of the surface; and constant terms are: cθt = 0.03, σθt = 2.0.



Re¯θt is zero flux at the wall, and the value of Re¯θt at the inlet is modified according to the turbulence intensity. The model consists of three empirical relationships. Reθt is the local transition Reynolds number, which is based on the empirical relationship obtained from experiments, and is a function of turbulence and local pressure gradient; Flength is used to adjust the length of the transition region, which is a function of the local Reynolds number Re¯θt.


Reθt=f(Tu,λθ)



(6)






Flength=f(Re˜θt)



(7)






Reθc=f(Re˜θt)



(8)







Turbulence Tu is based on empirical relations:


Tu=100U23k



(9)







Pressure gradient is defined as:


λθ=(θ2ν)dUds



(10)




where dU/ds is the flow acceleration.



The γ transport equation is written:


∂(ργ)∂t+∂(ρUjγ)∂xj=Pγ1−Eγ1+Pγ2−Eγ2+∂∂xj[(μ+μtσγ)∂γ∂xj]



(11)






Pγ1=Ca1FlengthρS[γFoneset]Cγ3



(12)






Eγ1=Ce1Pγ1γ



(13)




where S is the strain rate, Flength is used to adjust the length of the transition zone. The formulae for fracture and re-lamination are as follows:


Pγ2=Ca2ρΩγFturb



(14)






Eγ2=Ce2Pγ2γ



(15)




where Ω is the size of vorticity, and the beginning of transition is controlled by the following formulae:


ReV=ρy2Sμ



(16)






RT=ρkμω



(17)






Foneset1=ReV2.193Reθc



(18)






Foneset2=min[max(Foneset1,Foneset14),2.0]



(19)






Foneset3=max(1−(RT2.5)3,0)



(20)






Foneset=max(Foneset2−Foneset3,0)



(21)






Fturb=e−(RT4)4



(22)




where ρ is fluid density; t is physical time; Uj is velocity; xj is a coordinate; k is turbulent kinetic energy; ω is specific dissipation rate of turbulent kinetic energy; k and ω are provided by the SST model; μ is molecular dynamic viscosity; RT is the viscous ratio; ReV is vorticity Reynolds number; y is wall distance; Reθc is critical Reynolds number for the increase of the intermittence factor in the boundary layer; and constant terms are: Ca1 = 2.0, Ce1 = 1.0, Ca2 = 0.06, Ce2 = 50, cγ3 = 0.5, σγ = 1.0.



When there is separation transition in the flow field, γ will increase rapidly at the separation bubble position. With the increase of the turbulent viscous ratio, the increasing trend of γ tends to be gentle. Therefore, when separation-induced transition exists in the flow field, the intermittent factor γsep can be expressed as follows:


γsep=min[Cs1max((ReV3.235Reθc)−1,0)Freattach,2]Fθt



(23)






Freattach=e−(RT20)4



(24)




where Freattach is such that when the turbulent viscosity is larger than RT, γsep tends to zero, so the effective intermittent factor is expressed as follows:


γeff=max(γ,γsep)



(25)







The transition model controls the generation and dissipation terms of the turbulent kinetic energy equation in the SST model by means of an intermittent factor.



The modified k equation can be written:


∂∂t(ρk)+∂∂xi(ρkui)=∂∂xj(Γk∂k∂xj)+Gk∗−Yk∗+Sk



(26)






Gk∗=γeffG˜k



(27)






Yk∗=min(max(γeff,0.1),1.0)Yk



(28)







The ω equation can be written:


∂∂t(ρω)+∂∂xj(ρωui)=∂∂xj[(μ+μtσω)∂ω∂xj]+αωkPk−βρω2+Pωb



(29)








2.1.3. Detached Eddy Simulation


The detached eddy simulation (DES) method is a hybrid simulation method of Reynolds average Navier-Stokes (RANS)/ large eddy simulation (LES). It is a simulation method that combines the advantages of LES and RANS and was proposed by Spalart in 1997 [46]. This method is simulated by the RANS method in the near-wall area and the LES method in the main flow area far from the wall. In this way, not only can the number of meshes on the wall be greatly reduced, but also the details of the flow field can be obtained by using large eddy simulation in the mainstream region, thereby taking into account the respective advantages of RANS and LES.



The basic form of DES is as follows:


Dv~Dt=cb1S~v~+1σ[∇•((v+v~)∇v~)+cb2(∇v~)2]−cw1fw[v~d]2



(30)




where d is the length scale, and the relationship between variable v~ and turbulent viscous vt is given by the following formula:


vt=v~fv1



(31)






fv1=χ3χ3+cv13



(32)






χ≡v~v



(33)




where v is fluid viscous and the generating term S~ is:


S~≡fv3S+v~κ2dw2fv2



(34)




where:


fv2=[1+χcv2]−3, fv3=(1+χfv1)(1−fv2)χ, fw=g[1+cw36g6+cw36], g=r+cw2(r6−r), r≡v~S~κ2dw2











The value of the constant terms are:


κ=0.41,σ=2/3,cb1=0.1355,cb2=0.622,cw1≡cb1κ2+1+cb2σ,cw2=0.3,cw3=2,cv1=7.1











In order to implement the RANS method in the near-wall area, the LES method is adopted in the main stream area, and the length scale in the formula is replaced by:


d~=min(dw,CDESΔ)



(35)




where Δ=max(Δx,Δy,Δz) and Δ takes the maximum grid values of x, y and z directions in the flow field; CDES=0.65; dw represents the distance from the center of the grid to the wall. In this way, the RANS method is used in dw<CDESΔ regions and the LES method is used in dw>CDESΔ regions.




2.1.4. Mesh Setup


ICEM software was used to generate the mesh. The computational domain was round, and the radius was 30C (C is chord length of airfoil). In the near-flow field of the airfoil, the pressure gradient was large, and more mesh was needed to obtain more detailed flow field information, while in the far-flow field of the airfoil, the pressure gradient was small, and the mesh density was relatively small according to the physical information. The trailing edge of the airfoil shed vortices and separating vortices moved downstream along the inflow direction, so more meshes were needed along the downstream vortex of the trailing edge. Thus, mesh refinement was performed in the region close to the airfoil, up to a distance of 10C away from the airfoil and, downstream of the airfoil, mesh encryption was preformed, as show in Figure 1. The mesh height along the first layer of the wall was 0.01 mm, the y+ value was less than 1, and the wall normal expansion ratio in the boundary layer was 1.05, which met the requirements for turbulent calculation. Structural mesh was used in the flow field. Three sets of mesh (Mesh 1, Mesh 2 and Mesh 3) were divided. The distribution of mesh is shown in Table 1. The overall quality of mesh in the ICEM software was more than 0.7. The front side of the circle was set as the velocity inlet, and the back side was set as the pressure outlet. The no-slip boundary was chosen on the airfoil surface. Computational domain size and boundary condition settings are shown in Figure 2. The Reynolds number based on chord length was 3 × 106, and the free stream velocity was 43.8 m/s.





2.2. Acoustic Analogy


Noise prediction was performed using the Ffowcs Williams–Hawkings (FW-H) equation [20]. This model calculates the far-field noise that is radiated from the near-field data of the computational fluid dynamics (CFD) result.



Two basic equations had been provided by Lighthill: the continuity equation of fluid mass conservation in the volume element (Scalar equation), and the particle motion equation obtained by the fluid volume element. It should be noted that the formulae can only be established in incompressible fluids.


∂ρ∂t+∂ρuj∂xj=0



(36)






ρ∂ui∂t+ρuj∂ui∂xj=−∂pij∂xj



(37)







Equation (36) multiplied by ui is transformed into the component description of the vector equation, and, when added to Equation (37), the momentum equation can be obtained:


∂(ρui)∂t+∂ρuiuj∂xj=−∂pij∂xj



(38)







The Heaviside generalized function is written:


H(f)={1,f(x,t)>00,f(x,t)<0



(39)




where f(x,t)=0 is the governing surface equation.



The Heaviside flow parameters of the generalized function are as follows:


{ρ¯=ρ′H(f)+ρ0ui¯=uiH(f)pij¯=pijH(f)−p0δij



(40)




where ρ, ui, and pij denote fluid density, particle velocity and stress tensor, respectively. The lower corner sign 0 denotes the undisturbed quantity, the apostrophe denotes the disturbed quantity, and δij denotes the Crohneck symbol.



The generalized continuity equation and momentum equation are obtained by introducing generalized flow parameters into the continuity equation and momentum equation:


∂∂t[ρ′H(f)]+∂∂xi[ρuiH(f)]=ρ0ui∂H∂xi



(41)






∂∂t[ρuiH(f)]+∂∂xj[(ρuiuj+pij)H(f)]=pijui∂H∂xj



(42)




with:


∂H∂f=δ(f); δ(f)={∞,f=00,f≠0



(43)







For the generalized continuous equation, the time derivatives are taken on both sides, and the derivatives of the generalized momentum equation on both sides are obtained, to derive the following:


∂2∂t2[ρ′H(f)]=∂∂t[(ρ0ui∂f∂xiδ(f)]−∂∂xi[(pij∂f∂xjδ(f)]+∂2∂xi∂xj[(ρ0uiuj+pij)H(f)]



(44)






c02{∂2(ρ′H(f))∂xi2}



(45)







Equation (44) minus added term (45) on both sides results in Equation (46):


∂2∂t2[ρ′H(f)]−c02∂2∂xi2[ρ′H(f)]=∂∂t[(ρ0ui∂f∂xiδ(f)]−∂∂xi[(pij∂f∂xjδ(f)]+∂2∂xi∂xj[(ρuiuj+pij−δijc02ρ′)H(f)]



(46)




with:


δij={1,i=j0,i≠j



(47)




where:


p′=c02ρ′; Tij=ρuiuj+pij−δijc02ρ′











Transformation of Formula (46) results in:


1c02∂2∂t2[p′H(f)]−∂2∂xi2[p′H(f)]=∂∂t[(ρ0ui∂f∂xiδ(f)]−∂∂xi[(pij∂f∂xjδ(f)]+∂2∂xi∂xj[TijH(f)]



(48)







In Equation (48), the first item on the right of Mesh 2 represents the monopole source; the second term represents the dipole source; the third term shows the quadrupole source. For aerodynamic noise of a wind turbine airfoil, the monopole sound source mainly refers to the thickness noise of airfoil, and the dipole source is mainly caused by the unsteady aerodynamic force of the airfoil. In low and subsonic flows, the dipole accounts for the majority of aerodynamic noise. The quadrupole source is mainly related to turbulence intensity and other factors. In low and subsonic flows, the source term of quadrupole can be neglected, but when the velocity of the control surface reaches supersonic speed, the quadrupole source has an important influence.




2.3. Test Cases


The Fluent software was used in this study, and three turbulence calculation methods were adopted, namely, URANS, DES and LES. The transitional SST model was adopted in both the URANS method and the near-wall region for the DES method. When using the LES method, the large-scale vortex was directly solved, and for the micro vortex, the subgrid model was adopted. Parameter settings of Fluent are shown in Section 2.1.



Fluent provides four ways to calculate aerodynamic noise: computation aeroacoustics (CAA); acoustic analogy modeling; broadband; and coupling CFD with specified noise calculation code. For the CAA method, the generation and propagation of sound can be obtained directly by solving the Navier-Stokes equation. The prediction of sound wave requires the precise time solution of the governing equation. It requires a high-precision solution method, a very fine computational mesh, and a non-reflective boundary condition for sound, so the computational cost is high. For mid-field and near-field noise, Fluent uses an acoustic analogy method based on Lighthill. In acoustic analogy modeling, the near-field flow field is obtained from the governing equations, such as URANS, DES and LES. Then, the solution results are taken as noise sources, and the analytical solutions are obtained by solving the wave equation, so that the flow solution process is separated from the acoustic analysis. Fluent solves fluid noise based on the FW–H equation, and the FW–H equation solves noise propagation from monopoles, dipoles and quadrupoles by using the most general method of Lighthill’s acoustic analogy. The acoustic analogy model is based on a two-step method. Firstly, the CFD method is used to calculate the transient flow field near the noise source accurately. Secondly, the noise propagation from the source to the receiver is obtained by solving the wave equation. In this paper, the aerodynamic noise of the airfoil was calculated by acoustic analogy modeling.



In numerical simulation, the SIMPLEC algorithm with pressure–velocity coupling is used in the calculation. The pressure term uses second order precision, the momentum term uses the second order upwind scheme, and turbulent kinetic energy and specific dissipation rate use the second order upwind scheme. The setting of time resolution needs to synchronize with the spatial resolution, and the unsteady time step (Δt) must be small enough to analyze time-related features. According to the Strouhal number (the frequency of shedding vortices around blunt bodies), the frequency of trailing edge shedding vortices is estimated to be in the range of 10,000 Hz. Therefore, in order to accurately capture the frequency of shedding vortices, the time step setting should be less than the frequency of shedding vortices. Secondly, according to the CFL (Courant, Friedrichs, Lewy) number, the faster the time step, the more unstable the convection term, and the more stable the convection term, the slower the convergence. Considering the stability and convergence speed of the calculation, the time step size of unsteady calculation is 5 × 10−5 s. The number of iterations in each physical time step should be reduced by 10−3 orders of magnitude to ensure that each transient process is resolved. Because the residual can be reduced to 10−3 orders of magnitude by 20 iterations per time step in the current calculation, 20 iterations per time step were set. In unsteady calculation, 8000 steps were firstly calculated to get a stable flow field, and then 0.2 s (4000 steps) was computed to obtain the results of 4000 steps to time average for result analysis. When the residual decreases to 10−4, it is considered that the steady calculation is convergent. For unsteady calculation, it is considered that the calculation converges when the residual decreases by three orders of magnitude in each physical time step, and the lift–drag coefficient of airfoil and the sound pressure fluctuation at the monitoring point change periodically.



In order to verify the accuracy of the numerical results, the DU97-W-300-flatback airfoil was chosen for numerical method validation. Three sets of mesh and turbulence calculation methods (URANS, DES, LES) were adopted, and the calculated AOA was 4°. Then, the DU97-W-300 and DU97-W-300-flatback were adopted as the research objects to study the influence of trailing edge thickness on airfoil aerodynamic noise. The turbulence calculation method adopted DES, and the AOA was 0°, 4°, 8°, 11°, 15°, 19°, respectively.



Figure 3 presents the geometry of the DU97-W-300-flatback and DU97-W-300. The trailing edge thickness for the DU97-W-300-flatback airfoil is 10%, and the thickness of the airfoil is 30%. The trailing edge thickness of the DU97-W-300 airfoil is 1.74%, and the thickness is 30%.





3. Results and Discussion


3.1. Validation of Aerodynamic and Aero-Acoustic Results


In order to verify the accuracy of the numerical results, a comparison was made with experiment data for the DU97-W-300-flatback airfoil from the Sandia National Laboratories wind tunnel measurements [47]. Figure 4 shows the comparison curves from numerical and experimental results. In the figure, the abscissa is time and the ordinate is the lift coefficient. The lift coefficient from numerical computations is transient and varies with time, while the experimental value is a time-averaged value. Figure 4a–c shows the calculation results for Mesh 1, Mesh 2 and Mesh 3, respectively. From Figure 4a, the results of URANS and DES present the regular periodic fluctuation. The LES calculation also shows a relatively regular fluctuation, but the periodicity is slightly worse than the other two methods. The variation of Figure 4b is similar to Figure 4a. Figure 4c is obtained from Mesh 3 with 280,000 mesh elements. URANS and DES results are close to each other, but the LES results deviate greatly from that of the former two methods. LES calculation results are lower than other two methods, and the periodicity is poor. For LES calculated results, Mesh 1 and Mesh 2 are closer together. However, the results of Mesh 3 differ greatly, the calculated value is lower, and the periodicity is poor.



The results of the mesh dependency study are shown in Table 2. RE represents the solution of the Richardson extrapolation [48], R is the ratio of errors, and p is the order of accuracy. The convergence conditions are: 0 < R < 1 (monotonic convergence); R < 0 (oscillation convergence); and 1 < R (divergence). For monotone convergence, the generalized Richardson extrapolation method can be used to estimate the errors. For oscillation convergence, the range of errors, i.e., uncertainty, can only be obtained from amplitude. For divergence, errors and uncertainty cannot be estimated. The results of URANS calculations belong to oscillatory convergence, and three sets of grids are insufficient to obtain extrapolation. There are two reasons for this result. One is that the calculation of the URANS model involves some turbulence model constants, which are calibrated by simple wall boundary layer flow and channel flow. However, for complex flows such as transition separation, these calibration parameters may need to be revised. Secondly, there are truncation errors and iteration errors in the numerical calculation process. When the mesh is refined, the truncation error of numerical calculation will decrease, but the iteration error will increase. In the sense of grid convergence study, the adopted grid does not enter the asymptotic convergence region of the numerical solution. LES results are divergent, and the extrapolation values of the three sets of grids cannot be obtained at present. The LES model separates large-scale eddies from small-scale eddies by filtering functions. Eddies larger than the grid size can be directly calculated by the Navier-Stokes equation, while small-scale eddies can be closed by the sub-lattice model. Small-scale eddies only play a dissipative role, and they are almost isotropic. When the number of grids is small, most of the vortices in the boundary layer are closed by the sub-lattice model, while those outside the boundary layer are simulated directly, so the two results are close. However, when the number of grids continues to be refined, because the grid scale in the boundary layer is very small, many eddies at the bottom of the boundary layer will be calculated by the direct numerical simulation method. The vortices generated by fluid shearing at the bottom of the boundary layer have the characteristic of spreading direction, and the two-dimensional calculation is used in this calculation, which will produce false strong shedding vortices at the bottom of the airfoil boundary layer. This is a numerical phenomenon rather than a physical one (Figure 5). Hence, results of LES are divergent in the study of grid convergence. The DES method uses the URANS method in the near-wall area and the LES model in the main flow area; the results of DES are monotonically convergent to the mesh. As illustrated in Figure 4, the numerical results obtained from Mesh 3 can predict the experimental lift coefficient well. Therefore, this higher resolution Mesh 3 was used for the current computations.



Figure 5 presents the vortex contours for different mesh numbers and turbulence calculation methods. It can be seen that both the vortex scales and the distance between the vortex nuclei for URANS are larger than that of the other two methods. The vortex scales calculated by LES are smaller, and the distance between the vortex nuclei is short. DES produced results that are between URANS and LES. From the results for the different mesh, it is found that the difference between Mesh 1 and Mesh 2 is small.



Figure 6 shows the position of the noise monitoring point for the airfoil, which is located 2.89 m above and 1.17 m downstream of the airfoil. Figure 7 shows the sound pressure level (SPL) distribution of the monitoring point. First, from Mesh 1, the results from all three turbulence models agree with a main SPL frequency of f ≈ 90 Hz, and a corresponding magnitude of SPL ≈ 100 dB. On the other hand, the experimental results have a main frequency of f ≈ 144 Hz, and a corresponding magnitude of SPL ≈ 93 dB. The numerical methods show greater magnitude fluctuations compared to the experiments. In Mesh 1 and 2, URANS produces the largest SPL fluctuations and underpredicts SPL. However, in Mesh 3, the fluctuations are greatly dampened, and SPL is overpredicted at high frequencies. Aside from the large increase in the number and magnitude of fluctuations in Mesh 2, DES consistently produces results that are close to the experimental results in all three meshes. Moreover, LES consistently overpredicts SPL at high frequencies for all three meshes. In Mesh 1 and 2, LES produces much more SPL fluctuation, but the fluctuation is dampened in Mesh 3. In Mesh 3, the three turbulence models produce results that are most agreeable with each other and with the experiments. The SPL fluctuations and their magnitudes are also generally the same for all three turbulence models. In addition, with more mesh elements, the models generally overpredict SPL at high frequencies.




3.2. Noise Analysis of Blunt Trailing Edge Airfoils


From the above analysis, it can be seen that the DES calculation is better than URANS and LES calculation results in terms of both the lift coefficient and noise SPL distribution of airfoil. Thus, the DES method and the Mesh 3 distribution were used for the current numerical computations. The calculation settings are the same as those in Section 2.1.3. The lift and drag coefficients are averaged over time to compare the effects of trailing edge thickness on lift and drag coefficients of airfoils. Figure 8 shows the lift and drag coefficient distribution of the airfoil. In this figure, the curves of the hollow markers represent the DU97-W-300 airfoil and the curves of the solid markers represent the DU97-Flatback airfoil. Firstly, the lift coefficient of the BTE airfoil is higher than that of the original airfoil, whether at small angle of attack or at large angle of attack. The stall angle of attack of the BTE airfoil is also larger than that of the original airfoil. With the increase of attack angle, the difference between lift coefficient of the BTE airfoil and that of the original airfoil becomes larger. Secondly, for the drag coefficient, the drag coefficient of the BTE airfoil is higher than that of the original airfoil, which is different from the lift coefficient. The smaller the angle of attack, the greater the difference between the drag coefficient of the BTE airfoil and that of the original airfoil. The drag coefficient of the BTE airfoil only shows a small change from 0° to 15° AOA. However, for the original DU97-W-300 airfoil, the drag coefficient increases gradually with the increase of AOA.



Figure 9 shows the lift and drag coefficient change curves for the airfoil over time. Figure 9a is the original airfoil, and Figure 9b is the BTE airfoil. From Figure 9a, the amplitude of the lift coefficient increases with AOA, and the fluctuation is the largest at 15° and 19° AOA. The amplitude of the drag coefficient increases with the increase of the AOA. At 19° AOA, the drag coefficient fluctuates drastically, and this indicates that the airfoil has stalled. Meanwhile, the effect of the turbulent separation vortex on the aerodynamic performance of the airfoil is obvious. For the BTE airfoil, the lift and drag coefficient fluctuates greatly at all AOA. From the comparison of Figure 9a,b it can be found that the fluctuation is very small for the original airfoil, while fluctuation of the BTE airfoil is very large. This is because the strength of the trailing edge vortex is weak for the original airfoil, thus, the force acting on the airfoil is very small. For the BTE airfoil, since the trailing edge thickness is larger, the strength of the trailing edge vortex is also larger. This vortex has strong periodic force on the airfoil, causing the periodic oscillation lift and drag coefficient.



Figure 10 shows the power spectra distribution of the lift coefficient. The figure shows that the main frequency of the BTE airfoil is always lower than that of the original airfoil. From 0–15° AOA, the main frequency of the BTE airfoil is generally constant. At 19° AOA, the main frequency reduces to 60 Hz, and the main frequency variation pattern of the original airfoil is rather complicated. The main reasons for the result are that all the forces acting on the BTE airfoil are mainly induced by the trailing edge vortex, at 0–15° AOA. The trailing vortex has a dominant effect on the forces acting on the airfoil. At 19° AOA, there is large-scale flow separation on the suction face of the BTE airfoil. Here, both the trailing and separated vortices affect the forces acting on the airfoil. For the original airfoil, the smaller trailing edge thickness produces a weaker trailing edge vortex and has less effect on surface forces. These forces are, however, more heavily influenced by the surface vortices in the boundary layer, which changes drastically with the AOA.



Figure 11 compares the distribution of the pressure coefficient (Cp). At 0–11° AOA, the distribution of Cp presents a slight difference between the original and BTE airfoils. At 15° AOA, the original airfoil produces a small pressure plateau on the suction face, which indicates that separation has occurred and the airfoil has entered its initial stages of stall. Conversely, the BTE airfoil has not stalled. At 19° AOA, both airfoils showed a pressure plateau near the trailing edge and are experiencing stall. However, the BTE airfoil has a relatively smaller plateau which begins at close to 0.7C, compared to that of the original airfoil which begins at about 0.5C. This implies that the flow on the suction face of the BTE airfoil separated later, closer to the trailing edge.



Figure 12 shows the distribution of the transition location on the airfoil suction and pressure surface. At 0° AOA, the position of transition is very close for the two airfoils. At 4° AOA, for the BTE airfoil, the position of transition on the suction surface is located at 0.28C, while for the original airfoil, the position of transition is at 0.1C. With the increase of AOA, the transition position for the BTE airfoil on the suction surface is closer to the leading edge than that of the original airfoil, and the result indicates that the transition is more likely to occur on the suction surface for a BTE, compared with the original airfoil. On the pressure surface, the transition position for the original airfoil is closer to the leading edge than that of the BTE airfoil.



Figure 13 shows the vorticity contours of the two airfoils. At a small AOA (0°, 4°, 8°), the trailing edge shedding vortex scale of the original airfoil is small, and the frequency is high. For the BTE airfoil, the trailing edge shedding vortex scale is large and the frequency is low. When the angle of attack reaches 11°, flow separation appears at the trailing edge of the original airfoil. When the AOA reaches 19°, the wake of the original airfoil is mainly induced by the large-scale separation vortex on the suction surface, while the wake of the BTE airfoil is still largely shaped by the vortices shed from the trailing edge. The results show the distinct characteristics of the flow around the two airfoils being studied. This can help to explain the differences in aerodynamic noise generated by these airfoils.



Figure 14 shows the distribution of noise monitoring points. Thirty-five monitoring points were arranged in one circle of airfoil, with a 10° interval between each monitoring point. Five circle monitoring points were set up in the radial direction, with each circle monitoring point at a distance 1C. Figure 15 presents the directional distribution curves of the SPL. From the SPL shape distribution in Figure 15, the BTE and original airfoils showed a dipole source. At 0° AOA, the original airfoil has a small sound pressure loss area near the trailing edge. As such, the noise generated by the trailing edge vortex is relatively small. For the BTE airfoil, the loss area of the SPL is most significant near the leading edge. As such, the noise generated by the leading-edge boundary layer also has a small effect. At 0–11° AOA, the SPL of the original airfoil is smaller than that of the BTE airfoil. As AOA increases, the SPL of the original airfoil increases and becomes closer to that of the BTE airfoil. At 19° AOA, the pressure level of the original airfoil becomes larger than that of the BTE airfoil.



Figure 16 shows the spectrum of the SPL. At 0–11° AOA, the distribution of the SPL in the original airfoil shows a distinct peak in the low frequency region, thus, exhibits low frequency characteristics. At the higher AOAs of 15° and 19°, the SPL distribution shows more broadband characteristics as turbulent separation becomes the dominant source of noise. Similarly, at 0–19° AOA, the BTE airfoil also shows a distinct peak in the low frequency region and exhibits low frequency characteristics. The thicker trailing edge thickness in the BTE airfoil produces a stronger trailing edge vortex than the original airfoil. This allows the trailing vortex to become the dominant source of noise in a BTE airfoil through the range of AOA being studied.



Figure 17 shows the distribution of noise monitoring points in four radial directions of the airfoils. The distance between each monitoring point is 1C. There are 10 monitoring points in each direction, totaling 40 monitoring points.



Figure 18 presents the total SPL distribution of the airfoils. Figure 14a indicates the average value of SPL in four directions; the total SPL decreases with the increase of distance. The total SPL of the BTE airfoil varies slightly at different AOAs, which is different from the results of the original airfoil. Figure 14b shows that the total SPL of the BTE airfoil remains relatively constant through the entire range of AOA from 0° to 19°. However, the original airfoil produces much larger variations in total SPL. The BTE airfoil has the largest and smallest SPL at 4° and 15° AOA, respectively. Conversely, for the original airfoil, the largest SPL occurs at 19° AOA and the smallest SPL occurs at 8° AOA.



The root-mean-squared (RMS) pressure fluctuation Prms is considered a measure of the strength of sound sources [49], and is defined as the following:


Prms=(∫0T(p−p¯)2dt)/T



(49)




where p is the instantaneous pressure, p¯ is the time-averaged pressure and T denotes the integration time.



Figure 19 shows the contours of RMS pressure. In general, the noise source of the two airfoils is concentrated near the trailing edge. The peak RMS pressure of the BTE airfoil is much larger than that of the original airfoil.





4. Conclusions


In this paper, the aerodynamic and noise characteristics of the DU97-W-300-flatback (BTE) airfoil have been studied. This research mainly focuses on the effects of three turbulence methods (URANS, DES, and LES) on airfoil aerodynamic noise. Then, the DU97-W-300 and DU97-W-300-flatback airfoils are used to investigate the influence of trailing edge thickness on aerodynamic performance and noise. The main conclusions from this study are as follows.



The main SPL frequency computed from all three turbulence models are similar, and the main SPL frequency computed is 54 Hz lower than the experimental results. The peak SPL from the numerical methods generally agrees with the experimental results, albeit is slightly higher than that of the experiment. The results also show that URANS and DES produce similar SPL levels when plotted against frequency, but DES results are closer to the experimental values. Compared with the three turbulence methods, the results of DES are slightly better than from the URANS and LES methods, whether in terms of the aerodynamic characteristics of the airfoil or the noise characteristics of the monitoring points.



The influence of trailing edge thickness on aerodynamics and noise of airfoils is studied by the DES method. The lift and drag coefficients of the BTE airfoil are higher than that of the original airfoil. The bigger the AOA, the bigger the difference in the lift coefficient. The lift coefficient of the BTE airfoil increases by about 66% and the drag coefficient increases by nearly 550% at the AOA of 0°, and the lift coefficient increases by about 37% and the drag coefficient increases by nearly 26% at the AOA of 19°. Hence, the blunt trailing edge airfoil increases the lift coefficient of an airfoil and the drag coefficient increases at the same time. The fluctuation amplitude of the lift–drag coefficient of the blunt trailing edge airfoil is larger than that of the original airfoil. However, the main frequency of the lift coefficient for the BTE airfoil is higher than that of the original airfoil. The main frequency of the lift coefficient of the BTE airfoil is 210 Hz higher than that of the original airfoil at 0° AOA, which is an increase of nearly 230%; at the AOA of 15°, the main frequency is 15 Hz higher than that of the original airfoil, an increase of nearly 17%. For the original airfoil, the distribution of SPL exhibits low frequency characteristics at a small AOA, while at a large AOA, the distribution of SPL shows broadband characteristics. For the BTE airfoil, the distribution of the SPL exhibits low frequency characteristics through the entire AOA range being studied. For the BTE airfoil, the AOAs of maximum and minimum SPL are 4° and 15°, respectively. For the original airfoil, the AOAs of maximum and minimum SPL are 19° and 8°, respectively. The total SPL of the BTE airfoil increases by 26% at the AOA of 8°, while the total SPL of the BTE airfoil decreases by 6.5% at the AOA of 19°. For most AOAs, the SPL of the BTE airfoil is greater than that of the original airfoil.
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Figure 1. Computational mesh. 
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Figure 2. Computational domain size and boundary condition. 
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Figure 3. Airfoil geometry. 
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Figure 4. Convergence history of lift coefficient: (a) Mesh 1, (b) Mesh 2, and (c) Mesh 3. URANS represents the results of unsteady Reynolds average Navier-Stokes method; DES represents the results of detached eddy simulation method; LES represents the results of large eddy simulation method; EXP represents the results of experimental. 
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Figure 5. Vortices contours. 
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Figure 6. Position of noise monitoring point. 
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Figure 7. The sound pressure level (SPL) distribution at the monitoring point. 
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Figure 8. Distribution of airfoil lift and drag coefficient. 
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Figure 9. Change in rule of lift and drag coefficient with time. (a) DU97-W-300, (b) DU97-Flatback. 
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Figure 10. Power spectra of lift and drag coefficient. 
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Figure 11. Distribution of pressure coefficient on airfoil surfaces. 
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Figure 12. Location of transition on the suction and pressure surfaces of the airfoils. 
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Figure 13. Vorticity contours. 
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Figure 14. The noise monitoring points of the airfoil. 
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Figure 15. The directional distribution curves of SPL. 
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Figure 16. Distribution of SPL: (a) α = 0°, (b) α = 4°, (c) α = 8°, (d) α = 11°, (e) α = 15°, (f) α = 19°. 
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Figure 17. The noise monitoring points in four radial directions of the airfoils. 
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Figure 18. Total SPL distribution of the airfoils: (a) The average value of SPL in four directions. (b) The total SPL. 
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Figure 19. Contours of Prms. 
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Table 1. Mesh distribution.






Table 1. Mesh distribution.





	Mesh
	Number of Circumferential
	Number of Radial Directions
	Number of Mesh Elements





	Mesh 1
	240
	330
	70,000



	Mesh 2
	340
	460
	140,000



	Mesh 3
	480
	640
	280,000










[image: Table]





Table 2. Results of the mesh independency study by turbulence calculation method.
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Method

	
Mesh

	
Richardson Extrapolation (RE)




	
Mesh 1

	
Mesh 2

	
Mesh 3

	
RE

	
p

	
R






	
URANS

	
0.9195

	
0.9225

	
0.908

	
--

	
--

	
−4.83




	
DES

	
0.9007

	
0.896

	
0.8952

	
0.8949

	
2.55

	
0.17




	
LES

	
0.9247

	
0.9121

	
0.7206

	
--

	
--

	
15.19
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